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Lab-on-a-chip (LoC) technology has emerged as a transformative platform for biomarker detection, integrating

multiple analytical processes within a single microfluidic device. Advances in microfabrication and fluid

dynamics have enabled the development of miniaturized, automated assays characterized by high sensitivity,

rapid analysis, and portability. These advances facilitate diverse applications, including nucleic acid and protein

analysis, as well as multiplexed biomolecular detection. LoC systems are particularly impactful for early cancer

screening, infectious disease diagnostics, and real-time health monitoring. Integration with multi-omics

approaches further enhances their capacity to elucidate complex disease mechanisms, thereby advancing

precision medicine. Continued innovation in materials science, device architecture, and system integration

promises to enhance the diagnostic performance, cost-effectiveness, and reliability of LoC systems across

clinical settings. This review summarizes recent progress in LoC-based biomarker detection, highlighting

innovations in fabrication, assay integration, and practical applications. It also discusses prevailing challenges

and future research directions, offering insights into how LoC technology is poised to shape the next

generation of precision diagnostics.

1. Introduction

As biomarkers become increasingly integral to precision
medicine, the demand for rapid, sensitive, and point-of-care
detection platforms has propelled lab-on-a-chip (LoC)
systems into the spotlight.1,2 They help in early disease
detection, accurate diagnosis, treatment monitoring, and
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prognosis assessment.3,4 Rapid, multiplexed LoC profiling
also offers an enabling platform for large-scale longitudinal
cohorts that demand repeated, minimally invasive sampling.5

In contrast to conventional biomarker detection methods,
including polymerase chain reaction (PCR), enzyme-linked
immunosorbent assay (ELISA), and flow cytometry,6,7 LoC
technology stands out for its miniaturization, high
integration, low sample requirement, and rapid automation.8

These attributes enable LoC to facilitate portable, high-
throughput, and multiplexed detection, thereby overcoming
operational complexity.9,10 Given these advantages, LoC
technology is particularly well-suited to meet the demands of
precision medicine and point-of-care testing.

LoC can manipulate extremely small fluid volumes (10−9

to 10−18 liters), integrating multiple functions of traditional
laboratories onto a small chip.11–13 The core technologies of
the LoC system include micro- and nano-fabrication,
microfluidic manipulation, and biosensing. Micro- and nano-
fabrication technology is used to fabricate various micro–
nano structures on chips, such as microfluidic channels,
microelectrodes, microsensors, etc.18 Microfluidics enables
precise liquid manipulation for sample transport, mixing,
separation, and reaction control, which is necessary for blood
separation, cell capture, and multi-step biochemical reaction
integration.14 Biosensing technology integrates biomarker
recognition with signal converters to achieve in situ detection,
fluorescent labeling detection, synchronous multiple
detection, etc.15–17 Compared to traditional laboratory
techniques, LoC technology enables automated parallel
processing of biological samples, allowing for the limitations
of traditional approaches, which are often characterized by
their bulkiness, time-consuming processes, and analysis of
large datasets, and significant time savings.19,20 Moreover,
LoC reduces the dependence on laboratory sites, large
equipment, and professional inspectors. This makes it

possible for patients to quickly complete self-screening of
infectious diseases, tumor diseases, and dynamic self-
inspection of chronic diseases. It also realizes the integrated
closed-loop health management of hospital diagnosis and
treatment and home monitoring, thereby effectively
improving medical efficiency.21,22

In this review, we provide a comprehensive summary of
the application of LoC technology in biomarker detection
over the past few years, covering areas such as protein
detection, nucleic acid detection, protein–nucleic acid
multiplex detection, extracellular vesicle analysis, and more.
Additionally, it also summarizes the latest developments in
microfluidic manipulation, biosensing, micro- and nano-
fabrication related to LoC technology, emphasizing their
beneficial role in promoting the development of LoC
technology for biomarker detection (Fig. 1). By achieving fast
and accurate biomolecular analysis, LoC paves the way for
advances in precision medicine, personalized treatment, and
early diagnosis of diseases.

2. Technological development of LoC
for biomarker detection

In recent years, LoC has undergone significant upgrades and
optimizations based on various related technological
advances. This section provides a summary of the latest
developments in microfluidic manipulation, biosensing, and
micro- and nano-fabrication related to LoC technology,
highlighting their crucial role in advancing LoC systems for
biomarker detection.

2.1 Micro- and nano-fabrication

The significant progress in the field of LoC is primarily
attributed to innovations in micro- and nano-fabrication
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Fig. 1 Overview of multiple scenarios for biomarker detection in LoC
(the figure is created in https://BioRender.com).
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technology. These advancements have significantly improved
the fabrication precision, cost-efficiency, and ease of
production of microfluidic devices, as well as the
effectiveness of surface modification techniques, thereby
enhancing the overall performance and versatility of LoC
platforms. Among the various fabrication methods, 3D
printing, injection molding, and photolithography have
emerged as pivotal technologies, each offering unique
advantages and applications in LoC development.42

The application of 3D printing (Table 1) in LoC
development confers substantial benefits, including cost-
effectiveness, rapid prototyping, and exceptional design
flexibility that enables customized and complex geometries.
Such features make 3D printing especially advantageous
during the research and development phase.45 However, the
relatively slow production rate and scalability limitations
hinder its use in high-volume manufacturing, thereby
restricting its broader industrial adoption.46,47 For instance,
Sharafeldin et al. developed a compact 3D-printed
microfluidic chip that efficiently identifies and measures
dengue NS1 protein using just 0.6 microliters of diluted
human serum samples (at a 1 : 100 ratio) within a 30-minute
timeframe.48 Sinawang et al. have developed a 3D-printed
microfluidic immunosensor array, which underwent several
design refinements to optimize structural parameters and
detection performance (Fig. 2A). In particular, they
established a three-step post-processing protocol consisting
of support removal, ultrasonic cleaning in isopropanol, and
thermal curing at 60 °C. This procedure effectively eliminated
uncured resin residues and reduced background
fluorescence, thereby ensuring consistent printing resolution
as well as stable surface functionalization for reliable assay
performance. This device is capable of detecting five protein
biomarkers associated with aggressive forms of cancer with
exceptional sensitivity.49

Injection molding (Table 1) is an efficient mass
production method suitable for manufacturing LoC devices
with precise dimensions (Fig. 2B).50,51 Researchers have
introduced a technique for producing multi-tiered all-
polymer microfluidic chips. This approach involves silicon
dry etching, electroplating, and injection molding, resulting
in channel depths from 100 nm to 100 μm. The structural

and material features of these devices directly support a
range of biological applications. High-fidelity replication of
high-aspect-ratio structures enables hydrodynamic
confinement for both single-cell immobilization and parallel
capture of large populations, meeting the needs of cell-based
assays. The use of an optical-grade cyclic olefin copolymer
with low autofluorescence provides a transparent background
for real-time fluorescence microscopy, facilitating DNA
elongation experiments in nanochannels. In addition, the
integration of conductive polymer electrodes with robust
bonding ensures leak-free perfusion under high pressures,
which is essential for stable electrochemical monitoring of
neurotransmitter release. The fabricated chips have been
effectively utilized in cell capture, electrochemical analysis,
and DNA extension applications.52

Photolithography (Table 1) is a traditional method for
manufacturing microfluidic devices, transferring fine
patterns on silicon wafers or other materials through a
photochemical process. With the improvement of accuracy,
photolithography has been able to achieve smaller feature
sizes, which is crucial for improving the integration and
performance of LoC devices.53,54 For example, Qavi et al.
utilized a maskless photolithography technique to create
microfluidic devices for urine-derived EV extraction. The
surface micropatterns, featured with a herringbone design,
were particularly efficient at slowing down fluid flow, while
the randomly oriented nanowires generated substantial near-
wall vorticity. This combination likely enhances particle
mixing near the walls, potentially boosting EV extraction
effectiveness (Fig. 2C).55

2.2 Microfluidic manipulation

The foundation function of LoC technology is microfluidic
manipulation, which enables precise manipulation of fluids
at the micrometer scale. This level of precision is
indispensable for biological assays, as clinically relevant
biomarkers vary widely from nanometer-scale molecules to
micrometer-scale cells, necessitating highly adaptable
microfluidic strategies. Microfluidic technology simplifies the
demanding equipment requirements of traditional biological
detection laboratories and greatly enhances inspection

Table 1 Explanation of key technologies in sections 2.1 and 2.3

Technology Key characteristics

3D printing It enables rapid prototyping and highly customizable designs, making it ideal for research and
development, though its production speed limits large-scale manufacturing

Injection molding It is an efficient, high-precision method for mass production, capable of creating complex,
multi-functional devices suitable for diverse biological applications

Photolithography It offers exceptional precision for creating miniaturized patterns, which is crucial for advancing device
integration and performance, with emerging maskless techniques enhancing flexibility

Optical sensors (e.g., fluorescence,
colorimetry)

They convert biological events into light-based signals, offering high sensitivity for multiplexed detection
or low-cost, visual readouts for point-of-care testing

Electrochemical sensors They translate binding events into electrical signals, valued for their low cost, low power consumption,
and ease of integration, with advancing capabilities for multiplexed biomarker detection

Dual-mode sensors They combine complementary sensing principles (e.g., optical and electrochemical) to provide
cross-validated, more reliable results for complex samples, despite increased system complexity
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efficiency.23,24 Overall, the forms of LoC can be divided into
several principal categories, including lab-on-a-cartridge-chip,
lab-on-a-disc, and microfluidic paper-based analytical devices
(μPADs) (Fig. 3). These forms of LoC devices play a pivotal
role in liquid biopsy by autonomously performing the entire
workflow of biomarker separation, enrichment, and
subsequent analysis.

The fundamental principle of LoC technology is the
precise actuation of fluids, involving controlled initiation and
termination of flow through valve mechanisms tailored to the
device format. For lab-on-a-cartridge-chip, pneumatic-driven
strategies such as self-balancing pressure chambers and
burst valves are commonly deployed to sequentially regulate
reagent release and mixing. For instance, Balaji et al. utilized
standard soft lithography techniques to create microchannels
connected to an array of microcavities for antibody–antigen

reactions. By leveraging the multiple inlets and outlets of
their cartridge-style LoC, they connected external syringe
pumps to impose a constant 5 μL min−1 pressure-driven
laminar flow, allowing precise metering of plasma samples
and reagents through 100 μm × 50 μm microchannels; this
active flow control enabled rapid and reliable quantification
of glial fibrillary centrifugal forces and geometry to automate
fluid progression.25 In addition to conventional pneumatic
actuation, lab-on-a-cartridge-chip devices can exploit
electrowetting-on-dielectric (EWOD) to orchestrate droplet
motion. Bai et al. employed an EWOD-driven L-junction
electrode network to reproducibly split a 60 μL mother
droplet into eight uniform sub-droplets of 5.68 ± 0.28 μL. On
a hydrophobic-coated, double-layer PCB-indium tin oxide
chip, the team achieved fully automated metering, transport,
coalescence, and thermal cycling of nanolitre-scale droplets,

Fig. 2 Representative innovative micro- and nano-manufacturing technologies for LoC devices. (A) Application of 3D printing technology in the
design and manufacturing of microfluidic chips, reproduced from ref. 49 with permission from [MDPI], [P. D. Sinawang, et al., Sens. Actuators, B,
2018, 259, 354–363, https://doi.org/10.1016/j.snb.2017.12.043], copyright 2018. (B) Injection molding is used for efficient mass production of LoC
devices with precise dimensions, reproduced from ref. 50 with permission from [Institute of Physics Publishing], [K. Hiniduma, et al.,
Micromachines, 2023, 14, 2187, https://doi.org/10.3390/mi14122187], copyright 2023. (C) Photolithography has been able to improve the
integration and performance of LoC devices. For example, the herringbone design of surface micropatterns could slow down fluid flow, and the
randomly oriented nanowires generated substantial near-wall vorticity, reproduced from ref. 55 with permission from [Elsevier], [I. Qavi, et al.,
Manuf. Lett., 2023, 35, 174–183, https://doi.org/10.1016/j.mfglet.2023.08.008], copyright 2023.
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completing the entire sample-to-PCR workflow without
external pumps or valves.26 In lab-on-a-disc platforms, fluid
control is accomplished via passive valves. Utilizing
centrifugal force, Karmacharya et al. developed a platform
that directs blood radially outward to achieve plasma

separation, valve actuation, and reagent mixing
autonomously, without external pumps or manual
intervention.27 Paper-based μPADs, by contrast, utilize
capillary-driven flow, often enhanced with delay or stop
valves implemented through hydrophobic patterning, wax

Fig. 3 The working principles of three classic types of LoC systems for biomarker detection. (A) Lab-on-a-cartridge-chip: schematic of the
fabricated LoC and steps for the fluorescence-based competitive cortisol immunoassay, adapted from ref. 24 with permission from [Elsevier], [V. T.
Upaassana, et al., Biomed. Microdevices, 2025, 27, 17, https://doi.org/10.1007/s10544-025-00733-6], copyright 2025. (B) Lab-on-a-disc: visual
characterization of the microfluidic device for cysteamine detection, reproduced from ref. 26 with permission from [Elsevier], [H. Bai, et al., Lab
Chip, 2025, 25, 1552–1564, https://doi.org/10.1039/d4lc00704b], copyright 2025. (C) μPADs: paper microfluidic detection steps and methods,
reproduced from ref. 27 with permission from [Elsevier], [M. Karmacharya, et al., Biosens. Bioelectron., 2021, 194, 113584, https://doi.org/10.1016/
j.bios.2021.113584], copyright 2021.
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barriers, or EWOD, enabling controlled stepwise fluid
delivery and multiplexed assays. Khachornsakkul et al.
developed a paper-based μPAD that leverages the capillary
action of paper fibers for pumpless fluid transport.
Hydrophobic barriers, fabricated by wax printing and thermal
reflow, define hydrophilic microchannels that guide the
sample. Upon sample introduction, glucose is oxidized via an

enzyme-free cascade reaction to generate H2O2. The produced
H2O2 etches the gold nanoparticles, leading to an attenuation
of the yellow color intensity, which serves as the analytical
signal.28 The μPADs address the demand for rapid, cost-
effective, and portable biomarker detection and are
extensively used for dynamic monitoring of various
diseases.29

Fig. 4 Biosensing technologies of LoC devices for biomarker detection: optical biosensors, electrochemical biosensors, and dual-mode
biosensors. (A) Optical biosensors: a LoC integrated with an on-chip optical dye laser and optical detection technology was developed for specific
Zika assay testing, reproduced from ref. 37 with permission from [MDPI], [L. A. García-Hernández, et al., Biosensors, 2023, 13, 439, https://doi.org/
10.3390/bios13040439], copyright 2023. (B) Electrochemical biosensors for multiplex detection: LoC with an anti-carcinoembryonic antigen (CEA)
and anti-Ki67 antibody functionalized immunosensor, aiming to detect Ki67 and CEA, reproduced from ref. 41 with permission from [Elsevier], [B.
Utzinger, et al., Lab Chip, 2024, 24, 3802–3809, https://doi.org/10.1039/d4lc00207e], copyright 2024. (C) Dual-mode biosensors: μPADs for dual-
mode DA analysis via colorimetric/electrochemical sensing, adapted from ref. 43 with permission from [Elsevier], [Z. Liu, et al., Biosens.
Bioelectron., 2024, 263, 116558, https://doi.org/10.1016/j.bios.2024.116558], copyright 2024.
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2.3 Biosensing modules in LoC systems

The biosensing module is a critical element of LoC systems,
which provides the functional interface between target
biomarkers and analytical readout.30–32 The selection and
integration of biosensors strongly determine the
performance, cost, and clinical applicability of LoC
devices.33,34 Biosensing strategies can be broadly divided into
optical, electrochemical, and dual-mode sensors.35,36 Each
category offers distinct advantages and trade-offs in terms of
sensitivity, cost, stability, and suitability for POCT versus
centralized laboratory diagnostics. This section highlights the
working principles, integration considerations, and
representative applications of these sensor types within LoC
systems.

Optical biosensors (Table 1) utilize the principles of light–
matter interaction to convert biological recognition events
into quantifiable signals.37 Fluorescence-based sensors
enable high sensitivity and multiplexed detection, especially
in nucleic acid sequencing. For instance, Sano et al.
developed a LoC platform integrated with an on-chip optical
dye laser and optical detection technology to capture and
fluorescently labelled Zika virus nucleic acid. A magnetic
bead assay was used in which beads carrying complementary
DNA probes selectively captured Zika nucleic acids, followed
by hybridization with fluorescent reporters to yield labeled
constructs. The system produced highly specific fluorescence
signals, with control experiments confirming the absence of
false positives (Fig. 4A).38 Colorimetric assays, though
intrinsically limited by lower sensitivity and a narrower
dynamic range than fluorescence, exploit nanozyme-driven
chromogenic reactions to deliver low-cost, naked-eye
readouts—attributes that render them uniquely suited for
rapid POCT. Tai et al. developed a LoC device that employed
a colorimetric biosensor that converted chloride- and
glucose-induced color changes into quantifiable optical
signals. By directly linking visible absorbance shifts to
biomarker concentrations, it demonstrates the role of optical
sensing in enabling rapid, low-cost, and portable
diagnostics.39 Electrochemical sensors (Table 1) are another
common choice for on-chip biomarker detection. They are
valued for being low-cost, power-efficient, and easily
integrated into microfluidic systems.40 For example, Utzinger
et al. described a LoC, employing an electrochemical
immunosensor based on screen-printed gold electrodes to
detect serum C-X-C motif chemokine ligand 9 (CXCL9). Using
a horseradish peroxidase (HRP)-catalyzed redox reaction that
generated measurable oxidation currents, the device
translated antigen–antibody binding into a quantitative
electrical signal, achieving pg mL−1 sensitivity.41 Recent
studies indicate that microfluidic-based electrochemical
immunosensors can detect multiple biomarkers
simultaneously with high sensitivity. Kim et al. developed a
sensor platform using gold nanoparticles and a
nanocomposite electrode. It enables simultaneous,
quantitative detection of CEA and Ki-67, with a detection

limit of 0.97 ng mL−1 (Fig. 4B).42 This multiplexed detection
could significantly influence future personalized medicine. In
addition, LoC integrated with dual-mode biosensors (Table 1)
is increasingly being applied in the field of biomarker
detection.43 Portable dual-mode μPADs integrating
colorimetric and electrochemical detection were engineered
for visual dopamine (DA) analysis. Featuring a folded design,
they combine colorimetric and electrochemical detection
layers fabricated via wax patterning and laser-induced
graphene pyrolysis, facilitating vertical analyte transport. The
μPADs demonstrate linear detection ranges of 2–50 μM
(colorimetric) and 0.5–70 μM (electrochemical) for DA
(Fig. 4C).44 The superior capability of dual-mode platforms
for confirmatory diagnostics and ultra-trace biomarker
detection in complex samples justifies their use, despite
higher associated complexity and cost.

3. Application of LoC in biomarker
detection

LoC technology has emerged as a versatile platform for
diverse biomarker detection. This chapter systematically
summarizes LoC applications in protein detection, nucleic
acid detection, multiplexed nucleic acid–protein detection,
cellular biomarker detection, and EV detection.

3.1 Protein detection

Proteins play pivotal roles in diverse physiological and
pathological processes within living organisms. They are
integral to cellular functions, signal transduction, immune
responses, and metabolic regulation.64–67 Alterations in the
expression levels and functional states of certain proteins
often serve as key indicators of pathological mechanisms in
disease states.67–69 The detection of protein biomarkers has
emerged as a crucial component in modern medical
diagnostics and prognostics, enabling early disease detection,
precise monitoring of disease trajectories, accurate
assessment of treatment responses, and reliable prediction of
patient outcomes.70,71 Conventional protein assays such as
ELISA, chemiluminescent immunoassay (CLIA), lateral flow
immunoassays, and western blotting (WB) are limited by
large sample requirements, multi-step protocols, and lengthy
turnaround times.73,74 LoC devices overcome these
constraints through microfluidic integration of sample
processing, reaction, and detection, enabling rapid and
sensitive protein biomarker analysis (Table 2).72

3.1.1 Immunoassay-based approaches. Building upon
conventional methods such as ELISA, LoC platforms have
introduced significant improvements by miniaturizing
reaction chambers, automating liquid handling, and
reducing assay time. In 2013, Shim et al. developed a LoC
platform that uniquely combines three microfabricated
elements to deliver attomolar single-molecule immunoassays
on a single PDMS chip.75 As shown in Fig. 5A, LoC combined
with bead-based ELISA was used for the detection of the
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fluorescent product of individual enzyme molecules with
high sensitivity in only 10 minutes. A 10 × 5 μm flow-
focusing nozzle accelerated local shear forces to generate
monodisperse 5–50 fL water-in-oil droplets at 1.3 MHz – two
orders of magnitude faster than previous devices.
Monolithic pneumatic valves trapped and released over 2 ×
105 droplets within 10 s, eliminating the need for
mechanically etched femtoliter wells. Meanwhile, a 5 μm-
deep trap array arranged droplets into a monolayer for
epifluorescence readout of individual reactions. A decade
later, a 3D-printed ELISA-on-a-chip system was developed
that integrated a structurally encoded capillary aliquoting
circuit (CAC) and a microfluidic chain reaction (MCR). This
design automated, miniaturized, and parallelized the entire
sandwich ELISA protocol without relying on external pumps,
valves, or precise pipetting. Its modular structure includes
aliquoting capabilities, simplifying chip loading and
pipetting operations, and allowing for higher surfactant
concentrations.76 This system enables quantitative, high-
sensitivity detection of the acute respiratory syndrome
coronavirus type 2 (SARS-CoV-2) nucleocapsid protein in 4×-
diluted saliva. Importantly, the impact of these advances
extends beyond laboratory settings: the miniaturization and
automation inherent to LoC platforms render them highly
suitable for point-of-care protein diagnostics, where rapid,
portable, and reliable detection is critical.77 Examples
include microfluidic electrochemiluminescence (ECL) assays
for cardiac biomarkers and compact LoC devices achieving
sub-10 pg mL−1 sensitivity within minutes, underscoring
their potential in real-time clinical decision-making.78 As
illustrated in Fig. 5B, the featured microfluidic ECL LoC
device integrates a sandwich-type immunoassay using
Ru(bpy)3

2+-loaded mesoporous silica nanoparticles as ECL
reporters to detect heart-type fatty acid-binding protein (H-
FABP). The findings from their microfluidic ECL device
align well with the outcomes from clinical ELISA tests. Liu
et al. integrated electronic, fluidic, mechanical, and
detection modules to create a compact POCT platform with
reciprocating fluid flow.79 This system enables rapid
antigen–antibody binding and fast immunodetection. Using
dust mite-specific immunoglobulin E as an example, this
device has a detection limit of 5.2–6.6 pg mL−1 and a
coefficient of variation below 3%. The entire detection
process requires just 3.5 minutes. In addition to on-site
detection of acute and severe diseases, the optimized LoC
system, combined with the ELISA technology principle, is
also used for monitoring chronic diseases, bringing great
convenience to the daily medical care of patients. Chen SJ
et al. presented a microfluidic immuno-biosensing platform
for the rapid detection and quantification of C-reactive
protein (CRP) in urine and serum samples.80 This system
comprises a microfluidic spectrum chip paired with a
micro-spectrometer detection device. As illustrated in
Fig. 5C, employing the ELISA technique, the microchip
substrate is pre-coated with capture and detection
antibodies, which facilitate immune complex formation withT
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Fig. 5 Principles of protein detection based on LoC strategies. (A) LoC combined with bead-based ELISA for the detection of the fluorescent
product of individual enzyme molecules, reproduced from ref. 75 with permission from [American Chemical Society], [J.-u. Shim, et al., ACS Nano,
2013, 7, 5955–5964, https://doi.org/10.1021/nn401661d], copyright 2013. (B) The LoC system is integrated with microfluidics and
electrochemiluminescence technology, aiming to detect heart-type fatty acid binding protein, reproduced from ref. 78 with permission from
[Elsevier], [L. H. Zhu, et al., Talanta, 2023, 262, 124626, https://doi.org/10.1016/j.talanta.2023.124626], copyright 2023. (C) A novel
chemiluminescence immunoassay for protein detection using LoC, reproduced from ref. 80 with permission from [MDPI], [S. J. Chen, et al.,
Biosensors, 2024, 14, 283, https://doi.org/10.3390/bios14060283], copyright 2024. (D) LoC significantly improved the sensitivity of protein
detection by combining with RCA, reproduced from ref. 82 with permission from [Elsevier], [W. L. Zhang, et al., Biosens. Bioelectron., 2018, 102,
652–660, https://doi.org/10.1016/j.bios.2017.12.017], copyright 2018. (E) An optofluidic immuno-chip, incorporating fiber-laser enhancement
technology to improve performance, reproduced from ref. 96 with permission from [Elsevier], [P. P. Niu, et al., Biosens. Bioelectron., 2024, 248,
115970, https://doi.org/10.1016/j.bios.2023.115970], copyright 2024. (F) LoC based on a SERS sensor, detecting PDGF-B and VEGF simultaneously,
reproduced from ref. 97 with permission from [Elsevier], [M. Chen, et al., Microchem. J., 2023, 193, 109106, https://doi.org/10.1016/j.
microc.2023.109106], copyright 2023.
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the CRP antigen. This method enables the assessment of
highly sensitive CRP levels within a 50-minute timeframe.

3.1.2 Amplification-assisted detection. Beyond accelerating
traditional assays, LoC platforms harness molecular
amplification strategies to tackle low-abundance protein
detection. By confining techniques such as rolling circle
amplification (RCA) and proximity ligation assay (PLA) within
microfluidic architectures, these systems dramatically
improve signal-to-noise ratios, enabling reliable detection of
biomarkers at picogram concentrations. For instance, Gobet
et al. established a high-throughput LoC platform that
miniaturizes PLA to the nanoliter scale and enables 640
parallel reactions on a single multilayer PDMS device.81 This
approach significantly cuts reagent consumption and
minimizes cross-contamination risks. It incorporates valve-
based microfluidics, optimized surface chemistry, and
precise thermal control to integrate DNA spotting, ligation,
amplification, and fluorescence detection into a continuous
automated workflow. Another key feature is the embedded
RCA step, which substantially increases detection sensitivity.
The platform allows reliable quantification of low-abundance
protein biomarkers and facilitates high-throughput protein-
interaction studies and validation. Furthermore, isothermal
amplification and detection can be performed simultaneously
within controlled microenvironments. Interleukin-8 (IL-8), a
pro-inflammatory chemokine involved in neutrophil
chemotaxis, is widely recognized as a biomarker of
inflammatory diseases. Using a dual-function microfluidic
biosensor with RCA, Zhang et al. developed a microfluidic
chip.82 As shown in Fig. 5D, immunoassays were performed
via a sandwich structure comprising antibodies, IL-8, and
aptamers, with signal amplification resulting from RCA and
biotin–streptavidin linkage. In this assay, the linear detection
range for IL-8 was 7.5–120 pg mL−1.

3.1.3 Optical and nanostructured sensors. In addition to
miniaturized immunoassays and molecular amplification
strategies, the integration of optical and nanostructured
sensing technologies has further expanded the functionality
of LoC platforms. Surface-enhanced Raman spectroscopy
(SERS) enables sensitivity at the single-molecule level with
minimal sample preparation and rapid analysis, making it a
powerful biosensing approach.83,84 Signal enhancement can
be further optimized using high-precision piezoelectric
lithographic devices that improve the performance of capture
molecules on micropatterned or nanopatterned
substrates.85,92–95 Coupling microfluidics with approaches
such as SERS, fiber-laser-based signal enhancement, and
computational analysis enables highly sensitive, multiplexed,
and real-time protein biomarker detection.92–95 Niu et al.
developed an optofluidic immunochip, leveraging fiber-laser-
enhanced technology, aimed at swiftly detecting cardiac
troponin I (within 15 minutes). This LoC platform combines
whispering-gallery-mode microsphere resonators with fiber-
laser amplification to achieve SERS-level sensitivity without
using SERS (Fig. 5E). Its dual-stage optical mechanism, which
merges high-Q resonance with external-cavity gain, narrows

spectral linewidth, improves signal-to-noise ratio by orders of
magnitude, and lowers the detection limit to 5 pg mL−1.96

Chen et al. developed a LoC with an SERS sensor, aiming at
simultaneously detecting platelet-derived growth factor-B
(PDGF-B) and vascular endothelial growth factor (VEGF). This
LoC platform combines ordered gold nano-bipyramid (GNBP)
arrays with competitive aptamer recognition for highly
sensitive and multiplexed protein detection (Fig. 5F). Linearly
self-assembled GNBPs form uniform “hot-spot chains”,
providing reproducible SERS enhancement. Dual-probe
aptamer design allows VEGF and PDGF-B quantification via
target-induced displacement of labelled complements, while
a pump-free tri-channel, six-chamber microfluidic
architecture ensures rapid, parallel sample handling. The
platform delivers detection limits below 1 pg mL−1 (VEGF:
0.342 pg mL−1; PDGF-B: 0.265 pg mL−1).97

Together, three key advances—microfluidic
miniaturization for speed and portability, molecular
amplification (e.g., RCA/PLA) for sensitivity, and optical/
nanostructured sensing for multiplexing and resolution—
collectively push LoC performance beyond conventional lab
standards. This integration enables rapid, sensitive, and
multiplexed protein detection, opening avenues for POCT
and clinical translation.

3.2 Nucleic acid detection

Nucleic acid detection is of paramount importance in the
early diagnosis, prognosis assessment, and treatment
monitoring of various diseases.98,99 It provides crucial
information about genetic mutations, pathogen
identification, and gene expression profiles, enabling
healthcare professionals to make informed decisions and
develop personalized treatment plans.100,101 Traditional
nucleic acid detection methods, such as PCR and gel
electrophoresis, have been widely used. However, the need
for complex sample preparation, cumbersome
instrumentation, and lengthy procedures hamper their
feasibility for POCT in resource-constrained environments.102

By integrating microfluidics, nanotechnology, and portable
detection systems, LoC devices offer a miniaturized and
automated platform for nucleic acid analysis.103,104 These
devices enable rapid sample processing, reduce reagent
consumption, minimize human intervention, and enhance
detection sensitivity and specificity.105 In this section, the
crucial technical principles, integration strategies, and
practical applications of LoC devices in nucleic acid detection
were summarized (Table 3).

As an automated molecular diagnostic device, the essence
of LoC lies in executing nucleic acid extraction, amplification,
and detection within a singular system.106 The most
challenging part is the nucleic acid extraction phase, which is
crucial, as the quality of downstream experimental outcomes
hinges on the purity of the template. Numerous automated or
semiautomated nucleic acid extraction techniques based on
microfluidics have been explored to facilitate effective POCT.
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In solid-phase extraction, magnetic or silica beads serve as a
highly efficient method, as their large surface area is
conducive to nucleic acid binding. Centrifugal microfluidics
presents a strong alternative, with reagents stored in pressure-
activated pouches or dried onto microchips in advance. It
utilizes the centrifugal force generated by disk rotation to
replace the external magnetic racks or electromagnets required
in conventional magnetic bead-based methods, thereby
enabling automated, low-contamination, and resource-
efficient nucleic acid extraction, which is well-suited for
POCT.107 Isothermal amplification techniques – such as loop-
mediated isothermal amplification (LAMP), recombinase
polymerase amplification (RPA), and RCA – enable rapid
nucleic acid detection without relying on thermal
cyclers.108–113 For example, LAMP employs DNA polymerase
and four to six primers to amplify target DNA through DNA
synthesis, strand displacement, and annealing processes at
approximately 60–65 °C within 30–60 minutes.114 These
methods are well-suited for portable diagnostic applications
due to their simplicity and minimal instrumentation
requirements. In parallel, LoC systems enhance nucleic acid
testing through integrated, miniaturized, and automated
fluidic handling, accommodating both isothermal and PCR
amplification. The combination of isothermal amplification
with LoC technology improves both portability and operational
efficiency, facilitating effective nucleic acid testing in field
settings.128 Leveraging these field-deployable advantages,
research teams across the globe have translated the technology
into a diverse array of distinctive LoC platforms tailored for
POCT. Our group integrated extraction-free sample lysis,
LAMP, and real-time colorimetric detection into a sealed chip
for SARS-CoV-2 testing, hitting 53 copies per mL LOD
(Fig. 6A).129 In subsequent studies by the same group, Bai
et al. achieved autonomous HPV16/18 testing in 15 minutes
without pipetting, centrifugation or biosafety equipment.
The platform achieves single-copy sensitivity with 92%
clinical sensitivity and 99% specificity, providing true
sample-in-result-out capability at the most resource-limited
point of care (Fig. 6B).130 Costantini et al. developed a LoC
device that conducted real-time reverse transcriptase PCR on
RNA extracted from human viruses.137 Compared to a
standard thermal cycler, this system can detect RNA at
identical concentrations, with the time required for PCR
analysis being half that of conventional methods.

In addition to single nucleic acid biomarker detection, the
detection of multiple pathogens has received increasing
attention recently.139 For instance, combining LAMP with
supercritical angle fluorescence micro-optic structures allows
for spatial division in a multiplex setup, enabling the
identification of multiple pathogens such as Campylobacter
coli, Salmonella spp., Campylobacter spp., Campylobacter
jejuni, and avian influenza virus (AIV).138 Ackerman et al.
created a combinatorial array for multiplexed nucleic acid
detection, integrating it with Cas13 detection to distinguish
169 human-associated viruses (Fig. 7A).125 T. AbdElFatah
et al. created a LoC system for nucleic acid detection,T
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leveraging plasma nanostructured surfaces and microfluidic
technology. This device supports single-step LAMP and RCA
reactions, enabling a ninefold acceleration of DNA/RNA
amplification. It facilitates automated multiplex detection,
capable of identifying respiratory pathogens like SARS-CoV-2
and its variants, H1N1 influenza A virus, and various
bacteria, delivering highly accurate results (95%) within just

13 minutes.140 Ahmadi et al. developed a LoC utilizing real-
time reverse transcription PCR for non-extraction sample
preparation, capable of detecting multiple pathogens,
including SARS-CoV-2, influenza A/B, and respiratory
syncytial virus. It demonstrated high consistency with
conventional methods (R2 = 0.983) and offered a cost-
effective approach to efficiently identify respiratory infections

Fig. 6 Representative LoC applications driving POCT innovation. (A) Working principle and zone layout of the LoC platform for viral infection
detection and surveillance, reproduced from ref. 129 with permission from [Elsevier], [J. Hu, et al., Sens. Actuators, B, 2024, 411, 135740, https://
doi.org/10.1016/j.snb.2024.135740], copyright 2024. (B) Overview of the LoC for HPV16/18 POCT: 15-minute sample-to-result workflow, exploded
view, and dimensions of the credit-card-sized device, reproduced from ref. 130 with permission from [Elsevier], [H. Bai, et al., Biosens. Bioelectron.,
2024, 248, 115968, https://doi.org/10.1016/j.bios.2023.115968], copyright 2024.

Lab on a ChipTutorial review

Pu
bl

is
he

d 
on

 3
0 

Ja
nu

ar
y 

20
26

. D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

10
:1

5:
29

 P
M

. 
View Article Online

https://doi.org/10.1016/j.snb.2024.135740
https://doi.org/10.1016/j.snb.2024.135740
https://doi.org/10.1016/j.bios.2023.115968
https://doi.org/10.1039/d5lc00986c


Lab Chip, 2026, 26, 1053–1079 | 1067This journal is © The Royal Society of Chemistry 2026

with similar clinical characteristics, thereby rapidly
informing clinical decision-making.141 While LoC platforms
have demonstrated great potential in POCT,124 recent
advances have substantially broadened their capabilities,
particularly in high-throughput screening and cost-effective

nucleic acid analysis. For instance, in another study, a group
of millimeter-sized magnets was employed to accurately
control magnetized sample droplets and reliably execute
adaptable nucleic acid amplification processes, resulting in
an approximately 1000-fold reduction in instrumentation

Fig. 7 Classic automated workflow demonstration of LoC for nucleic acid biomarker detection. (A) A LoC platform integrated with Cas13 and
arrayed reactions, referred to as CARMEN, has been developed for scalable and highly multiplexed pathogen detection, reproduced from ref. 125
with permission from [Springer Nature], [C. M. Ackerman, et al., Nature, 2020, 582, 277–282, https://doi.org/10.1038/s41586-020-2279-8],
copyright 2020. (B) A LoC integrates a microfluidic chip filled with oil and a printed circuit board with 2D coils. These coils can be individually
controlled to manipulate ferrobots, enabling automated liquid handling, reproduced from ref. 126 with permission from [Springer Nature], [H. Lin,
et al., Nature, 2022, 611, 570–577, https://doi.org/10.1038/s41586-022-05408-3], copyright 2022. (C) Schematic of the Cas13-based LoC workflow
for detecting 9 human respiratory viruses, reproduced from ref. 127 with permission from [Springer Nature], [N. L. Welch, et al., Nat. Med., 2022,
28, 1083–1094, https://doi.org/10.1038/s41591-022-01734-1], copyright 2022.
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costs (Fig. 7B).126 Welch et al. successfully implemented high-
throughput detection of numerous viruses and their variants
by integrating CRISPR-based diagnostics with microfluidics,
with results closely matching those obtained through
sequencing-based variant classification across 2088 patient
samples (Fig. 7C).127

In addition, LoC platforms are particularly valuable for
handling complex biological samples, such as cell-free DNA
(cfDNA) and raw urine, by integrating crucial sample
preparation steps alongside molecular detection. For instance,
cfDNA – short DNA fragments released into bodily fluids
through apoptosis or necrosis – serves as a critical biomarker
for cancer screening and monitoring.131,132 However, its low
abundance and fragmentation necessitate highly sensitive and
integrated detection systems. Koo et al. carried out liquid
biopsy in a LoC, utilizing nanofluid control to accelerate solid-
phase isothermal amplification and employing nanozyme-
based electrochemical detection. This method can detect as
low as 50 copies of circulating tumor nucleic acid of prostate
cancer within 30 minutes, demonstrating the potential for
rapid liquid biopsy.133 Similarly, the detection of viruses like
BK polyomavirus (BKV) in urine is technically challenging due
to the presence of inhibitors and low target concentrations.134

Xu et al. designed a LoC incorporating thermal control and
fluorescence imaging modules, which quantifies BKV from
raw urine without complex nucleic acid extraction or
purification. This system could finish detection within 2 h,
with a detection range of BKV DNA from 3.0 × 104 to 1.5 × 108

copies per mL.135 Further expanding the scope, Chu et al.
designed a LoC based on Fusion 5 paper discs, featuring a
streamlined detection method for HCV RNA, which simplified
the assay protocol while maintaining high clinical sensitivity
and specificity. In a validation study with 60 clinical samples,
the device demonstrated 100% performance on both metrics,
with a detection limit of approximately 101 IU mL−1.136

3.3 Multiplex detection of proteins and nucleic acids

The simultaneous detection of proteins and nucleic acids
holds substantial clinical significance. This integrated
approach facilitates precise disease identification, reveals
underlying pathological mechanisms, and pinpoints potential
drug targets, thereby enabling tailored therapeutic
interventions.142 Unlike conventional methods that often
require sequential processing and separate assays for nucleic
acids and proteins, LoC devices enable rapid and parallel
analysis of multiple analytes. This parallel processing
capability significantly reduces the analysis time, expediting
the diagnostic process. However, the actual research and
development of the LoC platform poses considerable
challenges. It must achieve high-sensitivity and high-
specificity detection for diverse biomolecules, while also
addressing critical issues such as signal interference and
detection efficiency.143 Currently, its application scope
remains limited, primarily focused on the diagnosis and
monitoring of infectious diseases. During the COVID-19

outbreak, the rapid and accurate detection of both SARS-CoV-
2 RNA (from respiratory samples) and host antibodies (from
serum) is critical for clinical diagnosis, helping confirm
active infections and assess immune status in recovering
patients.144 For example, Najjar et al. designed a 3D-printed
LoC device that achieves this goal. The saliva sample requires
no specialized pre-treatment for antibody detection on this
platform. It is simply mixed with a small volume of plasma
at a 1 : 20 ratio and loaded directly. Then, a single saliva
sample is split into two parallel microfluidic paths: one
aliquot (≈15 μL) flows over the antigen-coated electrodes for
sandwich electrochemical ELISA serology, while a larger
aliquot (≈280 μL) is processed for RNA extraction,
amplification, and CRISPR-based detection (Fig. 8A).145 With
the further development of integrated technology for sample
preparation and detection, an acoustofluidic integrated
molecular diagnostics LoC was engineered. This device
enables fast and sensitive detection of viral
immunoglobulins, including IgA, IgG, and IgM, alongside
nucleic acids. Utilizing acoustic vortices and Gor'kov
potential wells, it concurrently isolates viruses and antibodies
from saliva samples. Notably, it has nearly a 100% recovery
rate for viruses and antibodies, offers a detection limit of
15.6 pg mL−1 for immunity markers, and enhances RNA
detection by 32-fold (Fig. 8B).146

3.4 Small molecule biomarker detection

Small molecule biomarkers have become essential in the
biomedical field, facilitating disease diagnosis, treatment
monitoring, and elucidation of physiological and pathological
mechanisms.56 These biomarkers encompass a wide range of
molecules, including endogenous metabolites, amino acids
and their derivatives, hormones, toxins, and drug
molecules.57 Their metabolomics is particularly significant in
precision medicine, guiding personalized drug treatments to
enhance efficacy and minimize toxicity.58,59 However, these
biomarkers are often present in low abundance and require
advanced, costly laboratory equipment for detection. The
emergence of LoC technologies has streamlined detection,
enabling on-site production and utilization.

Various LoC platforms have been applied in the field of
small-molecule biomarker detection, demonstrating excellent
performance. Phenylketonuria (PKU) is characterized by a
metabolic abnormality of phenylalanine hydroxylase in the
bloodstream, causing psychomotor retardation. Akyilmaz
et al. have engineered a portable diagnostic LoC capable of
precisely detecting phenylalanine in whole blood within 20
minutes. The sensitivity of the measurement was enhanced
by 1.5-fold through electrode modification, which was
achieved via electrochemical reduction of graphene oxide
and its subsequent deposition onto the electrode surface.60

Lee et al. developed a wearable LoC platform for on-body
detection of the hormone biomarker, cortisol. This facilitates
non-invasive, continuous cortisol monitoring, aiding in long-
term assessment of chronic stress-related conditions and
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guiding glucocorticoid therapy for patients.61 Additionally,
the portable detection of drug metabolites in LoC greatly
promotes dynamic monitoring of therapeutic efficacy and
toxicity prevention. For example, Narang et al. designed an
electrochemical μPAD for diazepam detection, via
synthesizing silica-coated gold nanorods (Si@GNRs). It
demonstrated reliable detection of diazepam over a
concentration range from 3.5 nM to 3.5 mM.62 Korzhenko
et al. developed a combination of a microfluidic
electrochemical chip with an integrated mixer, enabling the
detection of isomers of acetaminophen metabolites in a few
minutes.63 In this way, the toxicity risk of drugs can be more
accurately evaluated, significantly more efficiently than
conventional separation methods.

3.5 Cellular biomarker detection

Recent advances in cancer immunology and single-cell
analysis demand technologies for monitoring dynamic

cellular biomarkers with ultrahigh sensitivity and
spatiotemporal resolution. LoC systems address the
limitations of conventional methods by integrating
microfluidics, nanotechnology, and biosensing into
miniaturized platforms. A crucial prerequisite for such
analyses is the ability to efficiently isolate and manipulate
rare cells, such as circulating tumor cells (CTCs), from
complex biological samples.150–152 To this end, LoC
technologies have been developed for high-precision cell
separation and enrichment. For example, Ma et al. designed
an integrated microfluidic LoC platform that isolates
epithelial ovarian cancer CTCs using antibody-conjugated
magnetic nanoparticles, followed by quantification of nine
malignancy-associated mRNAs via droplet digital PCR.153 In
another study, Ilayda

Namli et al. introduced a label-free LoC approach for CTC
detection, where differential inlet pressures induce vapor
bubble nucleation, and cavitation signatures serve as a
biophysical marker for rapid CTC identification (Fig. 9B).154

Fig. 8 Multiplex detection of proteins and nucleic acids based on LoC. (A) A LoC for the simultaneous electrochemical detection of SARS-CoV-2
RNA and anti-SARS-CoV-2 antibodies, reproduced from ref. 145 with permission from [Springer Nature], [D. Najjar, et al., Nat. Biomed. Eng., 2022,
6, 968–978, https://doi.org/10.1038/s41551-022-00919-w], copyright 2022. (B) Acoustofluidic integrated molecular diagnostics LoC, enabling fast
and sensitive detection of viral immunoglobulins alongside nucleic acids, reproduced from ref. 146 with permission from [American Association for
the Advancement of Science], [J. Qian, et al., Sci. Adv., 2025, 11, eadt5464, https://doi.org/10.1126/sciadv.adt5464], copyright 2025.
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These examples highlight the capacity of LoC systems to
perform rare-cell separation as a foundation for subsequent
molecular interrogation.

Building upon cell separation, LoC platforms further
enable multiplexed biomarker detection and functional
profiling at the single-cell level.147,148 By integrating
microfluidics with advanced biosensing modules, these
systems allow precise surface protein profiling and real-time
analysis of secretory biomarkers in picoliter volumes at
single-molecule sensitivity. For instance, Gupta et al.
developed a cost-effective droplet-based microfluidic system
coupled with flow cytometry, which employs fluorescently
labeled antibodies to sensitively detect cell surface
biomarkers, such as the major histocompatibility complex
(MHC) protein, at single-cell resolution (Fig. 9A).149

Collectively, these innovations underscore the role of LoC
technologies in bridging rare-cell separation with

downstream biomarker detection, thereby advancing the
progress of precision medicine.

3.6 Extracellular vesicle detection

EVs are membrane-enclosed structures actively secreted by
cells into the extracellular environment.155,156 The biological
molecules they carry, such as proteins, nucleic acids, and
lipids, can be taken up by recipient cells.157,158 This process
modulates the physiological functions of these cells and
influences cell-to-cell interactions.159–164 Achieving final EV
separation remains a significant challenge due to their small
size and heterogeneity. The traditional EV separation
methods are hindered by the presence of lipoproteins in
plasma samples, which complicate downstream analysis and
affect the accuracy of EV liquid biopsy.165,166 To address this
issue, Del Río et al. developed an integrated LoC device for

Fig. 9 Cellular biomarkers detection based on LoC. (A) A novel cost-effective LoC combined with a droplet microfluidic platform and flow
cytometry to recognize cell surface biomarkers, reproduced from ref. 149 with permission from [Springer Nature], [P. Gupta, et al., Microsyst.
Nanoeng., 2024, 10, 35, https://doi.org/10.1038/s41378-024-00665-w], copyright 2024. (B) A LoC platform for CTC detection, utilizing differential
inlet pressures triggering vapor bubble nucleation as fluids traverse the system, reproduced from ref. 154 with permission from [ACS Publications],
[I. Namli, et al., ACS Appl. Mater. Interfaces, 2022, 14, 40688–40697, https://doi.org/10.1021/acsami.2c12356], copyright 2022.
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EV detection using DEP purification (Fig. 10A).167 Similarly
sized EVs and lipoprotein particles were isolated from blood
plasma via centrifugal disc filtration. Subsequently, the

fractions were routed to a microfluidic chip containing
slanted interdigitated electrodes. Different from the DEP
principles, Ji et al. developed a LOC with monolayer-

Fig. 10 Extracellular vesicles detection based on LoC. (A) An integrated LoC via DEP purification technology for EV detection, reproduced from
ref. 167 with permission from [American Chemical Society], [J. S. del Río, et al., Langmuir, 2024, 40, 25772–25784, https://doi.org/10.1021/acs.
langmuir.4c02098], copyright 2024. (B) LOC with monolayer-fluorescence counting technology for ultrasensitive EV detection, reproduced from
ref. 168 with permission from [Elsevier], [C. X. Ji, et al., Sens. Actuators, B, 2025, 423, 136786, https://doi.org/10.1016/j.snb.2024.136786],
copyright 2025. (C) A LOC-RCA platform for neutrophil-derived EV detection, adapted from ref. 172 with permission from [American Chemical
Society], [D. Yu, et al., ACS Nano, 2025, 19, 10078–10092, https://doi.org/10.1021/acsnano.4c16894], copyright 2025.
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fluorescence counting technology for ultrasensitive EV
detection. An integrated acoustic wave microchannel
enhanced the mixing of the magnetic–EV complexes with
antibody-conjugated fluorescent beads. The detection signal
of the fluorescence-labelled immune sandwich complex can
be read by counting, thus avoiding background interference
and achieving a LOD of 850 particles per mL (Fig. 10B).168 In
another study, a magnetic nanoparticle-based LoC was
presented for EV detection. This platform utilizes bubble-
induced microagitation to enhance immunomagnetic bead–
EV interactions, bypassing manual pipetting and external
oscillatory incubation. During the verification process of
model EVs, it performed 75.8% target capture yield and
62.7% recovery efficiency.169

Small EVs serve as valuable biomarkers for early-stage
tumor detection and monitoring. Lan et al. introduced a
DEP-based LoC platform incorporating optically transparent
micro-beads to generate engineered electric field gradients.
This platform can complete the quantification of EVs within
15 minutes, requiring only 20–50 μL of samples, with a LOD
of 161 particles per μL.170 In another study, a 7-microchannel
LoC integrated with SERS was developed to detect the
phenotype changes of small EVs, leading to early diagnosis of
ovarian carcinoma with high sensitivity and specificity.
Antibody-functionalized SERS probes enabled multiplex
biomarker recognition, encompassing universal EV markers
and ovarian cancer-associated antigens (EpCAM, CD24,
CA125, EGFR).171 Yu et al. reported a LOC-RCA platform for

detecting neutrophil-derived EVs. Post-capture thermolysis
released neutrophil-derived EV (NEV) aptamers and miRNAs,
initiating on-chip RCA. CD66b+ NEV could be separated from
10 μL of serum, and the detected EV-derived miRNA could
effectively distinguish gastric cancer, benign conditions, and
healthy controls (Fig. 10C).172

Exosomes, a representative type of EVs, are common
disease-related biomarkers in liquid biopsy.173–176

Chinnappan et al. developed a dynamic LoC system
employing a microfluidic magnetic field applied
perpendicular to the flow direction, aiming to detect
exosomes for early diagnosis of colorectal cancer.176 Anti-
CD63 aptamer-functionalized magnetic nanobeads served as
recognition elements. Continuous flow combined with
magnetic forces generated repetitive capture–release cycles
during operation, ultimately completing exosome detection
with an LOD of 1457 particles per mL. EVs are also
considered biomarkers for the management of
cardiovascular disease. Cheng et al. created a LoC platform
incorporating high-sensitivity field-effect transistors for early
diagnosis of cardiovascular disease. This system executed
integrated EV processing – extraction, lysis, miRNA isolation,
and detection – within 5 hours.177 Recently, a LoC bionano-
device based on Raman spectroscopy and artificial
intelligence (AI) algorithms was reported for EV detection. It
delivers real-time multiplex profiling of EV biomarkers,
achieving >96% sensitivity and specificity for rapid
diagnosis of cardiovascular disease.178

Table 4 Comparison of biomarker detection: LoC-based methods versus conventional methods

Feature LoC
Conventional methods
(such as ELISA, PCR…) Evaluation

Turnaround
time

Minute-level to sub-hour detection Several hours to 1–2 days LoC is highly suitable for POCT

Sample and
reagent
consumption

Microliter to nanoliter sample volumes Tens to hundreds of
microliters

LoC significantly reduces the consumption of
precious clinical specimens and costly reagents

Automation &
operational
complexity

Integrate sample preparation, reaction,
washing, and detection on a single chip

Rely heavily on manual
operation and technician
expertise

LoC enables higher levels of automation, reduces
human error, and improves reproducibility

Multiplexing
& integration
capability

Parallel detection of multiple biomarkers on a
single chip through micro-compartment
design

Typically single-analyte
assays

Although LoC platforms inherently facilitate
multiplexing by enabling compartmentalization
into droplets or parallel microchannels,
multiplexed detection within the same reaction
space still faces challenges

Sensitivity &
quantitative
performance

Higher signal-to-noise ratios and lower LOD
due to confined micro-reaction volumes

Offer well-established high
sensitivity

Under certain specific conditions, such as
extremely low abundance target detection,
complex sample matrices, or environmental
fluctuations, false positive/false negative issues
may still occur in LoC

Portability &
on-site
application

Compact, energy-efficient, and compatible
with smartphone-based or portable readout
systems

Rely on bulky instruments,
unsuitable for
resource-limited settings

LoC is ideal for POCT, field sampling, and
low-resource clinical environments. During the
detection process, signals may be affected by
various factors such as temperature, humidity, and
electromagnetic interference, resulting in signal
instability

Cost
structure

Initial development and integration costs may
be high, but large-scale clinical deployment
can significantly reduce per-test cost

High capital equipment
costs and moderate but
consistent consumable
costs

LoC can be mass-produced at low cost, depending
on the material and fabrication
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4. Conclusion and future vision

In conclusion, LoC technology represents a transformative
paradigm in biomarker analysis, enabling ultrasensitive
detection at the single-molecule level through integrated
microfluidics and nano-biosensing. Its capability to process
complex clinical samples within microliter volumes has
revolutionized POCT diagnostics, which has greatly accelerated
the timeliness and accessibility of diagnosis and promoted the
optimization of personalized treatment strategies.179,180

Traditional biomarker testing requires multiple devices,
professional operating environments, and lengthy processes
(usually taking hours to days), making it difficult to meet the
needs of emergency diagnosis. In contrast, LoC platforms
integrate sample preparation, target enrichment, and signal
amplification within a single device, improving analytical
robustness by mitigating matrix interference and contributing
to higher specificity with fewer false positives.181,182 The high
functionality of the LoC system in various biomarker detection
has been demonstrated in various research studies or clinical
practice. Although LoC offers notable benefits in improving
the sensitivity, specificity, and throughput of molecule
detection, it also has some limitations that need to be
considered (Table 4). Below is an outline of the shortcomings
alongside potential enhancements: 1) false positive/negative:
under certain specific conditions, such as extremely low
abundance target detection, complex sample matrices, or
environmental fluctuations, false positive/false negative issues
may still occur.183,184 Stringent fluidic isolation, closed-
cartridge designs, and antifouling surface chemistries,
together with optimized affinity reagents, can markedly
improve LoC performance by minimizing errors arising from
non-specific binding and cross-contamination. 2) Reliability
and standardization challenges: during the detection process,
signals may be affected by various factors such as temperature,
humidity, and electromagnetic interference, resulting in signal
instability.185 Additionally, variations between different chip
batches or testing conducted by different operators can lead to
inconsistencies in test outcomes, ultimately compromising
repeatability and reproducibility. Standardized materials and
surface treatments, process-controlled fabrication, and on-
chip references with real-time QC and calibrated algorithms
could improve the robustness and reproducibility of LoC
assays.186 3) Multiplex detection limitations: although LoC
platforms inherently facilitate multiplexing by enabling
compartmentalization into droplets or parallel microchannels,
multiplexed detection within the same reaction space still
faces challenges. Signal interference can lead to spectral
crosstalk and reduce detection accuracy, particularly in
fluorescence-based assays.187 Developing narrowband
fluorescent probe materials, physically optimizing signal
sources and acquisition systems, and logically optimizing
signal processing and system design could promote robust
protein and nucleic acid multiplex detection in LoC platforms.
Further progress will also require more intelligent strategies
for processing and interpreting LoC-derived data.

The growing sophistication of LoC platforms allows them
to generate high-dimensional optical, electrochemical, and
imaging datasets. However, conventional data processing
methods now limit our ability to fully exploit their diagnostic
potential. The convergence of LoC technologies with AI
represents an emerging frontier.188 AI, especially machine
learning (ML) models, offers transformative capabilities by
enabling automated signal interpretation, robust pattern
recognition, real-time decision-making, and predictive
analytics.189 One of the most immediate benefits of
integrating ML with LoC platforms lies in enhanced signal
processing and noise reduction. Deep learning architectures,
such as convolutional neural networks (CNNs) and
autoencoders, have demonstrated superior performance in
denoising fluorescence and electrochemical signals,
identifying subtle biomarker-associated features that would
otherwise be obscured by experimental variability.190,191

These approaches can significantly improve sensitivity and
lower the limit of detection, especially for assays targeting
trace-level analytes in complex biological matrices. For
image-based LoC systems, including those used in droplet
microfluidics, single-cell capture, and extracellular vesicle
profiling, ML-driven segmentation and classification are key
to achieving higher throughput and reproducibility.192 AI-
driven biomarker interpretation represents another rapidly
advancing domain. By integrating multi-parametric data
including electrochemical currents, optical intensities,
morphological patterns, and temporal trajectories, ML
algorithms can power sophisticated clinical decision
models.193 These models enable risk stratification, multi-
marker classification, and early disease prediction that
surpass traditional threshold-based analyses.

Looking ahead, LoC technology is advancing towards
greater automation and integration, driven by ongoing
research and innovation. This progress promises to further
reduce detection costs while enhancing efficiency and
accuracy. Achieving these goals requires simplifying
processes, improving specificity and sensitivity,
strengthening quantitative capabilities, and overcoming
multiplexing challenges. Multidisciplinary collaboration,
advances in nanotechnology, and the integration of AI will be
key drivers for next-generation LoC development. Overall,
LoC technology demonstrates significant potential for diverse
biomarker detection applications. As the technology
continues to advance and mature, it is poised to overcome
current limitations, becoming a more universal and reliable
tool for molecular diagnostics. This evolution will enable it to
address the growing demands of personalized medicine and
digital healthcare ecosystems.
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