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Abstract

Carbon-based materials, including graphene, carbon nanotubes, laser-induced graphene,
and pyrolyzed glassy carbon, are widely used in sensing applications due to their high
conductivity, large surface area, and tunable surface chemistry. Meanwhile, microfluidic
systems enable precise fluid handling, reduced sample consumption, and enhanced ana-
lytical performance through improved mass transport and device miniaturization. The
integration of carbon-based materials with microfluidic platforms has enabled the devel-
opment of compact, portable, and highly sensitive devices for water monitoring. This re-
view summarizes recent advances in carbon-based microfluidic sensors for water moni-
toring applications. Key carbon materials and their sensing mechanisms, particularly elec-
trochemical transduction, are discussed. Various microfluidic integration strategies, in-
cluding paper-based devices, polymer-based devices, MEMS-based systems, and flexible
platforms, are highlighted, with emphasis on mass transport enhancement and overall
system performance. Representative recent advances in carbon-based microfluidic sen-
sors for water monitoring, including the detection of heavy metal ions, nutrients, and
emerging contaminants, are reviewed. Finally, challenges related to scalable manufactur-
ing, long-term operational stability, biofouling/surface fouling, and reproducible system
integration are discussed, together with future perspectives on intelligent carbon-based
microfluidic platforms featuring Al-assisted analytics, sense-response functionality, and
self-healing and dynamic antifouling capabilities for water monitoring. These advances
are expected to enable real-time, low-cost, and field-deployable water monitoring systems
for environmental protection and public health management. Overall, this review high-
lights the critical role of integrating carbon-based sensing materials with microfluidic en-
gineering in advancing next-generation water monitoring technologies.

Keywords: microfluidic sensors; lab-on-a-chip (LOC); carbon-based sensors;
electrochemical sensing; graphene; carbon nanotubes (CNTs); laser-induced graphene
(LIG); water monitoring

1. Introduction

Water pollution has become one of the most pressing environmental challenges world-
wide [1-4]. Among various water contaminants, heavy metals [5-7] and nutrients [8-10] are
two of the most representative pollutant categories. Heavy metals are characterized by high
toxicity, persistence, and a strong tendency to bioaccumulate, posing long-term risks to eco-
systems and human health even at trace concentrations [11,12]. Nutrient pollutants, primar-
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ily originating from agricultural runoff, industrial discharges, and municipal wastewater,
are major drivers of eutrophication and harmful algal blooms [8,13,14]. In addition, emerg-
ing contaminants, particularly per- and polyfluoroalkyl substances (PFAS), have attracted
increasing attention because of their environmental persistence and potential biological tox-
icity [15,16]. Together, these contaminants constitute a complex and dynamic pollution ma-
trix that places increasingly stringent demands on the sensitivity, selectivity, and applica-
bility of water monitoring technologies.

Current water quality monitoring still relies heavily on conventional laboratory-based
analytical methods, including ultraviolet-visible (UV-Vis) spectroscopy [17,18], ion chroma-
tography [19,20], and chromatography-mass spectrometry [21,22] techniques. Although
these methods provide high accuracy and reliability, they often require sophisticated labor-
atory infrastructure, trained personnel, and extensive sample preparation, resulting in high
operational costs and limiting their suitability for real-time, continuous, and on-site water
quality monitoring. Consequently, existing analytical approaches remain constrained in
terms of portability and in situ monitoring capability, making it challenging to meet the
growing demand for high-spatiotemporal-resolution water quality data.

To address these limitations, considerable efforts have been devoted to the develop-
ment of novel sensing technologies. Among them, electrochemical sensing has emerged as
a promising approach for environmental monitoring due to its rapid response, simple in-
strumentation, ease of miniaturization, and suitability for on-site analysis [23,24]. In this
context, carbon-based sensors have attracted significant attention and are widely regarded
as ideal candidates for high-performance water monitoring platforms due to their excellent
electrical conductivity, large specific surface area, outstanding chemical stability, and tuna-
ble surface functionalization [25-28]. Meanwhile, advances in microfluidic technologies
have created new opportunities for further miniaturization and performance enhancement
of sensing systems [29,30]. Microfluidic platforms enable precise manipulation of fluids,
substantially reduce sample consumption, and improve sensing kinetics by enhancing mass
transport and shortening diffusion distances [31-33]. In addition, their high degree of inte-
gration and scalability facilitates seamless coupling with carbon-based sensing electrodes,
enabling the development of highly sensitive, low-power, and real-time analytical systems
[34-36].

The integration of carbon-based sensing materials with microfluidic platforms has
therefore emerged as a powerful strategy for improving sensing performance and overcom-
ing the limitations of conventional analytical methods in terms of sensitivity, response
speed, and field applicability [37,38]. Compared with other signal transduction approaches
commonly employed in microfluidic sensing systems, such as fluorescence [39,40], colori-
metric [41,42], Raman [43,44], and photoelectrochemical detection [45,46], the primary ad-
vantages of carbon-based materials in water monitoring lie in their electrochemical and elec-
trical signal transduction capabilities [47—-49]. These advantages arise from their exceptional
conductivity, tunable interfacial electronic properties, and compatibility with miniaturized
electrodes and microfluidic architectures [34,50]. Recent advances have led to significant
improvements in highly sensitive electrochemical detection, system miniaturization, and
multiplexed analysis, substantially expanding the capabilities and application potential of
environmental sensing platforms [51,52]. Several representative reviews have summarized
related progress from different perspectives. For example, carbon-based electrochemical
sensors for environmental monitoring have been extensively reviewed, focusing on material
types, sensing performance, and analytical applications for detecting environmental toxi-
cants in groundwater, surface water, and drinking water, as well as air and soil [53]. In ad-
dition, recent work has critically examined advanced carbon-based electrochemical sensing
interfaces, emphasizing structure—property relationships, signal amplification mechanisms,
and interfacial engineering strategies for heavy metal detection in water quality monitoring
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applications [54]. Furthermore, microfluidic sensing platforms have been comprehensively
reviewed with respect to micropollutant detection, highlighting advances in microfluidic
transport control and device miniaturization for enhanced sensitivity and real-time envi-
ronmental diagnostics [55]. Nevertheless, comprehensive reviews focusing specifically on
carbon-based microfluidic sensing systems remain limited, particularly those that system-
atically analyze the interplay among sensing materials, interfacial mechanisms, and micro-
fluidic transport processes.

Accordingly, this review focuses on the integration of carbon-based materials in micro-
fluidic systems for water monitoring and provides a comprehensive overview of recent ad-
vances and key technological developments in this field by collecting, classifying, analyzing,
and synthesizing relevant studies published over the past decade. The literature was pri-
marily retrieved from peer-reviewed journal articles and conference papers indexed in the
Web of Science and Scopus databases. First, carbon-based sensing materials and their elec-
trochemical transduction mechanisms are discussed, highlighting the functional character-
istics and signal-generation principles of different carbon materials used in water monitor-
ing. Subsequently, integration strategies between carbon-based sensors and microfluidic
platforms are examined to establish a framework for microfluidic carbon-based sensing sys-
tems. Particular emphasis is placed on transport-enhanced sensing mechanisms, including
flow-assisted mass transport and interfacial reaction enhancement, to elucidate the coupling
between fluid transport and sensing responses. Advances in representative water monitor-
ing applications are then reviewed, including the detection of heavy metals, nutrients, and
emerging contaminants. Finally, challenges including scalable manufacturing, long-term
operational stability, biofouling/surface fouling, and reproducible system integration are
discussed, together with future perspectives on intelligent carbon-based microfluidic plat-
forms featuring Al-assisted analytics, sense-response functionality, and self-healing and dy-
namically antifouling capabilities for water monitoring. This review aims to provide a sys-
tematic framework for the design and optimization of carbon-based microfluidic sensing
systems and to support the development of next-generation technologies for real-time water
monitoring.

2. Carbon-Based Sensing Materials and Transduction Mechanisms

Carbon-based materials widely used in chemical and biological sensing applications
exhibit excellent electrical properties, highly tunable structural characteristics, and strong
chemical stability [27,38,49]. The remarkable versatility of carbon-based sensing materials
originates fundamentally from the unique electronic configuration of carbon atoms [25]. A
carbon atom possesses an electronic configuration of 1s? 2s? 2p?, and the relatively small
energy gap between the 2s and 2p orbitals facilitates the formation of sp, sp? and sp? hy-
bridizations [56-58]. This enables carbon to form diverse bonding configurations and gives
rise to a wide range of structural architectures [59].

Based on these structural characteristics, carbon-based sensing materials can be
broadly classified according to their dimensionality, including one-dimensional carbon
nanotubes [60], two-dimensional graphene and its derivatives [61,62], three-dimensional
porous carbon architectures [63,64], as well as bulk carbon electrodes and carbon-based
composites [65]. This evolution from low-dimensional to high-dimensional structures not
only influences electron transport pathways and specific surface area distribution but also
directly determines interfacial reactivity and signal amplification capability. Although car-
bon materials of different dimensionalities exhibit variations in charge transport mecha-
nisms, interfacial active site density, and mass transport behavior, they generally share key
advantages such as high electrical conductivity and large surface area. Moreover, their sur-
faces can be readily functionalized or structurally engineered to achieve selective recogni-
tion of target analytes, thereby significantly enhancing sensing performance [60,62,65].
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In sensing systems, carbon-based materials primarily function as interfacial signal
transduction layers. Their core role is to convert physicochemical interactions between ana-
lytes and the electrode interface such as physical adsorption, charge interactions, or redox
reactions, into measurable electrochemical signals, including changes in current, potential,
or impedance [34,66]. Depending on the specific system, signal transduction mechanisms
may involve charge transfer modulation, interfacial adsorption effects, electric double-layer
variations, and conductive network reconfiguration [67]. Therefore, establishing a funda-
mental correlation between the structural properties of carbon materials and interfacial sig-
nal transduction mechanisms is essential for the rational design of high-performance envi-
ronmental monitoring and microfluidic sensing systems.

2.1. Graphene-Based Sensing Materials

Graphene has attracted extensive attention in electrochemical sensing due to its unique
two-dimensional electronic structure, exceptional electrical conductivity, and large specific
surface area [68]. Graphene-based electrodes typically exhibit a wide electrochemical poten-
tial window, low charge-transfer resistance, and rapid interfacial electron-transfer kinetics
[69]. Cyclic voltammetry measurements using common redox probes, such as [Fe(CN)s]*/+
and [Ru(NHs)e]*/?, have revealed well-defined oxidation and reduction peaks at graphene
electrodes [70], with electrochemical responses characteristic of near-reversible systems, as
evidenced by small peak-to-peak potential separations (AEp) [68,71].

Furthermore, graphene-based electrodes typically exhibit diffusion-controlled redox
behavior, as indicated by the linear relationship between peak current and the square root
of scan rate [68,72]. This behavior is primarily attributed to the high electronic density of
states and the extended two-dimensional rt-conjugated network of graphene [73,74], which
facilitate efficient charge transport and rapid electron-transfer kinetics at the electrode-elec-
trolyte interface. In addition, its surface charge distribution and electrical double-layer
(EDL) structure modulate the interfacial electric field, enhancing ion adsorption and sensi-
tivity toward charged analytes [75,76].

Beyond pristine graphene, graphene-derived materials, including graphene oxide
(GO), reduced graphene oxide (rGO), and graphene quantum dots (GQDs), offer additional
opportunities for tailoring sensing performance [77]. Their structures are shown in Figure
1. Through the introduction of structural defects, surface functional groups, and quantum
confinement effects, these materials exhibit distinct advantages in interfacial adsorption,
electronic structure modulation, and localized enhancement of reaction activity. Conse-
quently, they provide diverse pathways for signal amplification and create abundant active
sites for target—analyte interactions, thereby expanding the applicability of graphene-based
materials in electrochemical sensing systems [77].
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Figure 1. Structures of graphene-based materials. (a) pristine graphene, consisting of a pure arrange-
ment of sp>-hybridized carbon atoms; (b) graphene oxide (GO); (c) reduced graphene oxide (rGO);
and (d) graphene quantum dots (GQDs). Reproduced from Reference [77] under the CC BY.
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Furthermore, recent advances have focused on chemical functionalization and hy-
bridization strategies to enhance sensing performance of graphene-based materials
[78,79]. For example, aminated graphene has been widely explored to introduce abundant
active nitrogen-containing groups, which improve analyte adsorption and electron-trans-
fer efficiency in electrochemical sensing systems [80-82]. Similarly, thiolated graphene en-
ables strong affinity toward metal ions and improves selectivity for heavy metal detection
through enhanced coordination interactions [83-85]. In addition, graphene functionalized
with metal oxide nanoparticles, such as ZnO/graphene composites, has demonstrated
synergistic effects arising from the combination of graphene’s high conductivity and ZnO
surface reactivity, leading to improved sensitivity and catalytic activity [86—88]. More re-
cently, graphene-based polymer composites with segregated conductive structures have
attracted increasing attention due to their highly efficient electron transport pathways and
enhanced percolation networks [89-91], providing a new class of multifunctional sensing
materials for electrochemical and microfluidic applications.

These characteristics endow graphene with significant potential for high-sensitivity
electrochemical sensing. During sensing, target analytes generate detectable signals
through several interfacial mechanisms, including the modulation of electron-transfer ki-
netics at the electrode interface affecting the current response and peak potential charac-
teristics of redox reactions [92,93]; alterations in interfacial charge distribution and EDL
structure leading to changes in surface potential or impedance [76,94]; and adsorption-
induced perturbations of the local electronic structure, which enhance the sensitivity to-
ward trace-level analytes [95,96]. Collectively, these mechanisms constitute the funda-
mental signal transduction principles of graphene-based electrochemical sensors.

From a synthesis and manufacturing perspective, graphene-based materials can be
produced at scale via chemical exfoliation [97,98], oxidation-reduction processes [99,100],
and laser-assisted or printing-based techniques [101,102]. These methods enable precise
control over defect density, edge structure, and surface functionalization, allowing tai-
lored electrochemical properties for specific sensing applications and facilitating their in-
tegration into microfluidic platforms [77].

2.2. Carbon Nanotubes Sensing Materials

Carbon nanotubes (CNTs) are one-dimensional carbon nanomaterials that can be
conceptually regarded as cylindrical nanostructures formed by rolling a single graphene
sheet into a tubular geometry [103]. Due to their exceptionally high aspect ratio, electrons
preferentially transport along the tube axis, giving rise to pronounced one-dimensional
charge transport characteristics at the nanoscale. Depending on the number of graphene
walls, CNTs can be classified into single-walled carbon nanotubes (SWCNTs), double-
walled carbon nanotubes (DWCNTSs), and multi-walled carbon nanotubes (MWCNTs)
[104,105], as shown in Figure 2. These structural variations significantly influence their
electrical properties and interfacial electrochemical behavior. It should be emphasized
that the one-dimensionality of CNTs refers to the intrinsic geometric and electronic char-
acteristics of individual nanotubes. In practical sensing devices, however, CNTs rarely
exist as isolated entities but are typically assembled into interconnected macroscopic
three-dimensional network structures through solution processing, deposition, printing,
or alignment techniques [106].
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Figure 2. Schematic illustrations of carbon nanotube structures. (a) single-walled carbon nanotubes
(SWCNTs), (b) double-walled carbon nanotubes (DWCNTs), and (c) multi-walled carbon nanotubes
(MWCNTs).

Within CNTs networks, nanotubes are interconnected through physical contacts or
quantum tunneling effects, forming numerous distributed inter-tube junctions that collec-
tively establish conductive pathways exhibiting characteristic percolation behavior
[107,108]. Their electrical properties depend not only on the intrinsic conductivity of indi-
vidual nanotubes but also on the combined effects of inter-tube contact resistance, net-
work connectivity, and the dynamic reconstruction of electron transport pathways. As a
result, CNT networks highly sensitive to external perturbations, including molecular ad-
sorption, charge-transfer processes, and changes in the interfacial environment [109,110].

From a sensing perspective, CNT-based systems operate through three coupled
mechanisms. First, the sp2-conjugated carbon framework of CNTs provides excellent elec-
trical conductivity, enabling rapid and efficient signal transduction [111]. Second, their
high specific surface area and one-dimensional morphology promote the enrichment and
adsorption of analytes at the sensing interface [112]. Third, the inter-tube junctions within
CNT networks can amplify local changes in charge distribution and electron transport
pathways [108], allowing subtle interfacial perturbations to be converted into measurable
variations in resistance, current, or impedance. Furthermore, surface and structural de-
fects in CNTs, such as vacancy defects [113,114] and Stone-Wales defects [115,116], can
serve as active sites that enhance interactions with target analytes, thereby improving
sensing sensitivity and selectivity. In microfluidic sensing systems, CNT networks further
function as integrated conductive interfacial layers [117]. Their high porosity and contin-
uous conductive pathways facilitate mass transport and electron-transfer processes at the
interface, supporting high-performance miniaturized sensing.

From a fabrication perspective, CNTs are commonly synthesized using chemical va-
por deposition (CVD) [118,119], arc-discharge [120-122], and laser-ablation methods [123-
125]. Among these approaches, CVD is the most widely adopted for sensor and microflu-
idic applications because of its superior structural controllability and compatibility with
micro- and nanofabrication processes, enabling the controlled integration of CNTs into
device architectures.

2.3. Laser-Induced Graphene Porous Carbon Materials

Laser-induced graphene (LIG) is a rapidly emerging three-dimensional porous car-
bon-based material [126-128]. Its defining feature is the capability to directly convert pol-
ymer precursors into graphitized conductive patterns via laser writing, enabling simulta-
neous material transformation and electrode patterning in a single step [129].
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Unlike conventional synthesized graphene, LIG is fundamentally formed through a
non-equilibrium thermal decomposition and structural reconfiguration process driven by
localized laser energy [130]. This formation process involves coupled photothermal and
photochemical effects, and the resulting structural evolution is highly dependent on pa-
rameters such as laser energy density, pulse duration, and scanning speed [126]. Conse-
quently, the final carbon framework typically exhibits pronounced structural heterogene-
ity [131]. At the microscopic level, LIG consists of turbostratically stacked graphitic do-
mains with mixed sp?/sp® bonding configurations and a high defect density, lacking the
long-range crystalline order characteristic of single- or few-layer graphene [130,132].
Therefore, it is more appropriately regarded as a laser-induced porous graphitized carbon
material rather than a strictly defined graphene system.

LIG is typically produced on carbon-rich polymer substrates such as polyimide (PI)
through CO: or near-infrared laser irradiation, which induces rapid localized heating and
pyrolysis [129]. The formation process of LIG is shown in Figure 3. During this process,
non-carbon elements in the polymer (e.g., O, H, and N) are rapidly removed, while the
remaining carbon atoms undergo structural rearrangement to form an sp?-conjugated net-
work. This approach eliminates the need for photolithography masks or complex multi-
step micro/nanofabrication processes, enabling rapid manufacturing strategy. However,
in practical sensing applications, additional post-treatments such as electrochemical acti-
vation, nanoparticle decoration, or surface functionalization are often required to enhance
interfacial reaction kinetics and selectivity [130].

Fabrication of laser-induced graphene (LIG)

e - Modification strategies
o Dopant Substrate

Source parameter / \_/‘ +
Wavelength P
Laser type = Pre-modification
/ 4 2
A/LG/ Chemical Electrical
- \ doping treatment

Laser processing parameters F
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Environmental parameter

Key applications
Pressure
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Physical sensors Electrochemical sensors and gorage devifs

Figure 3. Laser-induced graphene (LIG) fabrication, modification strategies, and representative ap-

plications. Reproduced from Reference [130] under the CC BY.

LIG features a three-dimensional porous architecture that significantly increases spe-
cific surface area and interfacial active sites, facilitating analyte enrichment and enhancing
interfacial electrochemical reactions. Its continuous sp? carbon network provides stable
electron-transport pathways [130,133], enabling good electrical conductivity in both elec-
trochemical and resistive sensing applications. However, compared with ideal graphene,
electron transport in LIG is strongly influenced by defects, edge states, and sp*-hybridized
regions. Its conduction mechanism is therefore more consistent with defect-mediated per-
colation transport rather than high-mobility Dirac fermion transport. Accordingly, its
electrochemical response is primarily governed by the density of interfacial states and lo-
calized charge-transfer processes. In addition, the abundant defect structures and surface
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functional groups provide additional opportunities for post-modification or in situ func-
tionalization [130,132], thereby enhancing selective recognition capability.

In sensing applications, LIG is typically employed as a working electrode or in mi-
croelectrode array configurations. Its three-dimensional porous structure provides a large
electrochemically active surface area, abundant adsorption sites, and efficient conductive
pathways, facilitating analyte enrichment and interfacial electron-transfer processes. Con-
sequently, its sensing performance is primarily governed by porous-structure-enhanced
interfacial charge transfer. Within microfluidic systems, LIG electrodes can be directly
patterned via laser writing and seamlessly integrated with microchannels in a spatially
conformal manner [134], thereby eliminating the need for complex lithography, metal
deposition, and pattern-transfer processes typically required for conventional electrodes.
It should be emphasized that the distinction between LIG and conventional graphene ma-
terials lies not only in structural dimensionality but also in its dual role as both a material
and a device fabrication platform [135]. Beyond its role as a sensing material, LIG also
serves as a direct-write fabrication platform, enabling rapid electrode patterning and
streamlined device manufacturing, which makes it highly compatible with microfluidic
sensor prototyping.

In summary, as a representative three-dimensional porous carbon material, LIG en-
ables in situ laser-induced conversion and direct patterning, and differs from conventional
graphene in structural characteristics, electron transport behavior, and device integration.
These features make it a promising material for low-cost, highly integrated microfluidic
electrochemical sensing platforms.

2.4. Pyrolyzed Carbon Microelectrodes

Pyrolyzed carbon materials are obtained by carbonizing polymer precursors under
inert atmospheres [136]. Depending on the chemical structure of the precursor, pyrolysis
conditions, and post-treatment methods, they are classified into graphitizing carbon and
non-graphitizing carbon, as shown in Figure 4. These two categories exhibit significant
differences in structural ordering, electrical properties, and electrochemical behavior.

Polymer-derived Carbon

Coking Polymer Precursor Charring
v :, _____ B I e —— ____:
: Low-purity Glassy Activated i
HOPG* i Cokes Carbon %‘T"fb;’"& i
: iochars :
e
Graphitizing Non-Graphitizing

*Highly Oriented Pyrolytic Graphite

Figure 4. Classification of carbon materials obtained from pyrolysis of polymers. Reproduced from
Reference [136] under the CC BY.

Graphitizing carbon progressively evolves into high ordered graphitic structures un-
der high-temperature or catalytic conditions [136,137]. In the early stages of pyrolysis,
turbostratic, graphite-like layers are typically formed, which progressively become more
ordered as the temperature increases [136,138]. Highly oriented pyrolytic graphite
(HOPG) can be regarded as an extreme and highly ordered form of this process and is
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primarily used for studies of electrochemical interfacial mechanisms rather than practical
sensing applications [139-141].

In contrast, non-graphitizing carbon cannot be converted into crystalline graphite
even under high-temperature conditions [142]. It typically consists of highly cross-linked
three-dimensional carbon structures with a high density of structural defects [143]. Their
microstructure is generally composed of disordered sp2-rich carbon domains that exhibit
curved, folded, or even fullerene-like structural features [130,143]. Due to the absence of
long-range order, their electron transport is primarily governed by defect-mediated local-
ized hopping conduction rather than band-like transport as in graphite. Although less
conductive than graphitizing carbon, non-graphitizing carbon offers superior mechanical
and chemical stability [143,144].

Glassy carbon is the most representative and widely used type of non-graphitizing
carbon. It is typically prepared by high-temperature carbonization of thermosetting poly-
mer precursors such as phenolic resins [145,146] and photoresists (e.g., SU-8) [147,148].
During pyrolysis, the precursor undergoes dehydrogenation, deoxygenation, and exten-
sive carbon network reorganization, resulting in a dense, non-graphitizing carbon struc-
ture with predominantly closed or semi-closed porosity [149]. This microstructure imparts
excellent chemical inertness, electrochemical stability, and corrosion resistance, which
have contributed to its widespread adoption in electrochemical microelectrode and sens-
ing applications.

Glassy carbon microelectrodes are highly compatible with micro/nanofabrication
and MEMS integration [150,151]. Using a pattern-then-pyrolyze strategy, polymer micro-
structures are converted into conductive carbon structures through pyrolysis, while
largely preserving their geometric features and undergoing predictable volumetric
shrinkage. This approach enables the fabrication of complex microelectrode arrays, three-
dimensional microstructures, and microfluidic-integrated electrode systems that are dif-
ficult to achieve using conventional bulk carbon materials.

In electrochemical sensing, glassy carbon microelectrodes transduce signals primar-
ily through defect-mediated interfacial electron-transfer processes, which occur predom-
inantly at edge-plan-like sites and defect-rich sp? carbon domains [152]. The resulting re-
sponse mechanisms include surface redox reactions [153], molecular adsorption effects
[154], and variations in electrical double-layer capacitance [155]. Unlike graphene, CNT
networks, or LIG, which often benefit from high surface area and/or percolative conduc-
tive architectures, glassy carbon exhibits relatively dense and less porous microstructures.
Its key advantage lies in forming stable, homogeneous, and highly reproducible electro-
chemical interfaces, thereby ensuring consistent electron-transfer kinetics and high meas-
urement repeatability. This endows glassy carbon with excellent suitability for quantita-
tive electrochemical analysis and long-term continuous monitoring applications.

The performance of glassy carbon electrodes can be further enhanced through vari-
ous surface modification strategies, including mechanical polishing [156,157], plasma
treatment [158,159], electrochemical activation [160,161], and functionalization with metal
nanoparticles [162,163], metal oxides [164,165], carbon nanomaterials [163,165], or con-
ductive polymers [166]. These modification approaches effectively increase active site
density, improve electrocatalytic activity, and introduce selective recognition capability
toward target analytes, enabling their widespread use in environmental monitoring, elec-
trochemical sensing, and microfluidic analytical systems.

2.5. Transduction Mechanisms in Carbon-Based Systems

The core role of carbon-based sensing materials in electrochemical and microfluidic
sensing systems lies not only in their diverse structural forms and fabrication pathways,
but more fundamentally in their function as interfacial layers that transduce target ana-
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lytes into measurable electrical signals. Although graphene, CNTs, laser-induced gra-
phene, and pyrolyzed glassy carbon electrodes differ in structural dimensionality, con-
ductive pathways, and surface chemistry, their sensing responses ultimately originate
from coupled interfacial electron-transfer processes and charge-distribution variations.
Therefore, carbon-based sensing signal transduction can be systematically interpreted
within a unified interfacial mechanistic framework.

The electrochemical signal output of carbon-based materials can be broadly catego-
rized into three fundamental measurement modes: amperometric, potentiometric, and
impedance-based responses [34]. Among these, amperometric responses primarily arise
from Faradaic redox processes of target species occurring at the electrode surface [167].
Potentiometric responses reflect variations in interfacial charge equilibrium or ion activity
that induce changes in electrode potential [168]. Impedance-based responses are governed
by variations in charge-transfer resistance as well as changes in the electrical double-layer
structure [169]. The differences among these macroscopic responses fundamentally origi-
nate from variations in interfacial reaction kinetics and charge-transport pathways at the
electrode interface.

At the microscopic level, carbon-based sensing signal transduction can be described
through three coupled key processes. First, electron-transfer dynamics govern the electro-
chemical reaction kinetics and serve as the primary origin of Faradaic current responses
[170]. These kinetics are strongly influenced by the intrinsic conductivity, density of elec-
tronic states, and interfacial structure of the material. Second, the adsorption behavior of
target analytes on carbon surfaces modifies the local electronic structure and reaction en-
ergy barriers [171], thereby affecting both reactivity and selectivity. This effect is particu-
larly pronounced in carbon materials containing defect sites or surface functional groups.
Third, variations in the electrical double-layer structure at the electrode/electrolyte inter-
face modulate the local electric field distribution and charge-screening behavior [172],
leading to potential shifts or impedance changes. This mechanism is especially critical in
ion-sensing systems such as heavy metal ion and nutrient detection. In addition, for car-
bon materials with three-dimensional porous and networked structures, their electrical
conductivity is typically governed by interconnected conductive networks [173]. In such
systems, analyte adsorption, volumetric deformation, or environmental perturbations can
lead to redistribution or partial reconstruction of conductive pathways, thereby inducing
changes in overall conductivity or impedance. This connectivity-dependent response
mechanism inherently provides a signal amplification effect, making it particularly attrac-
tive for flexible sensing and printable device applications.

In more advanced device architectures, carbon-based sensing systems based on field-
effect transistors (FETs) [174], such as graphene FETs [175] and ion-sensitive field-effect
transistors (ISFETs) [176], further extend the signal transduction pathway. In these de-
vices, interfacial charge variations are converted into channel conductivity modulation
through the gate effect [177], accompanied by contributions from chemical doping effects
[178], enabling highly sensitive detection of low-concentration ions or molecules. For ex-
ample, in graphene-based ISFETs, adsorption or binding of target ions at the interface
alters the carrier concentration, resulting in a pronounced electrical response enhance-
ment [179].

Overall, the signal transduction mechanisms of carbon-based sensing materials can
be broadly understood through the coupled effects of interfacial electron transfer, adsorp-
tion-induced charge modulation, electrical double-layer regulation, and, in networked
carbon architectures, network-scale conductivity variations. These mechanisms operate
with different relative contributions across different material systems. Table 1 summarizes
the transduction mechanisms of these representative carbon-based materials. Graphene-
based materials primarily emphasize electron transfer and interfacial charge regulation;
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CNT networks rely more strongly on percolation-based network effects; LIG enhances
sensing performance through a combination of increased electrochemically active surface
area, improved mass transport, and interconnected conductive pathways within its po-
rous architecture; whereas pyrolytic glassy carbon electrodes exhibit interfacial electron
transfer on defect-rich sp? carbon domains, accompanied by localized hopping conduction
behavior.

Table 1. Transduction mechanisms of representative carbon-based materials.

Material Type

Dominant Mechanism  Signal Enhancement Mechanism Typical Advantages

Graphene-based materials

Interfacial electron transfer High carrier mobility and large ac- Ultra-high sensitive

and charge modulation cessible surface area
Network-scale conductivity Conductive network reconfigura-
CNT networks variation (percolation ef-  tion and high aspect-ratio connec- Flexible sensing
fects) tivity
Porous-structure-enhanced . . . .
LIG Defect-rich porous structures High signal gain

interfacial charge transfer

Glassy carbon

Defect-mediated interfacial sp? carbon domains with edge/de- High reproducibility and
electron transfer fect active sites electrochemical stability

When integrated into microfluidic platforms, however, the sensing performance of
these carbon-based materials is no longer determined solely by their intrinsic electrochem-
ical properties, but is further governed by the coupling between material characteristics
and microfluidic transport behavior. Enhanced mass transport and controlled interfacial
flow reduce diffusion-layer thickness and accelerate analyte delivery to carbon-based elec-
trode surfaces, thereby promoting electron-transfer kinetics. Meanwhile, microfluidic-in-
duced convection improves the accessibility of adsorption sites on carbon materials, am-
plifying adsorption-mediated signal transduction. In porous and three-dimensional car-
bon architectures, continuous flow further facilitates renewal of the electrochemical inter-
face, resulting in synergistic improvements in sensitivity, response speed, and detection
limits. Therefore, carbon-based microfluidic sensors operate through a coupled material-
transport sensing mechanism, in which intrinsic material properties and microfluidic
transport jointly determine the overall sensing performance.

3. Microfluidic Carbon-Based Sensing Platforms and Transport-
Enhanced Sensing Mechanisms

To further enhance sensing performance, microfluidic systems provide an effective
platform for regulating mass transport, accelerating reaction kinetics, and optimizing in-
terfacial signal transduction in carbon-based sensing devices [25,180-182]. Accordingly,
the integration of carbon-based sensing materials with microfluidic platforms has at-
tracted increasing attention, leading to a diverse range of device configurations with dis-
tinct structural designs and functional capabilities [36].

3.1. Microfluidic Platforms and Carbon Sensor Integration

Microfluidic systems enable highly integrated functions, including sample transport,
reaction, separation, and detection, through precise manipulation of fluids at the mi-
croscale [183], demonstrating significant application potential in water quality analysis.
To meet diverse application requirements, various microfluidic platforms have been de-
veloped for the integration of carbon-based sensors, exhibiting different structural config-
urations and fabrication strategies [25,184]. These platforms differ not only in fluid actua-
tion mechanisms, device flexibility, and fabrication cost, but also significantly influence
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the integration approaches of carbon-based sensing materials, electrode construction
methods, and interfacial signal transduction characteristics.

Based on platform architecture and fabrication processes, carbon-based microfluidic
sensing systems can generally be classified into paper-based microfluidic devices
[185,186], polymer-based microfluidic chips [187,188], MEMS-fabricated microfluidic sys-
tems [189,190], and flexible microfluidic platforms [191,192].

3.1.1. Paper-Based Microfluidic Devices

Paper-based microfluidic devices (WPADs) typically employ cellulose-based paper as
the fluid transport medium [193-195]. Their intrinsic porous network enables passive lig-
uid transport via capillary action, allowing sample delivery and distribution without the
need for external pumping systems [186,195]. These platforms offer advantages such as
low cost, simple structure, high portability, and suitability for disposable testing [185,186],
making them highly attractive for on-site environmental monitoring and point-of-care
analysis.

Paper-based microfluidic platforms are highly compatible with printing-based fabri-
cation techniques [196], among which carbon inks serve as a key material for constructing
conductive functional layers and sensing electrodes [197]. Carbon inks are generally com-
posed of conductive carbon materials, such as graphene and CNTs, combined with poly-
mer binders and solvent systems [198]. Due to their excellent printability, electrical con-
ductivity, and low cost, carbon inks provide a versatile platform for fabricating scalable
and disposable electrochemical sensing components on paper substrates [196,199].

During device fabrication, different printing techniques are employed to define both
fluidic and sensing components. Wax printing is commonly used to create hydrophobic
barriers within the paper matrix, thereby defining microfluidic channels [200,201]. Inkjet
printing and screen printing are widely employed to fabricate functional electrodes and
analytical zones [196,199]. This material-printing integration strategy enables the con-
struction of electrochemical sensors without relying on complex micro/nanofabrication
processes.

Beyond their fabrication advantages, the high porosity of paper facilitates enhanced
contact between the sample and sensing interface, while carbon-based materials provide
stable conductive pathways and efficient interfacial signal transduction. Together, these
features enable paper-based platforms to achieve portable, rapid, and highly sensitive
electrochemical detection in field applications.

3.1.2. Polymer-Based Microfluidic Devices

Polymer-based microfluidic chips are among the most widely used microfluidic plat-
forms and are extensively applied in lab-on-a-chip systems as well as electrochemical and
biosensing applications [188,202]. Depending on the material system and fabrication ap-
proach, polymer microfluidic platforms can be broadly categorized into elastomer-based
systems, represented by polydimethylsiloxane (PDMS) [203] and thermoplastic polymer
systems such as polymethyl methacrylate (PMMA) [204], polycarbonate (PC) [202], and
cyclic olefin copolymer (COC) [205]. These two classes differ in fabrication routes, scala-
bility, and interface integration strategies.

PDMS-based microfluidic chips are typically fabricated using soft lithography [206—
209]. In this process, a silicon wafer master mold is first prepared using photoresists such
as SU-8, followed by replica molding through casting and curing to form microchannel
structures. The resulting devices are then bonded to glass or PDMS substrates via oxygen
plasma treatment. This platform offers advantages such as simple fabrication, low cost,
rapid prototyping, and short development cycles, making it the most widely used system
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in laboratory research. However, PDMS also exhibits limitations in solvent absorption,
long-term stability, and large-scale manufacturability.

In contrast, thermoplastic polymer microfluidic platforms are commonly fabricated
using hot embossing [210,211], injection molding [211,212], or laser micromachining
[210,212]. These approaches are more suitable for large-scale manufacturing and indus-
trial production, offering higher reproducibility and improved chemical stability. As a re-
sult, they show strong potential in disposable microfluidic sensors and portable diagnos-
tic systems.

Due to their excellent compatibility with surface and interface processing, polymer-
based microfluidic platforms can readily integrate functional carbon materials to con-
struct electrochemical sensing interfaces [202]. For example, graphene, CNT networks,
LIG, and carbon electrodes can be introduced into microfluidic channels or electrode re-
gions via drop-casting [213], spray coating [214], transfer printing [215], or embedded in-
tegration [36], enabling efficient electrochemical detection and enhanced signal transduc-
tion of target analytes.

In addition, both PDMS/glass hybrid structures and thermoplastic polymer chips can
support multimodal detection schemes, such as the integration of electrochemical and op-
tical sensing modalities, thereby improving system sensitivity and functional versatility
[216]. Overall, polymer-based microfluidic platforms represent one of the most flexible
and widely applicable systems for carbon-based sensor integration and environmental
water quality monitoring.

3.1.3. MEMS-Fabricated Microfluidic Devices

MEMS (microelectromechanical systems)-based silicon/glass microfluidic systems
represent another class of high-precision microfluidic platforms [217]. These systems typ-
ically rely on semiconductor micro/nanofabrication techniques to achieve the integrated
construction of microchannels, electrode arrays, and functional structures [218]. They are
characterized by high dimensional precision, high device integration density, and strong
capability for multifunctional microsystem integration, making them a typical lab-on-a-
chip implementation strategy [219].

MEMS microfluidic platforms are generally fabricated using standard mi-
cro/nanofabrication processes such as photolithography, thin-film deposition, etching,
and thermal processing [220]. Among them, negative photoresists, such as SU-8 and other
patternable polymer materials, are widely used for microstructure template fabrication
[221]. Through subsequent carbonization, material deposition, or interfacial functionali-
zation, carbon-based microelectrodes can be constructed and integrated within MEMS
microfluidic chips, enabling scalable integration of various carbon-based sensing materi-
als [184]. In addition, MEMS processes are highly compatible with low-dimensional car-
bon materials such as graphene and CNTs, further enabling the integration of semicon-
ductor-based sensor architectures such as FETs and ISFETs, thereby providing new device
design pathways for highly sensitive ion and trace pollutant detection [222-224].

Furthermore, silicon wafer processing technologies enable the precise fabrication of
high-density electrode arrays, complex microchannel networks, and integrated electro-
chemical detection units [225-227]. These capabilities make MEMS-based platforms par-
ticularly attractive for high-sensitivity electrochemical sensing and the monolithic inte-
gration of carbon-based microelectrodes with microfluidic chips.

3.1.4. Flexible Microfluidic Devices

Flexible microfluidic systems are typically fabricated using flexible substrates such
as PI, polyethylene terephthalate (PET), ultrathin PDMS, or other elastomeric polymers,
enabling stable operation under bending, stretching, or conformal contact with complex
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surfaces [191,228]. Compared with conventional rigid microfluidic chips, flexible plat-
forms offer significantly greater adaptability for wearable sensing, real-time environmen-
tal monitoring, and portable analytical applications [191,229].

With the rapid development of flexible electronics and printed electronics technolo-
gies, flexible microfluidic platforms have been increasingly integrated with carbon-based
conductive materials [38]. Graphene conductive films, CNT composite networks, and LIG
can be directly fabricated on flexible substrates via techniques such as inkjet printing,
screen printing, laser writing, or transfer printing [230,231]. Among these, LIG enables the
direct laser-induced carbonization of polyimide surfaces to form three-dimensional po-
rous conductive structures, eliminating the need for complex transfer or post-processing
steps and thereby attracting considerable attention for flexible electrochemical sensor fab-
rication [231,232].

In addition, flexible microfluidic systems not only reduce device weight and manu-
facturing cost but also enable conformal contact with irregular surfaces and dynamic en-
vironments, thereby enhancing in situ continuous monitoring and real-time sensing capa-
bilities [191,228]. These platforms provide an important technological direction for the de-
velopment of next-generation portable and intelligent environmental monitoring systems.

3.2. Flow Architectures and Sensing Modes

In carbon-based microfluidic sensing systems, fluid transport within microchannels
governs analyte mass transport and interfacial reaction kinetics [233-235], whereas the
signal readout mode determines how these interfacial processes are transduced into meas-
urable analytic signals [236]. Together, they shape the overall sensing performance of the
system.

3.2.1. Flow Architectures

Under microfluidic conditions, the characteristic dimensions of channels are typically
on the micrometer scale, resulting in low Reynolds number laminar flow regimes [237]. In
such systems, analyte transport is predominantly governed by flow pathway design and
interfacial engineering [238,239]. Therefore, the selection of flow architecture plays a crit-
ical role in determining mass transport efficiency and overall sensing performance. For
electrochemical carbon-based microfluidic sensors, the flow mode not only governs the
transport of analytes from the bulk solution to the electrode surface, but also affects inter-
facial renewal rates, diffusion layer thickness, and local concentration distributions,
thereby further modulating electron transfer processes and signal stability [66]. At pre-
sent, the most commonly used flow actuation modes in carbon-based microfluidic sensing
systems include capillary-driven flow [240,241], pressure-driven flow [134], and electro-
kinetic flow [242].

Capillary-driven flow relies on capillary forces within porous media to enable spon-
taneous liquid transport without external pumping systems [243-245]. uPADs are the
most representative example of this category [240]. These systems offer advantages such
as simple structure, low cost, high portability, and suitability for disposable testing, mak-
ing them widely used in field-based environmental monitoring [246]. However, due to
relatively low flow velocities and the absence of active convective enhancement, analyte
transport is typically diffusion-dominated [243], leading to limited interfacial renewal ef-
ficiency. In addition, the inherent randomness of the paper fiber network may induce spa-
tially non-uniform flow fields, thereby affecting measurement reproducibility [247].

Pressure-driven microfluidic systems typically employ syringe pumps, peristaltic
pumps, or pneumatic control systems to establish a stable pressure gradient within mi-
crochannels, enabling precise regulation of flow rates [248-250]. This approach is widely
used in polymer-based and MEMS-fabricated microfluidic chips. Under stable laminar
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flow conditions, analytes can be continuously transported to the electrode surface, effec-
tively reducing the diffusion boundary layer thickness and improving interfacial mass
transport efficiency and measurement reproducibility. Moreover, pressure-driven sys-
tems allow further optimization of residence time, reaction kinetics, and signal response
through flow rate control [251], making them particularly suitable for high-sensitivity
quantitative detection and continuous online monitoring.

Electrokinetically driven flow primarily includes electroosmotic flow (EOF) and elec-
trophoretic transport, in which external electric fields are applied to induce directional
movement of fluids or ions [252]. Compared with conventional mechanical pumping sys-
tems, electrokinetic actuation enables precise fluid manipulation without moving compo-
nents, making it particularly suitable for highly integrated micro- and nanoscale sensing
systems. In addition, the applied electric field not only governs fluid motion but also di-
rectly influences ion migration behavior and local interfacial charge distribution [253,254],
thereby coupling fluid transport with electrochemical response processes. However, such
systems are generally sensitive to buffer ionic strength, electrode polarization, and inter-
facial stability [252,255], which poses challenges for applications in complex environmen-
tal samples.

Overall, different flow architectures exhibit significant differences in analyte
transport behavior, interfacial renewal capability, and system complexity. Table 2 sum-
marizes the characteristics of these three flow actuation systems. Capillary-driven systems
emphasize low cost and portability, pressure-driven systems are better suited for stable
and high-sensitivity detection, and electrokinetic systems enable highly integrated and
finely controlled fluid manipulation. Together, these flow modes constitute the funda-
mental fluidic operation framework of carbon-based microfluidic sensing systems and
further influence downstream mass transport enhancement and interfacial signal ampli-
fication processes.

Table 2. Characteristics of representative microfluidic flow architectures.

Flow Driving Mech- Applicable Microfluidic Transport Main e
. . . ‘.. Limitations
Architecture anism Devices Characteristics Advantages
diffusion-dominated Limited f1
Capillary-driven Capillary force uPADs Husion-dorminate Simple, low-cost tited Fow
passive transport control
External Stable convection-en External
vection-en-
Pressure-driven =~ pumps/pres- Polymer/MEMS chips Controlled flow equipment
hanced transport .
sure required
MEMS/microchannel . . . Sensitive to
L - ) . Electroosmotic or elec- Precise manipula- .
Electrokinetic flow Electric field  systems with electric- . . solution
; . trophoretic transport tion .
field-driven transport properties

3.2.2. Sensing Modes

In carbon-based microfluidic sensing systems, the sensing mode determines how
electrochemical signals are acquired. Under microfluidic conditions, analyte transport, in-
terfacial reactions, and flow-field distribution are highly coupled [256]. Therefore, differ-
ent detection modes exhibit distinct response behaviors under dynamic flow environ-
ments.

Current-based sensing is one of the most widely used modes in microfluidic electro-
chemical sensing and mainly includes amperometric and voltammetric sensing [257].
These methods quantify analytes by monitoring the Faradaic current generated from re-
dox reactions occurring at the electrode surface [258,259]. The response magnitude is
closely related to interfacial electron transfer kinetics and analyte flux. Under continuous
flow conditions, convective transport effectively reduces the diffusion boundary layer
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thickness, thereby enhancing interfacial mass transport. As a result, current-based sensing
is well coupled with continuous-flow or flow-through microfluidic systems. This mode is
widely applied in the real-time detection of environmental analytes such as heavy metal
ions, nutrients, and organic pollutants.

Potentiometric sensing determines analyte concentration by measuring the equilib-
rium potential difference between the working electrode and the reference electrode
[260,261]. Its response typically arises from changes in ion activity or interfacial charge
distribution. Compared with current-based systems, potentiometric sensing generally
does not rely on significant Faradaic currents, resulting in lower power consumption and
improved long-term stability. In microfluidic systems, this approach is particularly suita-
ble for ion-selective detection, such as pH, nitrate, or heavy metal ion monitoring. How-
ever, because its signal originates from interfacial equilibrium states, it is relatively sensi-
tive to local ionic strength and flow stability.

Impedimetric sensing includes conductometric sensing [262], resistive sensing [263],
and electrochemical impedance spectroscopy (EIS) [264]. These techniques typically eval-
uate changes in interfacial impedance by applying an alternating current signal, capturing
processes such as charge transfer resistance, electrical double-layer structure, and surface
adsorption behavior. Due to its high sensitivity to interfacial state changes, this mode en-
ables label-free detection and is widely used for analyzing biofouling, organic molecules,
and surface adsorption processes [265]. In microfluidic environments, impedimetric sens-
ing can achieve high sensitivity with small sample volumes. However, its response is
more susceptible to bubbles, fouling deposition, and interfacial flow non-uniformity.

Overall, different sensing modes exhibit significant differences in signal origin, de-
pendence on mass transport processes, and response characteristics under dynamic flow
conditions. Table 3 summarizes the key features of these three sensing modes. Current-
based sensing emphasizes interfacial electron transfer and transport enhancement, poten-
tiometric sensing focuses on ionic equilibrium and interfacial charge variations, while im-
pedimetric sensing is more sensitive to interfacial structure and adsorption behavior. The
coupling between these sensing modes and microfluidic flow fields jointly determines the
overall performance of carbon-based microfluidic sensing systems and provides a funda-
mental basis for the design of subsequent mass transport enhancement strategies.

Table 3. Characteristics of representative electrochemical sensing modes in microfluidic systems.

. . . Mass Transport . Representative
Sensing Mode Signal Basis P Typical Advantages P ..
Dependence Applications

Current-based sens- High sensitivity, .

. Faradaic current High g . Y Heavy metals, nutrients

ing real-time monitoring
Potentiometric sens- Equilibrium poten- Low power, . .

. d . P Moderate . p . pH, ion sensing

ing tial ion selectivity

Impedimetric sens- Interfacial imped-

ing

Biofouling monitoring, bio-
Moderate to high Label-free detection & M 8
ance molecules interactions

3.3. Transport-Enhanced Sensing

In conventional static electrochemical sensing systems, analyte transport toward the
electrode surface is predominantly governed by molecular diffusion [266]. However, in
trace-level pollutant detection, diffusion-controlled mass transport is often inefficient,
leading to insufficient replenishment of analytes at the interface, thickened diffusion lay-
ers, and limited current responses, thereby constraining both sensitivity and response
speed. In contrast, microfluidic systems can significantly enhance interfacial mass
transport through active regulation of microscale fluid behavior, effectively overcoming
diffusion limitations and improving detection performance [238,267]. Therefore, the per-

https://doi.org/10.3390/c12030057


https://doi.org/10.3390/c12030057

C 2026, 12, 57

17 of 42

formance of carbon-based microfluidic sensing systems depends not only on the electrode
materials themselves but is also strongly coupled with fluid transport behavior and inter-
facial mass transport processes, forming a typical transport-coupled sensing regime.

In pressure-driven microfluidic systems, flow patterns and flow rates are key factors
governing interfacial mass transport behavior. Depending on the detection stage and op-
erational mode, systems typically operate in either continuous-flow or stopped-flow
modes. Continuous-flow operation refers to a condition in which the fluid continuously
moves through the microchannel during detection [268], enabling continuous delivery of
analytes to the electrode interface. This maintains a stable concentration gradient and fa-
cilitates continuous surface renewal. As flow rate increases, the diffusion layer thickness
at the electrode surface decreases, allowing faster analyte transport to the reaction inter-
face and thereby enhancing reaction kinetics and steady-state current responses. Conse-
quently, continuous-flow microfluidic systems generally exhibit high response stability,
good reproducibility, and improved detection efficiency.

In contrast, stopped-flow sensing involves halting fluid motion after the sample has
been delivered to the detection zone, allowing analytes to accumulate locally or react suf-
ficiently at the interface [269]. As convective transport is minimized, the system gradually
becomes diffusion-dominated, which prolongs analyte—electrode interaction time and en-
hances signal responses in systems with slower reaction kinetics. This strategy is particu-
larly suitable for adsorption-based sensing, enzymatic reactions, and preconcentration
processes for trace analysis. However, stopped-flow modes may also intensify local con-
centration polarization and reduce interface renewal efficiency, requiring a trade-off be-
tween sensitivity and response time.

In practical carbon-based microfluidic sensing systems, continuous-flow and
stopped-flow strategies are not mutually exclusive and are often combined in a sequential
manner for synergistic optimization. For example, in anodic stripping voltammetry (ASV)
for trace heavy metal detection, continuous flow is typically used for analyte delivery,
followed by a stopped-flow preconcentration step to enhance metal ion deposition on the
electrode surface, and finally resumed flow for stripping measurement [270,271]. This
flow-assisted accumulation strategy further improves mass transport efficiency and de-
tection sensitivity.

Beyond conventional unidirectional flow, recent studies have also explored oscilla-
tory flow, recirculating flow, and locally disturbed flow fields to enhance interfacial mass
transport [272-275]. For instance, periodic flow perturbations can effectively disrupt the
concentration boundary layer at the electrode surface, reduce local concentration polari-
zation, and thereby improve detection sensitivity. In some microfluidic systems, micro-
structural designs such as serpentine channels, micropillar arrays, hierarchical porous ar-
chitectures, and integrated valveless micropumps are also employed to induce secondary
flows or enhance convective mixing, thereby improving analyte-electrode interfacial con-
tact efficiency [276,277].

For paper-based microfluidic systems, although flow is primarily driven by capillary
forces and the overall flow rate is relatively low, interfacial mass transport can be partially
enhanced through the large surface area, improved wettability, and shortened local diffu-
sion pathways provided by the porous fiber network of paper. In addition, electrokinet-
ically driven systems further expand mass transport enhancement strategies. By tuning
external electric field parameters, directional migration of ions or charged analytes can be
promoted, thereby improving transport efficiency toward the electrode interface.

Overall, mass transport enhancement in microfluidic systems arises from the syner-
gistic interplay between fluid flow, interfacial renewal, and micro/nanostructural regula-
tion. Compared with conventional static sensing systems, transport-enhanced sensing sig-
nificantly improves analyte delivery efficiency, reduces diffusion limitations, and
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strengthens interfacial electron transfer processes, thereby enabling higher sensitivity,
faster response, and lower detection limits. This coupled flow-mass transport-interfacial
reaction mechanism represents a key distinguishing feature of carbon-based microfluidic
sensing systems compared with traditional electrochemical sensing platforms.

4. Recent Advances in Carbon-Based Microfluidic Sensors for
Water Monitoring

Water quality safety is directly linked to ecosystem stability, human health, and sus-
tainable development [278,279]. However, with the continuous increase in industrial dis-
charges, agricultural runoff, and emerging contaminants, water systems are increasingly
affected by heavy metal ions [280], nutrients [281], and emerging organic contaminants
[282,283]. These pollutants are often characterized by low concentrations, complex matri-
ces, and dynamic variations, making it difficult for conventional laboratory-based analyt-
ical methods to meet the requirements of rapid, on-site, continuous, and highly sensitive
detection. Therefore, the development of efficient, portable, and real-time environmental
monitoring technologies is of critical importance. Driven by advances in carbon-based
sensing materials and microfluidic device engineering, carbon-based microfluidic sensing
platforms have rapidly evolved as promising tools for water quality monitoring. This sec-
tion highlights recent developments and representative applications in the detection of
major water contaminants, including heavy metals, nutrients, and emerging organic con-
taminants.

4.1. Heavy Metal Monitoring

Heavy metal ions such as lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As), and
chromium (Cr) are highly toxic and environmentally persistent, making them important
target pollutants in water quality monitoring [284,285]. Their primary sources include in-
dustrial wastewater discharge, mining, and smelting activities, and they can accumulate
in aquatic environments over long periods. These heavy metals pose serious risks to hu-
man health (Figure 5), including renal dysfunction, immune system damage, and carcino-
genicity [286]. Therefore, achieving highly sensitive, rapid, and in situ detection of these
species is of critical importance. In recent years, advances in carbon-based microfluidic
sensing platforms for heavy metal detection have mainly focused on the optimization of
carbon electrode interfacial structures and the engineering design of microfluidic flow
fields and device architectures.

| Effects on human health I

Kidney Immune
Failure Dysfunction
Water pollution |

Hg | Cd l
Allergies Gastrointestinal Cancer
.Cr, J Inflammation
|_As l Pb I
Brain
Injury

Figure 5. Human health impacts of heavy metal contamination in water. Reproduced from Refer-
ence [286] under the CC BY license.

In the optimization of carbon-based electrodes, researchers have continuously im-
proved electron transport capability, interfacial reaction kinetics, and detection stability
in complex matrices by constructing highly conductive carbon nanostructures, function-
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alized interfaces, and integrated device architectures, thereby promoting their applica-
tions in microfluidic and field-deployable sensing platforms. For instance, graphene,
CNTs, carbon quantum dots, and porous carbon materials have been widely employed to
construct composite electrode interfaces to enhance conductivity, effective surface area,
and electron transfer efficiency. One study developed a graphene-modified glassy carbon
electrode, forming a glassy carbon/graphene composite structure combined with layer-
by-layer self-assembly and pyrolysis processes [276]. This highly conductive carbon inter-
face significantly reduced the overpotential of heavy metal redox reactions and enhanced
electrochemical responses, thereby improving overall sensing performance.

On this basis, heteroatom doping strategies have been widely applied to regulate the
electronic structure and active site distribution of carbon materials, thereby enhancing in-
terfacial adsorption and reaction kinetics of target ions. For example, a boron-doped dia-
mond paste electrode (BDDPE) was integrated with a paper-based microfluidic platform
for the detection of Pb?* and Cd? [287]. Compared with conventional carbon paste elec-
trodes (CPEs), BDDPE exhibited a wider potential window, lower background current,
and improved antifouling properties, thereby significantly improving detection reliability
in complex samples and demonstrating the potential for low-cost microfluidic integration.

As detection targets expand from single ions to multicomponent systems, multichan-
nel carbon-based electrode arrays have emerged as an important strategy to improve an-
alytical throughput. A study developed a carbon-based microelectrode array using car-
bon-MEMS (C-MEMS) fabrication combined with gold electrodes and differentiated elec-
trode materials for simultaneous detection of multiple heavy metal ions under an ASV
framework [288]. In this system, glassy carbon electrodes were used for Pb? and Cd? de-
tection, while gold electrodes were employed for As* and Cu?* detection. Bismuth (Bi)
modification was further introduced to enhance the preconcentration and signal amplifi-
cation of Pb? and Cd?* by promoting alloy formation during the deposition step, thereby
increasing stripping peak currents and improving detection sensitivity. The resulting ar-
ray exhibited excellent selectivity and signal robustness under complex ionic interference,
highlighting the transition of carbon-based microelectrodes from single-point detection
toward multichannel cooperative sensing.

Furthermore, to meet the requirements of long-term monitoring of trace heavy met-
als in real environments, carbon-based electrode systems are evolving toward multifunc-
tional sensing architectures and cross-mechanism integration. For instance, a single-layer
graphene-based dual-mode electrochemical sensing platform integrated a graphene ion-
sensitive field-effect transistor (G-ISFET) and a graphene-based ion-selective electrode (G-
ISE) for highly sensitive, real-time, and long-term monitoring of As** [289]. By construct-
ing a graphene-based signal transduction channel and introducing an arsenic ion-selective
membrane (As-ISM) together with a specific ionophore, the system achieved selective
recognition and interfacial charge modulation of target ions. The dual-mode of ISFET with
ISE design enabled a balance between high instantaneous sensitivity and long-term sta-
bility. The platform achieved a detection limit of 0.1 ppt, maintained excellent recovery in
complex water samples, and exhibited strong anti-interference capability against Pb%,
Cd?*, and Cr%. This work further demonstrates that carbon-based electrode systems are
evolving along the trajectory of material optimization to electrode arraying to multimodal
integration, providing a strong foundation for field-deployable and portable heavy metal
monitoring systems.

On the other hand, optimization of microfluidic device architecture and flow field
engineering has become an important strategy for enhancing heavy metal detection per-
formance. Numerous studies have improved interfacial enrichment and mass transport
of heavy metal ions by regulating fluid transport behavior within microchannels, thereby
enhancing sensitivity and response efficiency. Typical strategies include thin-layer flow
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cells [35,290], flow-field-shaped electrodes [286], oscillatory or disturbed flow fields [291],
and thermocapillary convection [292]. These designs enhance local convective transport,
effectively thin the diffusion boundary layer, and promote electrochemical deposition of
metal ions on the electrode surface. This flow-assisted accumulation mechanism is partic-
ularly suitable for ASV, significantly improving preconcentration efficiency and reducing
analysis time. For example, a thin-layer flow cell integrated with flow-field-shaped elec-
trodes was developed for stripping analysis, and finite element simulations were used to
optimize fluid distribution and electrode geometry, achieving enhanced heavy metal ac-
cumulation under continuous-flow conditions [293]. This flow-field optimization strategy
significantly improved Pb? accumulation efficiency, achieving a detection limit of 0.2 pg
L.

Moreover, to enable continuous real-time detection and more efficient interfacial
mass transport, active fluidic components have been introduced into microfluidic systems
to develop dynamic flow-regulated sensing platforms. For instance, a system integrating
carbon microelectrodes fabricated from pyrolyzed KMPR photoresist with a valveless mi-
cropump was developed for real-time ASV of heavy metal ions [51]. The non-steady flow
generated by the valveless micropump enhanced analyte transport toward the electrode
interface, thereby accelerating mass transfer and improving metal ion preconcentration
efficiency. The system achieved a Pb?" detection limit of 40 ppt under continuous-flow
conditions, approximately three orders of magnitude lower than conventional static sys-
tems, while the dynamic flow field further doubled the sensing sensitivity. This study
highlights that microfluidic flow-field engineering can significantly enhance trace heavy
metal detection and provides a new design strategy for real-time environmental monitor-
ing.

Overall, the synergistic development of carbon-based electrode interface engineering
and microfluidic structural optimization has significantly enhanced heavy metal sensing
performance. While material-level strategies improve interfacial electron transfer and
electrochemical activity through compositional tuning, structural and microfluidic de-
signs enhance analyte transport and local mass transfer. This deep coupling between ma-
terial engineering and fluidic regulation in microfluidic electrochemical systems collec-
tively advances detection sensitivity, response speed, and on-site monitoring capability
for heavy metal analysis.

4.2. Nutrient Monitoring

Nutrient pollution is a major driver of eutrophication in aquatic systems, leading to
excessive algal growth, dissolved oxygen depletion, and ecological imbalance [8,14]. As
representative nitrogen-containing nutrients, nitrate (NOs") and nitrite (NO2") are key tar-
get analytes in water quality monitoring due to their high mobility, toxicity, and strong
association with agricultural runoff and wastewater discharge [294,295]. Therefore, the
development of highly sensitive, selective, and in situ real-time detection technologies is
of great importance for understanding nitrogen cycling and supporting water resource
management.

Recent advances in carbon-based microfluidic sensing platforms for nutrient detec-
tion have primarily focused on electrode material optimization, signal amplification strat-
egies, and microfluidic device engineering. At the material level, graphene and its com-
posites have been extensively employed for the construction of electrochemical sensing
interfaces for nitrate and nitrite detection owing to their exceptional electrical conductiv-
ity and high specific surface area. A systematic review has summarized graphene-based
nitrite sensors, highlighting various composite strategies such as metal nanoparticle/gra-
phene, MOF/graphene, and enzyme/graphene systems, demonstrating that interfacial en-
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gineering can significantly enhance electrocatalytic activity and sensing performance
[296].

In addition, researchers have further developed electrode design strategies based on
electrochemical signal amplification to improve detection sensitivity. Among these, redox
cycling under microfluidic conditions has been demonstrated as an effective approach for
enhancing electrode responses. For example, a four-electrode microfluidic electrochemi-
cal sensing platform based on pyrolyzed glassy carbon was developed for the highly sen-
sitive simultaneous detection of nitrate and nitrite [52]. The platform employed MEMS-
based fabrication to produce carbon microelectrodes that were subsequently integrated
into a microfluidic chip. In this system, a CuNP-modified working electrode was used to
promote nitrate reduction kinetics, while an AuNP-modified auxiliary oxidation electrode
was introduced to enhance nitrite oxidation. Together with conventional reference and
counter electrodes, these components formed a four-electrode configuration. This design
overcomes the signal amplification limitations of conventional three-electrode systems by
incorporating a functionally differentiated auxiliary oxidation electrode to establish a re-
dox cycling/redox amplification mechanism. Through continuous regeneration and am-
plification of electroactive species, the platform significantly enhanced signal intensity
and detection sensitivity. As a result, the device achieved a nitrate detection limit as low
as 2 ppb, while exhibiting excellent anti-interference capability and long-term operational
stability. In addition, the platform enabled the simultaneous determination of both nitrate
and nitrite within a single microfluidic sensing system.

With the increasing complexity of device integration, carbon-based FET platforms,
particularly G-ISFETs, have emerged as another important class of highly sensitive sen-
sors for nutrient monitoring. By coupling graphene channels with ion-selective mem-
branes, ionic binding events are converted into surface potential changes and further
translated into Dirac point shifts for signal readout. For instance, an ultra-sensitive nitrate
sensing platform by integrating a G-ISFET with a nitrate-selective membrane has been
developed [179]. The device performance was enhanced through optimization of gra-
phene layer number, channel width-to-length ratio, and sensing area, thereby improving
transconductance and interfacial ion transport efficiency. The nitrate-binding-induced
surface potential variation was effectively translated into Dirac point shifts, enabling an
extremely low detection limit of 0.041 ppt, along with excellent accuracy and stability in
real water samples. Notably, this charge-transfer-based signal transduction mechanism
exhibits strong generality and has also been extended to heavy metal ion detection [297],
highlighting its potential for platform-level sensor development.

Building upon advances in materials and device engineering, microfluidic structural
design and the integration of functional sensing interface have further emerged as a key
strategy for enhancing nutrient sensing performance. For example, a GO/PEDOT nano-
fiber composite electrode was integrated into a PDMS microfluidic channel operating un-
der continuous-flow conditions, enabling enhanced convective transport and reduced dif-
fusion boundary layer thickness. Meanwhile, nitrate reductase immobilization was incor-
porated to construct a bio-recognition interface for highly selective nitrate detection [298].
The synergy between microfluidic flow regulation, carbon-based electrochemical inter-
faces, and enzyme-functionalized recognition layers significantly improves sensing effi-
ciency and selectivity. The resulting system exhibited a stable response over a concentra-
tion range of 0.44—442 mg/L, achieved a detection limit of 0.135 mg/L, and demonstrated
good reproducibility and anti-interference capability in real sample analysis.

Overall, carbon-based microfluidic nutrient sensing technologies are evolving from
single-material optimization toward multiscale integration of materials, device architec-
tures, and fluidic transport engineering. Graphene-based materials provide efficient elec-
trochemical interfaces, signal amplification strategies such as redox cycling and field-ef-
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fect transduction significantly enhance sensitivity, and microfluidic optimization further
improves mass transport and response speed. Future development will focus on fully in-
tegrated multifunctional microfluidic platforms enabling highly selective, sensitive, and
real-time nutrient monitoring in complex aquatic environments.

4.3. Emerging Organic Contaminants Monitoring

Emerging organic contaminants refer to trace organic pollutants that have been
newly identified or increasingly detected in aquatic environments in recent years [15].
Among various emerging organic contaminants, PFAS, particularly representative com-
pounds such as perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA),
have attracted significant attention in water monitoring and sensing research due to their
extreme environmental persistence and strong bioaccumulation potential [299,300]. PFAS
are typically present at trace levels ranging from ng/L to pg/L [301]. However, long-term
exposure may cause endocrine disruption, immune system damage, and potential car-
cinogenic risks [302,303]. Their widespread occurrence in drinking water, surface water,
and groundwater further exacerbates environmental and health concerns [304]. Therefore,
the development of highly sensitive, rapid, and in situ detection methods for PFAS has
become a critical research direction in environmental analysis. In this context, carbon-
based microfluidic sensing platforms have emerged as a promising technological ap-
proach for PFAS and other emerging organic contaminants detection.

Recent advances in electrochemical microfluidic sensing of PFAS have primarily fo-
cused on two aspects: electrode interface enhancement and molecular recognition optimi-
zation. At the electrode material level, carbon nanomaterials have been widely used to
construct efficient signal transduction interfaces due to their excellent conductivity and
high surface area [305,306]. For example, MWCNT-modified electrodes have been applied
for PFOS detection, where enhanced electron transport and interfacial reaction kinetics
enable improved selectivity and stability in complex water matrices [307], highlighting
the important role of carbon-based materials in electrochemical signal amplification.

At the molecular recognition level, conventional antibodies or enzyme-based recog-
nition systems are increasingly being replaced by molecularly imprinted polymers (MIPs)
to improve stability and environmental adaptability [308]. MIPs form template-specific
recognition cavities during polymerization, enabling highly selective binding of PFAS
[309]. Compared with biological receptors, MIPs offer broader pH and temperature toler-
ance, lower fabrication cost, and higher environmental robustness, making them particu-
larly suitable for on-site and microfluidic sensing applications [310]. In sensing mecha-
nisms, the binding between PFAS and MIP recognition sites induces measurable changes
in electrochemical signals (e.g., current or impedance), enabling quantitative detection
[23].

A further development trend is the integration of MIP-based recognition with car-
bon-based electrode systems to construct synergistic sensing platforms combining high
conductivity and high selectivity. For instance, a three-dimensional porous microfluidic
electrode based on LIG was developed and functionalized with an MIP layer for the
highly selective detection of PFOA [135]. In this system, LIG significantly enhanced the
electrochemically active surface area and electron transfer efficiency, while the MIP pro-
vided specific binding sites for target recognition. This synergistic configuration enabled
efficient preconcentration of target PFAS molecules and signal amplification, achieving an
ultralow detection limit of 0.025 ppt, along with excellent anti-interference performance
in complex environmental water samples.

In addition, similar carbon-based-MIP synergistic strategies have also been extended
to paper-based microfluidic systems. For example, a carbon-based microfluidic paper-
based analytical device was developed by integrating carbon dots with MIPs for highly
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selective PFOS detection [311]. In this system, specific binding between PFOS and the MIP
recognition sites generated measurable signal variations that were quantified through the

paper-based microfluidic channel. The device achieved an ultralow detection limit at the

femtogram level (fg-level) and exhibited excellent anti-interference capability in complex

environmental water samples. This study demonstrates the potential of combining car-

bon-based nanomaterials with molecular recognition strategies in low-cost microfluidic

platforms for rapid on-site monitoring of PFAS and other emerging organic contaminants.

4.4. Performance Comparison

Carbon-based microfluidic sensors have demonstrated excellent analytical perfor-

mance across a wide range of water contaminants, although their sensing strategies and

performance characteristics vary depending on the target analytes and device architec-

tures. Table 4 summarize some representative carbon-based microfluidic sensing plat-

forms for monitoring heavy metals, nutrients, and emerging organic contaminants,

providing a comparison of target analytes, carbon materials, microfluidic platforms, dy-

namic detection ranges, and detection limits. Overall, representative carbon-based micro-

fluidic sensors achieve detection limits ranging from the sub-ng/L level for PFAS to the

low-ug/L level for heavy metals and nutrients, highlighting their outstanding sensitivity

and broad applicability for diverse water quality monitoring applications.

Table 4. Representative carbon-based microfluidic sensors for water monitoring applications.

X Dynamic Detec- Detection
Category Target An- Carbon-Basec.l Sensing Microfluidic Platform tion Range Limit Reference
alyte Material
(ug/L) (ug/L)
Pbe- Screen-printed carbon Polymer.-b.ased' microflu- 0.5-100 0.20 [293]
electrode idic chip
pHge [ AN-SDS-modified car-ppy i fuidic chip 1.2-7.0 0.48 [312]
Heavy bon electrode
N-doped carbon nanoon- Polymer-based microflu-
Metal 2 1-1 . 1
etals  Cd ions (N-CNOs) idic chip 00 0-25 [313]
AuNP-modified screen- Polymer-based microflu
As> printed graphene elec- ymer-oasea 50-100 3.7 [314]
idic chip
trode
Ni-complex/polyani- .
NOs- line/carbon nanocompo- Polymer.—b'ased. microflu- 600-10,000 15 [315]
. . idic chip
Nutrients site
NO»- Pyrc')lyzed glassy carbon MEMS mlC.I'Oﬂl.IldlC de- N/A 100 [52]
microelectrode array vice
Emerg@g PFOS Carbon dots./MIP compo- Paper-based microfluidic 0.0015-0.007 0.000007 [311]
Organic site platform
Contami- - i -
OmEME  pEoA LIG/MIP PMMA-based microflu 0.001-25 0.000025 [135]
nants idic chip

4.5. Field Deployment Status

Recent studies indicate that carbon-based microfluidic sensors are gradually transi-

tioning from laboratory demonstrations toward practical environmental applications.

Representative studies have demonstrated the applicability of carbon-based microfluidic

sensors for monitoring heavy metals, nutrients, and emerging organic contaminants in
real environmental waters, including river and lake water [316,317], seawater [318-320],
wastewater [47,321,322], and agricultural water [311,323,324]. For example, a smartphone-

integrated electrochemical microfluidic platform has been successfully applied for on-site
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Pb? monitoring in river water, with analytical performance comparable to inductively
coupled plasma-mass spectrometry (ICP-MS) [317]. For nutrient monitoring, a nitrate-
binding nickel complex within a polyaniline/carbon nanocomposite microfluidic electro-
chemical sensor has been validated with field water samples collected from multiple nat-
ural streams in Maryland, showing performance comparable to a commercial SUNA ni-
trate analyzer [315]. For emerging organic contaminants, a portable carbon dot/MIP-based
paper microfluidic platform has been successfully applied for on-site PFOS monitoring in
agricultural water, with analytical performance comparable to high-performance liquid
chromatography—tandem mass spectrometry (HPLC-MS/MS) [311]. In addition, recent re-
views have highlighted the growing deployment of microfluidic technologies for marine
environmental monitoring, including heavy metals, persistent organic pollutants, and
other emerging contaminants [325].

Despite these encouraging advances, the technology readiness of most carbon-based
microfluidic sensors remains at the laboratory or prototype stage. Although many devices
exhibit excellent analytical performance under controlled laboratory conditions, their per-
formance is still predominantly evaluated using buffered or simulated samples. Real en-
vironmental waters contain complex matrices such as natural organic matter, suspended
solids, microorganisms, and fluctuating ionic strength, all of which can significantly affect
sensor sensitivity, selectivity, stability, and long-term operational reliability. Furthermore,
challenges associated with biofouling, sensor durability, device standardization, large-
scale manufacturing, automated calibration, and long-term autonomous operation remain
major barriers to widespread commercialization and routine field deployment. Therefore,
future research should place greater emphasis on long-term validation under realistic en-
vironmental conditions and on engineering strategies that improve device robustness, re-
producibility, and manufacturability.

5. Challenges and Future Directions

With the rapid development of carbon-based microfluidic sensors in water quality
monitoring, these platforms have demonstrated significant advantages in sensitivity, se-
lectivity, and on-site detection capability. However, to transition from laboratory research
to real-world deployment, further advances are still required in device manufacturability,
system integration, long-term operational stability, and intelligence. Therefore, the devel-
opment of next-generation carbon-based microfluidic sensing systems with enhanced
manufacturability, integrability, multifunctionality, and reliability has become a key re-
search direction in this field.

Fabrication processes and system integration remain critical bottlenecks limiting the
practical application of carbon-based microfluidic sensors. Although substantial progress
has been achieved in improving sensitivity and detection limits, the transition from labor-
atory-scale prototypes to large-scale manufacturing and real-world applications remains
challenging. In recent years, 3D printing has emerged as a promising approach for the
low-cost fabrication and integration of microfluidic sensing systems [326-328]. Its rapid
prototyping capability, multi-material integration, and structural design flexibility make
it highly attractive for carbon electrode fabrication and microfluidic chip integration. For
instance, 3D-printed carbon-based composite conductive materials have been used to con-
struct integrated electrode systems [329], enabling rapid assembly of working, counter,
and reference electrodes, thereby significantly reducing fabrication cost while improving
device customizability. As 3D printing technologies continue to evolve, they are expected
to facilitate the development of fully integrated carbon-based microfluidic sensing plat-
forms with enhanced manufacturability, design flexibility, and scalability for real-world
environmental monitoring applications.
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Portability, automation, and intelligence are becoming important development
trends in carbon-based microfluidic sensing systems. The integration of digital microflu-
idics (DMF), wireless communication modules, smartphone interfaces, and automated
sampling systems enables real-time on-site monitoring and remote data transmission. For
example, recent studies have integrated microfluidic chips with molecularly imprinted
sensors and LoRa-based wireless communication systems for continuous nutrient moni-
toring and remote data transmission, supported by embedded control units for long-term
stable operation [330]. In addition, flexible electrochemical sensors based on carbon nano-
materials are increasingly being integrated with Internet of Things (IoT) platforms, ena-
bling cloud-based data analysis and remote environmental monitoring [34]. This trend is
driving carbon-based microfluidic systems toward intelligent, distributed sensing net-
works. Meanwhile, the introduction of artificial intelligence (AI) and machine learning
(ML) further enhances system-level data interpretation, enabling complex signal decod-
ing, device optimization, and flow-field design improvement [331]. For instance, machine
learning has been applied to microfluidic SERS platforms for pollutant classification, sig-
nificantly improving multicomponent detection capability and data processing efficiency
[55]. Looking forward, the integration of Al-assisted data analytics with carbon-based mi-
crofluidic sensing platforms is expected to enable intelligent, self-optimizing, and auton-
omous monitoring systems capable of real-time decision-making and adaptive environ-
mental management.

Beyond sensing functionality, carbon-based microfluidic platforms are gradually
evolving toward sense-respond integrated systems, extending from environmental mon-
itoring to in situ pollutant degradation and resource recovery. By incorporating photo-
catalytic, electrocatalytic, or electrochemical reaction units, these systems can achieve sim-
ultaneous detection and removal of contaminants. For example, carbon electrode-based
microfluidic systems coupled with photocatalytic electrodes have been developed for the
synergistic degradation of organic pollutants and electrochemical removal of heavy met-
als [332]. Such systems not only improve electron utilization efficiency but also provide
new strategies for miniaturized water treatment and in situ environmental remediation.
In the future, further integration of sensing and response units is expected to enable
closed-loop environmental management systems involving real-time monitoring, feed-
back regulation, and pollutant remediation.

Meanwhile, despite continuous functional integration, long-term stability under
complex environmental conditions remains a critical challenge for practical applications.
Non-specific adsorption of natural organic matter, proteins, and microorganisms on car-
bon electrode surfaces can lead to signal drift and sensitivity degradation. To address this
issue, various antifouling strategies have been proposed, including nanostructured sur-
face engineering, antifouling polymer coatings, graphene functionalization, and electro-
static repulsion interface design. For instance, electrochemical sensing platforms based on
nanostructured wrinkled surfaces and graphene modification can maintain stable re-
sponses in highly complex protein-rich environments [333]. In such systems, wrinkled
nanostructures not only increase the effective interfacial surface area and enhance mass
transport, but also partially suppress the diffusion and accumulation of macromolecular
foulants. Meanwhile, graphene functionalization further improves interfacial electron-
transfer efficiency and sensing sensitivity [334]. Therefore, future research should focus
on developing carbon-based electrode systems with self-healing capability, dynamic an-
tifouling behavior, and regenerable interfaces. Combined with intelligent interfacial reg-
ulation strategies, this will enable a shift from passive antifouling to active interface con-
trol, thereby improving long-term deployment capability in real environmental condi-
tions.
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6. Conclusions

To address the limitations of conventional water monitoring methods in terms of
real-time analysis, field deployment, and performance in complex environmental matri-
ces, this review provides a comprehensive overview of carbon-based microfluidic sensing
systems for water monitoring, covering sensing materials, transduction mechanisms, in-
tegration strategies, and representative applications.

Carbon-based sensing materials, including graphene, CNTs, laser-induced graphene,
and pyrolytic glassy carbon, exhibit diverse structures and fabrication pathways. Despite
these differences, they can all serve as effective electrochemical sensing interfaces owing
to their unique electrical, electrochemical, and interfacial properties.

Microfluidic systems significantly enhance the performance of carbon-based electro-
chemical sensors by enabling precise control of fluid transport and improving interfacial
mass transfer and reaction kinetics. Through various flow modes and flow-field engineer-
ing strategies, these platforms effectively reduce diffusion limitations and promote con-
tinuous surface renewal at the electrode interface. Overall, the tight coupling between mi-
crofluidic transport regulation and carbon-based sensing interfaces establishes a
transport-enhanced sensing paradigm, leading to improved sensitivity, faster response,
and more reliable water monitoring performance.

Carbon-based microfluidic sensing platforms have demonstrated broad applicability
in water quality monitoring, including heavy metals, nutrients, and emerging organic
contaminants. Across these applications, performance improvements are consistently
driven by synergistic advances in carbon-based electrode engineering, molecular recogni-
tion strategies, and microfluidic flow-field optimization, thereby enhancing both monitor-
ing sensitivity and efficiency.

Despite significant progress, carbon-based microfluidic sensing systems still face
challenges in scalable fabrication, system integration, long-term stability, and intelligent
operation. Future development will focus on low-cost manufacturing, integration with
IoT and Al for smart and automated environmental monitoring, and expansion toward
sense-respond systems for coupled detection and remediation. In addition, improving an-
tifouling performance and interfacial durability remains critical for real-world deploy-
ment. Overall, these advances will enable the transition of carbon-based microfluidic sen-
sors toward intelligent, multifunctional, and field-deployable environmental monitoring
platforms.
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