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20 Abstract

21 Microfluidic-based sensors have recently emerged as powerful platforms for rapid, sensitive and 

22 miniaturized analytical systems particularly for point-of-care diagnostics and real-time monitoring. 

23 The coupling of two-dimensional (2D) layered materials with microfluidic technologies has gained 

24 widespread interest due to their distinctive physicochemical properties such as high surface-to-

25 volume ratio, tunable electronic structures, excellent charge transport characteristics, exceptional 

26 catalytic activity and abundant active sites for biomolecular interactions. 2D materials beyond 

27 graphene such as transition metal dichalcogenides (MoS2, MoSe2, WS2), MXene, black phosphorus, 

28 metal oxides, graphitic carbon nitride (g-C3N4), and layered double hydroxides have demonstrated 

29 notable potential for enhancing the sensitivity, selectivity, and response time of microfluidic sensors. 
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30 This comprehensive and up-to-date review particularly highlights the scientific advancements in 

31 analytical chemistry applications based on beyond graphene 2D materials. Special emphasis is given 

32 on electrochemical and optical sensing platforms, their device integration, and biomolecule detection 

33 applications. Finally, future perspectives are highlighted to promote the rational design of highly 

34 sensitive, portable, and scalable microfluidic sensing platforms for biomedical and environmental 

35 monitoring.

36 Keywords: Microfluidic biosensors; Two-dimensional materials; Lab-on-a-chip; Point-of-care 

37 diagnostics; Electrochemical and optical biosensing; MXene.

38

39 1. Introduction to Microfluidics and 2D Materials

40 Microfluidics is a technology that involves the precise processing, manipulation, and control of small 

41 volumes of fluids (ranging from 10−9 to 10−18 L) using a miniaturized system composed of 

42 microchannels, chambers, and integrated functional elements.1,2 This technology has gained 

43 widespread attention due to its ability to perform complex laboratory procedure on a single 

44 microfluidic chip, known as a lab-on-a-chip (LOC). Microfluidic platforms are widely used in 

45 various disciplines, including microelectronics, molecular biology, and biodefense owing to their 

46 advantages such as reduced samples and reagents consumption, enhanced accuracy and sensitivity, 

47 minimal waste generation, portability, and potential for high throughput analysis. The convergence 

48 of innovative design, diverse material selection, and advanced fabrication techniques has 

49 revolutionized device performance and functionality, enabling the development of integrated lab-on-

50 chip systems.3–5 These systems aim to automate and miniaturize conventional laboratory procedures, 

51 offering capabilities such as fluid manipulation, mixing, separation, and detection within a compact 

52 and portable format.6 
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53 Since the early 1990s, microfluidics has found its way into biosensing, particularly for point-of-care 

54 applications. POC devices utilizing microfluidic systems have emerged as powerful tools for early-

55 stage disease diagnosis, personalized healthcare, and efficient patient monitoring.7,8 The devices offer 

56 real-time results at the site of patient care using minimal biological fluids such as blood, saliva, tears, 

57 sweat, and urine. Their compact and integrated design also allows for safe disposal, making them 

58 suitable for remote and resource-limited settings, especially during contagious disease outbreaks.9 In 

59 recent years, simpler microfluidic flow systems linked to external sensing modalities have gained 

60 preference over complex MEMS-integrated platforms. This shift is driven by the need for more 

61 accessible, cost-effective devices, reducing fabrication complexity while maintaining functionality 

62 and user-friendliness.10,11 

63 One such innovative approach is the development of microfluidic paper-based analytical devices 

64 (μPADs), first introduced by Martinez and coworkers.12 These devices rely on patterned paper 

65 substrates that enable fluid transport via capillary action without requiring external pumps or power 

66 sources. The use of paper as a substrate offers numerous advantages, including affordability, 

67 widespread availability, biocompatibility, and environmental friendliness. Due to their ability to 

68 facilitate fluid transport, mixing, and detection within a single compact device, μPADs are 

69 particularly suited for resource-limited settings and rapid diagnostics.13 Various fabrication 

70 techniques, such as wax printing, laser cutting, and inkjet printing, have been developed to pattern 

71 hydrophobic channels on paper substrates.14,15 Their inherent porosity, surface chemistry, and 

72 compatibility within colorimetric and electrochemical detection methods make them ideal for use in 

73 biosensing applications. μPADs have found commercial success in lateral flow assays, such as 

74 pregnancy and COVID-19 test strips.16,17 

75 Biosensors are analytical devices that combine a biological recognition element with a transducer to 

76 detect specific analytes and convert biological interactions into measurable signals.18,19 These devices 

77 are designed for high sensitivity, specificity, reproducibility, and user-friendliness. Depending on the 
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78 detection mechanism, biosensors can be classified into electrochemical, optical, piezoelectric, 

79 thermal, and field-effect transistor (FET)-based sensors.20–24 Electrochemical biosensors are widely 

80 used due to their high sensitivity, and low detection limits. Optical biosensors offer advantages such 

81 as real-time detection, label-free measurements, and high specificity, while FET-based biosensors 

82 provide miniaturization potential and fast signal transduction. Initially developed for clinical 

83 diagnosis, biosensors have evolved to become more sensitive, stable, and cost-effective owing to 

84 advances in material science and device engineering.25 

85 In recent years, nanomaterials have been extensively utilized in the development of chemical sensors 

86 and biosensors due to their unique physical, chemical, and biological properties. These materials, 

87 including nanoparticles, nanotubes, and nanosheets, significantly enhance sensor performance by 

88 improving sensitivity, signal amplification, and surface-to-volume ratio.26,27 Functionalized 

89 nanomaterials such as gold (AuNPs) and silver nanoparticles (AgNPs) are commonly employed in 

90 microfluidic biosensors due to their tunable optical and electronic properties.28–30 The integration of 

91 these nanomaterials with microfluidic platforms enables precise control of fluid flow, reduced sample 

92 volumes, and enhanced detection limits. In optical biosensors, nanomaterials serve as fluorophores, 

93 quenchers, or contrast agents, improving signal-to noise ratios and enabling multiplexed detection. 

94 In electrochemical biosensors, they enhance electron transfer kinetics, reduce overpotential, and 

95 improve signal stability. Furthermore, the use of nanomaterials in microfluidic biosensors facilitates 

96 the development of miniaturized, portable, and low-cost diagnosis devices suitable for POC 

97 applications.

98 Among various nanomaterials, two-dimensional (2D) materials have garnered significant attention 

99 due to their exceptional physicochemical properties. Since the successful exfoliation of graphene in 

100 2004 by Novoselov and Geim,31 researchers have explored a wide range of 2D materials beyond 

101 graphene, including transition metal dichalcogenides (TMDs), black phosphorus, metal oxides, 

102 graphitic carbon nitride (g-C3N4), MXenes, and layered double hydroxides. These materials exhibit 
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103 atomic or few-atomic-layer thickness, high surface area, superior mechanical strength, and tunable 

104 electronic and optical properties, making them highly suitable for applications in energy storage, 

105 catalysis, electronics, and biosensing. Due to their tunable bandgap, good electrical conductivity, and 

106 strong adsorption capabilities, 2D materials are ideal candidates for developing high-performance 

107 biosensors.

108 2D materials are generally classified into five major groups: (i) graphene and its analogues such as 

109 graphitic carbon nitride (g-C3N4), hexagonal boron nitride (h-BN); (ii) transition metal 

110 dichalcogenides (e.g., MoS2, WS2, MoSe2, WSe2); (iii) transition metal oxides (e.g., ZnO, TiO2); (iv) 

111 black phosphorus; and (v) MXenes.32,33 Each of these materials possesses unique structural, 

112 electronic, and chemical properties that influence their performance in sensing applications. The 

113 distinct layer-dependent properties of 2D materials allow for enhanced interaction with biomolecules, 

114 resulting in improved sensitivity, selectivity, and stability in biosensor design. The combination of 

115 2D materials with microfluidic platforms further enables the development of integrated, flexible, and 

116 multifunctional biosensors for on-site diagnostics and real-time monitoring.

117 This review aims to provide a comprehensive overview of the recent advancements in 2D materials-

118 based microfluidic biosensors, with a particular focus on electrochemical and optical sensing, as 

119 illustrated in Fig. 1. While many reviews exist on 2D materials or microfluidics independently, few 

120 explore their convergence for biosensing.34 The goal of this article is to bridge this gap by examining 

121 how the unique properties of 2D materials enhance microfluidic biosensors in terms of sensitivity, 

122 selectivity, and scalability. In particular, this review highlights the use of emerging 2D materials 

123 beyond graphene, such as MoS2, WS2, MoSe2, MXene, phosphorene, and paper-based 

124 electrochemical sensors, for the development of wearable and point-of-care biosensing platforms. 

125 Furthermore, it addresses the current challenges and limitations in the field and presents future 

126 perspectives for the development of integrated, intelligent, and personalized microfluidic biosensing 

127 systems.
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128

129

130

131

132

133

134

135

136 2. Two-dimensional (2D) Materials

137 2.1 Structural Properties and Mechanical Behaviour of 2D Materials

138 Few-atomic-layered 2D materials tightly bound together by van der Waals forces have high 

139 flexibility in bending and low rigidity in the plane.35 They can be aggregated to form vertically 

140 aligned heterostructures that have distinct electrical, mechanical and optical properties. These 

141 properties are critical when considering 2D materials for biosensing applications because the 

142 interlayer shear and buckling effects determine the mechanical performance of the material, which is 

143 required for sensor stability and functional performance. For example, buckling causes deformations 

144 in the outer plane of the material. This results in a highly flexible material to external load such as 

145 strain or fluid flow, which is typically applied in microfluidic devices.

146 2D materials, such as graphene, hexagonal boron nitride (h-BN), and MoS2 exhibit unique stress 

147 behaviour under stress wherein their in-plane stiffness allows the propagation of ripples rather than 

148 crumples as occurs in bulk materials.36 This unique mechanical behaviour makes 2D materials 

149 capable of bearing higher strains than bulk materials and therefore suitable for use in flexible strain 
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150 sensitive biosensors. Further, the large surface area of 2D materials facilitates oxidation–reduction 

151 reactions and electron migration among others, both key features in biosensors of rapid response.

152 These unique mechanical and structural features (e. g. exfoliation, deformation behaviour, surface 

153 functionalization capability) allow for the development of 2D materials for microfluidic biosensors 

154 and other wearable sensing systems. Furthermore, due to their highly sensitive nature to 

155 environmental conditions (e. g. water or air) they can provide real -time data in biosensing systems.

156 2.2 Tuning Properties of 2D Materials for Advanced Biosensors

157 Transition metal dichalcogenides (TMDs), with the general formula MX2 (where M = Mo, W, Re 

158 and X = S, Se, Te), have emerged as promising 2D nanomaterials for next-generation electronic and 

159 biosensing applications.37 For example, monolayer MoS2 has a unique sandwich-like structure with 

160 a transition metal layer between two chalcogen layers, measuring approximately 0.65 nm in 

161 thickness.38 Unlike its bulk form, monolayer MoS2 exhibits a direct band gap (~1.8 eV), enabling 

162 strong light-matter interactions, fast heterogeneous electron transfer, and excellent optical sensitivity 

163 which makes it ideal for high-performance biosensors.

164 TMDs offer remarkable mechanical, electronic and chemical tuneability. Their band structure can be 

165 tuned by strain, doping or alteration of the layer thickness; it can even have ferromagnetic properties 

166 under certain conditions. Doping with elements such as nitrogen, oxygen or fluorine enhances 

167 electrochemical activity and magnetic moments; nitrogen-doped WS2 is better at stabilizing and 

168 reducing threshold potential and therefore suited for electrocatalysis as well as sensing.

169 Due to their large surface area and strong Coulombic interactions, TMDs are suitable for holding 

170 various functional molecules and can be used in hybrid nanocomposite design.39 Further, the fact that 

171 MoS2/WS2 heterostructures can be fabricated on wafer scale by precise layer control provides a new 

172 scalable way of fabrication of microfluidic biosensors. To this end, in addition to their high Young’s 

173 modulus and flexibility, TMDs offer an excellent conformability both for wearable biosensors and 
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174 point-of-care devices. Therefore, TMD-based nanostructures based on MoS2 and WS2 are promising 

175 candidates for developing new generation microfluidic field-effect transistor (FET) biosensors. 

176 MXenes are a class of versatile 2D materials consisting of transition metals, such as Ti, V, Mo, Nb, 

177 and carbon or nitrogen, with surface-terminating groups such as -O, -OH, -F, -Cl, and -Br. The 

178 general formula for MXenes is Mn+1XnTx, wherein n = 1, 2, 3; and Ti3C2TX is one of the most 

179 investigated MXenes owing to its very outstanding properties.40 Due to their unique laminar 

180 architecture, MXenes offer an exceptional platform for immobilizing biological recognition 

181 elements, enabling high-performance biosensors. This includes applications in enzyme-based 

182 sensors,41 immunosensors,42 and small molecule detection,43 where efficient electron transfer and 

183 large surface area are critical. Moreover, MXenes have a large surface area, high hydrophilicity, and 

184 flexibility. The active biochemical catalysis and semiconducting nature as well as the ability to 

185 produce reactive oxygen species are further reasoned for their applications in sensor fabrication. 

186 Other 2D materials that have been less often integrated with LOC devices exhibiting unique structural 

187 features may enhance the functionalities of microfluidic biosensors. 

188 Importantly, the physicochemical properties of MXenes are strongly governed by their surface 

189 terminations and transition metal core. The presence of –O, –OH, and –F groups not only enhance 

190 hydrophilicity but also significantly modifies the surface electronic states, thereby tuning the work 

191 function and interfacial charge transfer behavior.44 This surface chemistry is also responsible for their 

192 high-water affinity and facile functionalization, which is advantageous for biosensor fabrication in 

193 aqueous environments.

194 Compared to graphene, MXenes exhibit a fundamentally different electronic structure due to the 

195 presence of transition metal d-electrons, which contribute to metallic conductivity and higher 

196 electrochemical activity. In contrast, graphene requires chemical modification (e.g., graphene oxide 

197 or reduced graphene oxide) to improve dispersion, which often compromises its conductivity.45 
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198 MXenes, however, can simultaneously maintain high conductivity and stable dispersion, making 

199 them more suitable for solution-processed biosensing platforms.

200 Black phosphorus (BP) nanosheets exhibit a zigzag sheet structure wherein each of the phosphorus 

201 atoms is covalently bound to three adjacent phosphorus atoms.46 The impressive electronic and 

202 optoelectronic properties which are readily available on such nanosheets are described in terms of 

203 their potential biosensing use. BP exhibits strong in-plane anisotropy arising from its puckered crystal 

204 structure, leading to distinctly different physical properties along the armchair and zigzag directions. 

205 This anisotropic nature significantly influences charge transport, optical response, and carrier 

206 mobility, making BP highly attractive for direction-dependent sensing applications.

207 Unlike graphene, which is characterized by a zero-band gap, BP possesses a thickness-dependent 

208 direct band gap ranging from approximately 0.3 to 2.0 eV.47 This tunable band structure enables BP 

209 to bridge the electronic properties between graphene and transition metal dichalcogenides, thereby 

210 offering a unique advantage for optoelectronic and electrochemical biosensors. In addition, BP shows 

211 strong molecular adsorption capability and relatively high carrier mobility, which enhance its 

212 sensitivity toward analyte detection.

213 However, a major limitation of BP is its inherent environmental instability, as it undergoes rapid 

214 oxidation in the presence of oxygen and moisture, which restricts its long-term practical applications 

215 unless appropriate passivation strategies are employed.48 

216 Like BP nanosheets, the semiconducting 2D material g-C3N4 exhibits a graphene-like design induced 

217 by the sp2-hybridized C-N bonds.49 It is the first semiconducting 2D material to exhibit heptazine-

218 based architecture. Its electrical and optical properties make it a promising target for sensing 

219 applications. 2D Metal-Organic Frameworks (MOFs) have large crystals composed by 

220 polymerization of metal ions and organic ligands.50 Such structures have potential use in biosensors. 

221 Although only a few experimental studies have been performed to integrate these 2D materials with 
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222 LOC devices, these 2D materials present promising traits which will provide an avenue for future 

223 research toward the advancement of microfluidic biosensors.

224                          

225

226 Fig. 1 Schematic representation of the integration of two-dimensional (2D) materials with 

227 microfluidic lab-on-a-chip (LOC) platforms for advanced biosensing applications.

228 2.3 Comparative physical properties and biosensing advantages of selected 2D 

229 materials

230 The intrinsic physical properties summarized in Table 1 highlight the complementary advantages of 

231 different 2D materials for biosensing applications. In particular, MXenes provide superior electrical 

232 conductivity and rich surface chemistry, enabling efficient charge transfer and effective biomolecule 

233 immobilization in electrochemical sensing platforms. Black phosphorus (BP) offers thickness-

234 dependent bandgap tunability and pronounced in-plane anisotropy, which enhance its sensitivity in 

235 field-effect transistor (FET)-based and optoelectronic biosensors. Transition metal dichalcogenides 

236 (TMDs), such as MoS2 and WS2, combine a direct bandgap with excellent semiconducting behavior, 
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237 making them suitable for optical and electronic sensing devices. In contrast, graphene serves as a 

238 benchmark material owing to its exceptional conductivity and mechanical strength, despite its zero-

239 bandgap limitation.

240 Fig. 2. presents a comparative schematic of the atomic structures of key 2D materials, including 

241 graphene, MoS2, MXenes, and black phosphorus, emphasizing their structural diversity and 

242 functional relevance in biosensing platforms.

243

244 Fig. 2 Schematic illustration of the atomic structures of selected two-dimensional materials: (a) 

245 graphene, where carbon atoms are arranged in an sp2-hybridized honeycomb lattice and bonded to 

246 neighboring atoms;51 (b) molybdenum disulfide (MoS2), a representative transition metal 

247 dichalcogenide (TMD) with a layered structure and an interlayer spacing of ~0.65 nm;51 (c) general 

248 atomic structures of MXenes with different stoichiometries (M2AX, M3AX2, M4AX3, and M5AX4);52 
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249 (d) puckered honeycomb structure of black phosphorus (BP), exhibiting strong in-plane anisotropy 

250 along the armchair and zigzag directions.53 Adapted from Refs. 51–53 with permission.

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267
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268 Table 1: Comparative overview of structural, electronic, surface, and mechanical properties 
269 of selected two-dimensional materials highlighting their key advantages for biosensing 
270 applications.

271

Material

Structur
e / 
Thicknes
s

Bandga
p

Conducti
vity

Surface 
Chemistry / 
Functionaliz
ation

Mechan
ical 
Properti
es

Key 
Biosensing 
Advantage

Refere
nce

MXenes 
(Ti3C2TX
)

Layered 
laminar 
structure; 
thickness 
1–5 nm

Metallic 
/ tunable

Very high 
(~104 
S/cm)

–O, –OH, –F, 
–Cl, –Br 
surface 
terminations

High 
flexibilit
y, good 
strain 
tolerance

Excellent 
electrochem
ical sensing, 
fast electron 
transfer, 
enzyme 
immobilizat
ion, hybrid 
nanocompo
sites

     54

Black 
Phospho
rus (BP)

Zigzag 
sheet; 
few-layer 
0.5–2 nm

0.3–2 
eV 
(thickne
ss-
depende
nt)

Moderate

Reactive 
edges; 
oxidation-
prone

Moderat
e 
flexibilit
y, 
anisotro
pic 
behavior

FET-based 
and 
optoelectro
nic 
biosensors; 
anisotropic 
charge 
transport, 
high optical 
sensitivity

     55

TMDs 
(MoS2, 
WS2, 
WSe2)

Sandwic
h-like 
monolay
er (0.65 
nm)

1.8 eV 
(monola
yer, 
direct)

Moderate

Limited 
functional 
groups; can 
be doped (N, 
O, F)

High 
Young’s 
modulus
; flexible

FET-based 
biosensors, 
hybrid 
nanocompo
sites, strain-
tunable 
properties, 
optical and 
electrochem
ical sensing

  56

Graphe
ne

Single-
layer 
hexagona
l carbon 
lattice

0 eV Very high

Inert; can be 
functionalize
d (–OH, –
COOH)

Very 
high in-
plane 
stiffness; 
strong, 
flexible

Conductivit
y 
benchmark, 
structural 
support, 
electrochem
ical sensing 
platform

    57
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g-C3N4

Heptazin
e-based 
layered 
structure

2.7 eV Moderate

N-rich 
surface for 
functionalizat
ion

Moderat
e 
stiffness; 
good 
thermal 
stability

Photocataly
tic and 
optical 
biosensing; 
hybrid 
sensor 
design

    58

2D 
MOFs

Coordina
tion 
network 
of metal 
ions + 
organic 
ligands

Tunable Moderate

Highly 
tunable 
organic 
linkers

Moderat
e 
mechani
cal 
stability

Enzyme 
immobilizat
ion, 
molecular 
recognition, 
optical and 
electrochem
ical sensing

    59

272

273 Overall, the selection of 2D materials for biosensing should be guided by their intrinsic electronic, surface, 

274 and mechanical properties rather than a single performance metric. This comparative understanding provides 

275 a rational framework for designing next-generation microfluidic and wearable biosensors with optimized 

276 performance.

277

278 3. Harnessing 2D Layered Materials for Advanced On-Chip Electrochemical 

279 Sensing 

280 Unlike graphene, which has a zero-band gap, other 2D materials offer a distinct advantage in 

281 electrochemical systems due to their intrinsic non-zero band gap.60,61 This key property enables 

282 precise tuning of electronic and electrochemical behaviour, allowing for enhanced charge transfer 

283 and improved sensor performance. Such materials not only act as efficient sensing elements but also 

284 provide a stable platform for immobilizing bio-recognition molecules, making them highly suitable 

285 for advanced electrochemical biosensing applications.62 This is typically performed by depositing 

286 the nanomaterials onto the electrode’s active surface through drop-casting, followed by performing 

287 electrochemical measurements. For Field-effect transistor (FET)-based sensors, nanomaterials are 

288 generally exfoliated layer by layer using the Scotch tape or chemical vapor deposition (CVD) 
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289 method. For MXene, single or few-layer nanosheets are obtained by using an intercalating agent (e.g., 

290 TBAOH, DMSO, or LiCl) which weaken interlayer interactions, followed by mild sonication or 

291 mechanical shaking to further separate the layers into individual nanosheets. Single or few-layered 

292 nanomaterials are positioned across the interface separating the source and drain electrodes of the 

293 device.

294 Then an electrochemical test is performed for the detection of a target analyte, introduced either by 

295 drop-casting or using a microfluidic platform powered by a syringe pump.63 The attractive traits of 

296 TMDs include high conductivity, versatile functionalization, and ultrathin features that carve them 

297 as attractive materials for the construction of biosensor devices due to the capability of enabling rapid 

298 electron transfer and increased sensitivity going forth for detection of analytes with low 

299 concentrations. Upon functionalization with specific biomolecules or nanoparticles, selectivity, and 

300 recognition capabilities can be further enhanced, allowing biosensing platforms with a greater degree 

301 of accuracy and reliability. Moreover, the flexibility and scalability of TMDs allow the integration 

302 of flexible and wearable devices for real-time diagnosis at the point of care.64

303

304 3.1 Transition Metal Dichalcogenide (TMD)-Based Microfluidic Biosensors

305 3.1.1 MoS2-Based Microfluidic Biosensors

306 Hussain et al. present a highly sensitive and reusable MoS2-based field-effect transistor (FET) 

307 biosensor for detecting bisphenol A (BPA), an environmental contaminant linked to serious health 

308 issues (Fig. 3a).65 The device was fabricated using mechanically exfoliated multilayered MoS2 on a 

309 Si/SiO2 substrate, with high-density AuNPs deposited via e-beam evaporation to improve electrical 

310 contact. Annealing at 200°C for 2 hours optimized metal-MoS2 interface. Functionalization involved 

311 immobilizing ss-DNA on MoS2 for specific BPA interaction. A PDMS microfluidic channel (80 µm 

312 × 20 µm) enabled complementary DNA injection, forming ds-DNA probes that enhanced sensitivity 

313 via p-doping. A gradual current drop was observed across the MoS2-FET, correlating with BPA 
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314 concentrations from 1 pg/mL to 1 µg/mL. The microfluidic system provided controlled fluid flow 

315 and real-time, label-free detection. The ssDNA/dsDNA-functionalized MoS2 FET achieved a record-

316 low detection limit of 1 pg/mL. 

317 Liang et al. developed a MoS2 transistor biosensor for detecting Tumor Necrosis Factor-alpha (TNF-

318 α), a key cancer biomarker (Fig. 3b).66 A few-layer MoS2 flake was printed on a Si/SiO2 substrate to 

319 create a transistor biosensor. Controlling the MoS2 flake thickness (15-20 nm) enhanced field-effect 

320 mobility. The device featured metallic source/drain contacts and a back-gated MoS2 channel, with a 

321 30 nm HfO2 layer deposited for biofunctionalization. A PDMS microfluidic channel was integrated 

322 for stable fluid flow and real-time measurement of antibody-TNF-α binding kinetics. The sensor 

323 tested TNF-α concentrations from 60 fM to 3 pM, achieving a 60 fM detection limit. Selectivity was 

324 confirmed by minimal nonspecific Interleukin-6 (IL-6) binding. The sensor's response was 

325 independent of HfO2 thickness, with consistent results at 30 nm and 60 nm. Performance dependent 

326 heavily on transistor properties, highlighting the need for improved fabrication consistency. This 

327 study demonstrated the promise of MoS2 transistors for sensitive and selective biomarker detection.

328 In addition to TNF-α detection, the same group further advanced their MoS2-based FET biosensor 

329 technology by developing a continuous, time-dependent detection technique (Fig. 3c).67 This method 

330 enabled rapid, low-noise, and highly selective biomolecular detection in complex samples, achieving 

331 a 1 fM detection limit with analysis completed within 23 minutes for streptavidin–biotin and IL-1β 

332 interactions.

333
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334  

335

336

337 Fig. 3 MoS2-based FET biosensors in microfluidic applications: (a) Fabrication schematic of a PDMS 
338 microfluidic MoS2-FET device and BPA detection via ssDNA immobilization on the MoS2-
339 functionalized surface.65 (b) Illustration of a PDMS microfluidic FET biosensor with a SiO2 substrate 
340 and MoS2 channel including source, drain, and gate electrodes for TNF-α detection.66 (c) 
341 Representation of a biosensing device for detecting target molecules (IL-1β) flowing through a 
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342 PDMS microfluidic channel using a few-layer MoS2 FET as the sensing channel.67 (d) Illustration of 
343 a MoS2-FET-based biosensor featuring a PDMS circular reservoir with a solution capacity of 50 
344 mL.68 (e) Schematic of a microfluidic MoS2-FET device with a PDMS reservoir for nicotine 
345 detection.69 Adapted from Refs. 65–69 with permission.

346 The biosensor employs a PDMS microfluidic channel system, delivering reagent for real-time 

347 measurement via incubation-flushing-drying-measurement (IFDM) cycles, minimizing 

348 electrochemical degradation and nonspecific adsorption. Higher streptavidin concentrations led to 

349 greater binding and biotin receptor occupancy. For IL-1β detection, MoS2 was directly modified for 

350 antibody attachment, omitting the hafnium oxide layer. 

351 The sensor was tested at various analyte concentrations, and dissociation kinetics were analyzed with 

352 deionized water. Stable performance was maintained for 50 minutes before MoS2 layer degradation.

353 Despite this, the FET biosensor demonstrated high sensitivity and strong potential for streamlined, 

354 reproducible biomolecule detection.

355 Unlike most microfluidic FET-biosensors requiring precise liquid flow control, constructing a micro-

356 engineered reservoir over the FET device offers an alternative, mitigating challenges tied to 

357 traditional inlet-outlet flow dynamics. In this regard, Song et al. introduced a novel FET biosensing 

358 channel using vertically aligned MoS2 monolayers (VAMNs) for detecting prostate-specific antigen 

359 (PSA) in human serum (Fig. 3d).68 This is the first reported use of VAMSs in biosensing. VAMSs 

360 were synthesized from a pre-patterned 15 nm Mo film via rapid sulfurization using CVD. The FET 

361 used a PDMS microfluidic reservoir (2 mm × 15 mm), with 50 μL capacity. A 30 μL serum sample 

362 enabled rapid PSA detection in under 20 minutes, achieving an LOD of 800 fg mL-1, representing a 

363 tenfold better than ELISA kits.

364  Mamun et al. designed a PMMA mask to protect the source and drain electrodes of a MoS2-based 

365 FET from fluid-induced channel damage (Fig. 3e).69 A PDMS-based microfluidic reservoir was also 

366 incorporated to control liquid flow and better target the MoS2 channel. MoS2 flakes were transferred 

367 onto a Si/SiO2 substrate using the scotch tape method, with Ti/Au electrodes deposited and PMMA 

368 A6 layers formed via spin coating. A microfluidic tank was fabricated on top, sealed with conductive 
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369 glue, and heated at 150°C for an hour. A syringe pump injected nicotine solution at 1 µL/hour to 

370 ensure focused interaction with the MoS2 channel. Although the sensor detected 0.6 mM nicotine 

371 solution effectively, channel breakage was observed attributed to mechanical issues or weak van der 

372 Waals interactions. This method shows promise for in-vivo molecular detection.

373 A microfluidic MoS2-FET-based reversible biosensor was also reported for detecting uric acid (UA) 

374 detection, a gout marker (Fig. 4a).70 To improve device stability, they designed a robust FET that 

375 remained intact and functional in a liquid environment. UA solution was prepared using isopropyl 

376 alcohol (IPA) as the solvent. The FET channel was constructed with MoS2 nanoflakes, while a 

377 microfluidic channel made of PDMS (50 × 40 μm) ensured precise flow condition. To prevent 

378 channel damage, the drain and source electrodes were shielded from direct contact with the solution, 

379 without affecting electrical behavior.

380 Changes in FET properties due to UA adsorption were monitored by shifts in the drain current (Id) 

381 vs. gate voltage (Vg) curve, where a leftward shift indicated UA's donor behavior. Reproducibility of 

382 the electrical response was demonstrated through multiple cycles, confirming full UA removal after 

383 30 minutes of IPA washing. A higher flow rate of 100 µL/hour enabled a low detection limit of 60 

384 nM without compromising device’s performance. The device remained functional for several days 

385 in the microfluidic environment under suitable flow conditions.

386

387 Liu and coworkers developed a versatile microfluidic MoS2 FET-based DNA biosensor for 

388 noninvasive prenatal detection of Down syndrome (trisomy 21) (Fig. 4b).71 Monolayered MoS2, 

389 synthesized via CVD, was integrated into a PDMS microfluidic system with inlet/outlet tubes to 
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390 control flow rate. The sensor area was exposed for direct testing at the sampling station. Optimally 

391

392 Fig. 4 MoS2-based biosensors integrated with microfluidic platforms for diverse bioanalytical 
393 applications: (a) Schematic illustration of a MoS2-FET-based biosensor with a PDMS microfluidic 
394 channel for uric acid detection.70 (b) Fabrication of an AuNP-functionalized MoS2-based FET device  
395 via DNA probe immobilization between the source and drain electrodes for effective electrochemical 
396 (EC) analysis in Down syndrome screening.71 (c) Schematic representation of a MoS2-based 
397 biosensor for miRNA detection with a PDMS microfluidic channel comprising five inlets (I1–I5), 
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398 four outlets (O1–O4), and integrated sensing electrodes.72 (d) Schematic design of a MoS2-based 
399 microfluidic biosensor for detecting S. typhimurium.73 Adapted from Refs. 70–73 with permission.

400

401 sized AuNPs were deposited on MoS2 as linkers for DNA probes via Au-S bonds. Target DNA from 

402 chromosomes 21 or 13 caused a concentration-dependent current drop due to MoS2 p-doping. The 

403 platform reached a detection limit below 100 aM with up to 240% signal enhancement. Its 

404 adaptability via probe modification makes it a cost-effective, programmable alternative to traditional 

405 whole genome sequencing (WGS)-based diagnosis.

406 Besides serving a key material for FETs, MoS2 nanostructures are widely used to modify electrodes 

407 for electrochemical sensing, including voltammetry and impedance techniques. Integrated into 

408 microfluidic flow cells, these modified electrodes provide a simpler, cost-effective alternative to 

409 FETs, with the added advantage of easy replacement. Electrochemical methods further expand 

410 MoS2’s biosensing potential by leveraging its high conductivity and surface reactivity.

411  

412 Chand et al. introduced a microfluidic electrochemical biosensor based on MoS2–CuFe2O4 

413 nanoparticles for the sensitive detection of paratuberculosis (pTb) miRNA205 (Fig. 4c).72 The system 

414 integrates functionalized MoS2 monolayers enhanced with CuFe2O4 to improve conductivity and 

415 catalytic activity. MoS2 nanosheets were treated with 2 µM molecular probes and 0.2 mM ferrocene, 

416 then immobilized on a screen-printed carbon electrode (SPCE) via electropolymerization. The 

417 microfluidic chip (200 µm wide × 100 µm high) enabled continuous analyte flow, improving 

418 reproducibility. Electrochemical detection using CV and SWV with [Fe(CN)6]3-/4- showed a cathodic 

419 peak at 0.32 V due to ferrocene oxidation. Optimization of probe, magnetic bead (50 µg/mL strp-

420 MMBs), and flow rate (50 µL/hour) achieved a linear range of 1 pM to 1.5 nM with an LOD of 0.48 

421 pM. Tests with spike serum showed 2-5% error, confirming clinical relevance. Compared to 

422 fluorescence or immunosensing, this platform offers superior selectivity, especially in the early pTb 

423 detection.
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424

425 Another example is the surfactant-assisted exfoliation of 2D MoS2. Singh et al. developed 

426 cetyltrimethyl ammonium bromide (CTAB)-functionalized MoS2 nanosheets (CTAB-MoS2-NS) for 

427 detecting Salmonella typhimurium (Fig. 4d).73 CTAB, added during sonication, stabilizes exfoliated 

428 MoS2 by introducing positive charges that prevent restacking.  These positively charged nanosheets 

429 interact electrostatically with negatively charged OH groups on hydrolysed indium tin oxide (ITO), 

430 enabling smooth electrophoretic deposition onto ITO microelectrodes. The modified electrode was 

431 integrated into a PDMS microfluidic device for S. typhimurium detection via electrochemical 

432 impedance spectroscopy. To minimize non-specific binding, bovine serum albumin (BSA) was 

433 injected into anti-MoS2-NS/ITO for 5 minutes, followed by PBS wash. Then, S. typhimurium (80 

434 µg/mL) was introduced for 30 minutes to promote antibody binding. This sensor achieved a detection 

435 limit of 1.56 CFU/mL across a wide range (101 to 107CFU/mL).

436 Jiang and colleagues developed a thread-based microfluidic electrochemical aptasensor for rapid and 

437 precise detection of Vibrio parahaemolyticus in culture media and food samples (Fig. 5a).74 The 

438 microfluidic channel was made from threaded cotton, with nylon fiber electrodes. MoS2-PLL-Apt 

439 conjugates were embedded onto the electrode surface, followed by incubation, washing, and BSA 

440 treatment to block active sites. After drying, pathogen binding altered the surface charge, reducing 

441 electrical flow. The aptasensor showed a broad detection range (10-106 CFU/mL) with an LOD ~5.74 

442 CFU/mL, enabling faster and more accurate detection. Threaded components improved 

443 biocompatibility and preserved aptamer activity, making the sensor low-cost, portable, and suitable 

444 for clinical and food safety diagnostics.

445 MoS2 has also been applied to allergen detection, such as gliadin, a dietary protein linked to allergic 

446 reaction. Traditional detection methods like ELISA and PCR have limitations, making 

447 electrochemical biosensors more practical. Ramalingam et al. developed a gliadin biosensor using a 

448 MoS2/graphene/gold (MGG) nanocomposite (Fig. 5b).75 Synthesized via hydrothermal and citrate 
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449 reduction, the MGG enhances electron transfer and electrochemical performance. A PDMS-based 

450 microfluidic chip with an MGG-modified electrode provides better activity and lower charge transfer 

451 resistance. The chip includes a 2 mm deep, 2 mm diameter chamber and a 75 μm wide channel. 

452 Gliadin binding reduces peak current, as shown by DPV. Optimal detection occurs at 1 μM aptamer 

453 with 10 minutes of interaction, showing linearity from 4 to 250 nM and a 7 pM LOD. The sensor 

454 accurately detected gliadin in various flours, distinguishing gluten-free from gluten-containing 

455 products.
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456

457 Fig. 5 MoS2-based biosensors incorporated with microfluidic platforms for diverse bioanalytical 
458 applications: (a) Schematic of a MoS2 modified thread-based biosensor with twisted thread electrodes 
459 forming a microfluidic network for Vibrio parahaemolyticus detection.74 (b) Schematic illustration 
460 of the Gliadin sensing process using a PDMS-based microfluidic EC device.75 (c) Structural design 
461 of a thin-core microfibre (TCMF) integrated microfluidic chip for detecting T. gondii.76 (d) 
462 Illustration of the fabrication of microfluidic EC device with a self-assembled MoS2/PDDA film and 
463 immobilized of anti-AFP for the efficient detection of alpha-fetoprotein (AFP).77 (e) Illustration of 
464 photoconductive, few layer MoS2 material-based NETosis-induced sepsis biomarker detecting 
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465 biosensor, including a PDMS-based microfluidic well (scale bar = 200 µm) for low-volume sample 
466 (~ 2.5 µL) consumption.78 Adapted from Refs. 74–78 with permission.

467

468 Beyond pathogen and allergen detection, MoS2-based biosensors hold promise in early cancer 

469 detection. Hu et al. developed a low-cost electrochemical microfluidic immunochip for detecting 

470 alpha-fetoprotein (AFP), a cancer biomarker (Fig. 5d).77 The chip was fabricated on indium-tin-oxide 

471 (ITO) glass, etched with HCl for 150 seconds, and cleaned with acetone, isopropyl alcohol, and 

472 deionized water. A MoS2/PDDA film was deposited on the working electrode using a layer-by-layer 

473 assembly and activated using EDC/NHS for anti-AFP immobilization. This film offered excellent 

474 conductivity and biocompatibility. The chip achieved an LOD of 0.033 ng/mL, showed high 

475 selectivity, repeatability, and retained 90% of its response after two months, proving effective for 

476 early cancer diagnosis. It showed high sensitivity, fast response, and interference resistance, ideal for 

477 point-of-care diabetic monitoring.

478 Another study reported a potent MoS2-based sensitive microfluidic nano-optoelectronic biosensor 

479 (iNOBS) for monitoring CitH3, a key marker for sepsis and NETosis (Fig. 5e).78 The device, 

480 containing gold nano hemispheres, few-layer MoS2 photoconductive channels, and a PDMS 

481 microfluidic layer, enabled label-free detection with ultra-high sensitivity (LOD: 0.87 pg/mL), 250-

482 fold lower than general ELISA. It offered a 20 min sample-to-answer time, high specificity, and only 

483 2.5 µL sample use, showing strong potential for POC diagnostics. 

484 3.1.2 MoSe2-Based Microfluidic Biosensors 

485 MoSe2, a member of the TMD family, has been less explored than MoS2 but still holds significant 

486 potential for microfluidic biosensing applications. One notable study by Sharma et al. developed a 

487 hybrid MoSe2/P3HT Bio-FET device for detecting ammonia in human saliva and plasma.79 The 

488 device showed excellent sensitivity and a low limit of detection (0.65 μM), although it did not yet 

489 incorporate a microfluidic system. The hybrid nature of the sensor, combining inorganic MoSe2 and 
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490 organic P3HT, could be extended to microfluidic devices for improved performance in real-time, 

491 clinical diagnostics.

492 3.1.3 WS2-Based Microfluidic Biosensors

493 Toh and colleagues developed electrochemical microfluidic devices using TMDs like MoS2, MoSe2, 

494 WS2, and WSe2, exfoliated via tert-butyllithium.80 Exfoliated TMDs were stirred at 25 °C, dispersed 

495 in water, and ultrasonicated to maintain conductivity below 20 µS. Among them, 1T-phase WS2-

496 based lab-on-a-chip (LOC) devices demonstrated the highest efficiency for H2O2 detection. PDMS 

497 microfluidic chips with 49 µm deep channels were plasma-bonded over electrodes on a glass 

498 substrate (Ag/AgCl reference electrode). H2O2 detection was done by injecting PBS buffer at 40 

499 µL/min through Y-connector inlets, with H2O2 introduces via a separate inlet. The WS2-based LOC 

500 device demonstrated excellent performance and selectivity in diluted human serum, with a 2.0 nM 

501 LOD.

502

503 3.2 MXene-Based Microfluidic Biosensors

504 Liu et al. developed a MXene-based electrochemical microfluidic chip for simultaneous detection of 

505 creatinine, uric acid (UA), and urea in whole blood (Fig. 6a).81 The four layer-chip, made with 

506 PMMA, features a 1 mm wide, 0.5 mm deep winding channel (Fig. 6a). Whole blood enters from the 

507 top, and small molecules pass through a dialysis membrane to the detection chamber with a MXene-

508 modified screen-printed electrode (SPE). A ratiometric sensing method using methylene blue (MB) 

509 enhances UA detection. Urea detection relies on urease-induced pH changes, while creatinine is 

510 detected via its reaction with copper ions and MXene’s electrostatic adsorption. Optimized with 30 

511 µg MXene, the sensor achieves high electrocatalytic activity. Square wave voltammetry enables 

512 signal measurement. It operates at 30 µL/min with 48-50% dialysis efficiency. The chip shows 
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513 linearity for UA (30-500 µM), urea (0-3 mM) and creatinine (10-400 µM) with LODs of 5 µM (UA) 

514 and 1.2 µM (creatinine).

515 In addition to multi-biomarker detection, MXene-based microfluidic platforms have the potential to 

516 detect disease markers, as demonstrated by Zhao et al. in their development of a microfluidic 

517 electrochemical platform for the sensitive detection of carcinoembryonic antigen (CEA), a tumor 

518 marker (Fig. 6b).82 A commercially available screen-printed carbon electrode (SPCE) was modified 

519 with a novel nanocomposite, hemin-coated carboxylic carbon nanotube-decorated Ti3C2 nanosheets 

520 (He@CCNT/Ti3C2), to enhance conductivity and signal amplification. The electrode surface was 

521 further functionalized with a solution of phosphate-buffered saline (PBS) containing 0.4 M EDC and 

522 0.2 M NHS to activate the carboxylic groups, to which aptamers were attached. Unspecific binding 

523 sites were blocked using bovine serum albumin. This biofunctionalized electrode was positioned at 

524 the bottom layer of a two-layer microfluidic chip, with a fluid channel in the top layer (1 mm × 480 

525 µm) featuring a herringbone structure to ensure perfect mixing and transfer of CEA to the binding 

526 sites on the electrode. 
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527

528 Fig. 6 MXene-based electrochemical microfluidic biosensors: (a) Schematic of a microfluidic chip 
529 integrated with MXene for simultaneous detection of urea, uric acid, and creatinine in whole blood.81 
530 (b) Schematic of a microfluidic chip designed for electrochemical detection of carcinoembryonic 
531 antigen (CEA) using a Ti3C2 MXene-based composite.82 (c) Fabrication of microfluidic MXene–
532 graphene sensor for parallel influenza and coronavirus detection.83 (d) Design flow of a dopamine 
533 biosensor consisting of L-Ti3C2-G (LIG) composite-based bioelectrode in SLA-printed microfluidic 
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534 cap.84 (e) Fabrication of a MXene assisted SPCE working electrode for H2O2 detection, along with 
535 the corresponding microfluidic flow synthesis of HIL@Hb active layer for sequential biosensing.85 
536 Adapted from Refs. 81–85 with permission.

537

538 The two layers were sealed using a poly(ethylene terephthalate) (PET) double-sided adhesive sheet. 

539 An insulating protein layer forms when CEA binds to the aptamers on the electrode surface, blocking 

540 electron transfer and reducing the current signal. Differential pulse voltammetry (DPV) was used to 

541 measure the electrochemical binding, showing a linear sensor response between 10 and 106 pg/mL, 

542 with a limit of detection (LOD) of 2.88 pg/mL. An analysis of the maximum drag force (FD) exerted 

543 by the fluid indicated that at an elevated flow velocity of 800 µL/min, the stability of the aptamer-

544 antigen binding could be adversely affected.

545

546 Li et al. developed a microfluidic MXene-graphene-based field-effect transistor (FET) sensor for the 

547 simultaneous detection of Influenza virus (H1N1) and coronavirus (SARS-CoV-2) (Fig. 6c).83 This 

548 sensor offers a significantly faster alternative to the conventional real-time reverse transcription-

549 polymerase chain reaction (RT-PCR) method, which typically takes over 3 hours, achieving an 

550 average response time of approximately 50 ms. The virus-sensing transduction material (VSTM) was 

551 fabricated by depositing a MXene layer onto graphene. It was then functionalized with (3-

552 aminopropyl) triethoxysilane (APTES) to enable subsequent antibody immobilization.

553 The VSTM was placed between source and drain electrodes, and a polydimethylsiloxane (PDMS) 

554 microfluidic channel with dimensions of 1 mm in length and 10 mm in width was integrated with the 

555 VSTM. Virus-specific antibodies were immobilized on the APTES-modified surface, and virus 

556 concentrations were determined by measuring the changes in the drain-source current−voltage 

557 response. The sensor exhibited outstanding sensitivity, detecting as low as 125 copies/mL for H1N1 

558 and 1 fg/mL for SARS-CoV-2 protein, along with a broad detection range, up to 250,000 copies/mL 

559 for H1N1 and 10 pg/mL for recombinant 2019-nCoV spike protein. Despite these promising results, 
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560 the study did not report flow-based sensing of the target analytes, indicating a potential direction for 

561 future research. 

562 Mrunali et al. developed a new microfluidic biosensor made from a composite Laccase/MXene/LIG 

563 (L-Ti3C2-G) using a layer-by-layer assembly for the electrochemical detection of dopamine (Fig. 

564 6d).84 In this design, Nafion was utilized to enable uniform coating of MXene over a densely porous 

565 graphene layer, improving conductivity and stability. The Laccase enzyme solution was drop-cast on 

566 top of MXene in order to promote efficient interaction of the substrate dopamine with laccase. 

567 The new electrode was incorporated into a 3D-printed microfluidic chip with a defined sensing area 

568 of 3 mm × 10 mm. Upon oxidizing dopamine by laccase, dopamine-o-quinone is formed, which, in 

569 turn, is reduced back to dopamine, allowing for charge transfer to the electrode surface. This 

570 mechanism of electrochemistry results in an anodic peak current by oxidation of dopamine, enabling 

571 highly sensitive dopamine detection with a limit of detection (LOD) of 0.47 nM. Square-wave 

572 voltammetry (SWV) studies showed a linear detection range of 1–103 nM, with the sensor displaying 

573 a large sensitivity of 6.37 mA. nM−1.cm−2, indicating its potential for applications in the ultrasensitive 

574 detection of dopamine.

575 Gao et al. reported an MXene-Ti3C2 microfluidic electrochemical biosensor capable of detecting 

576 hydrogen peroxide (H2O2) with high sensitivity and speed (Fig. 6e).85 The biosensor is based on a 

577 glassy carbon electrode modified with haemoglobin and hydrophobic ionic liquid HIL@Hb, which 

578 ensures a strong sensing interface. Due to the high conductivity and catalytic effects of MXene, the 

579 biosensor performed impressively with an LOD of 1.996 µM, sensitivity of 52.08 μA·μM⁻1·cm⁻2, 

580 and a response time of 3.0 s. Most notably, the system provided real-time, in situ monitoring of H2O2 

581 released by live 4T1 cancer cells, showing potential for clinical diagnostics. 2D MXene incorporates   

582 into the microfluidic biosensor increases biomolecule stability, decreases aggregation, and increases 

583 signal reliability, leading to advanced point-of-care biosensing.
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584 3.3 Phosphorene-Based Microfluidic Biosensors 

585 Phosphorene, a two-dimensional form of black phosphorus, possesses high stability, a unique hinge 

586 structure, a thickness-dependent band gap, high chemical adsorption energy, abundant adsorption 

587 sites, strong in-plane anisotropy, and a reactive edge structure. These properties indicate high hole 

588 mobility and highlight the suitability of phosphorene for electrochemical biosensing applications.86,87 

589 Ramalingam et al. developed a nanocomposite-based electrochemical microfluidic aptasensor for the 

590 detection of okadaic acid. The surface of bare screen-printed carbon electrodes (SPCE) was modified 

591 by drop-casting a phosphorene-gold nanocomposite along with varying concentrations of aptamers 

592 specific to okadaic acid (OA). Potassium ferrocyanide-ferricyanide was utilized as the redox pair to 

593 quantify electrochemical signals. A simple Y-channel continuous-flow microfluidic setup was 

594 fabricated, featuring a 200 μm-wide channel and a 4 mm diameter sensing zone. The system included 

595 specific zones for on-chip functions such as incubation, mixing, and sensing, designed for point-of-

596 care analysis. The binding of okadaic acid to the sensor surface was studied via Differential Pulse 

597 Voltammetry (DPV), revealing a detection limit of 8 pM, with a linear range between 10 nM and 250 

598 nM. The aptasensor exhibited no cross-reactivity with other food toxins, indicating that it is a 

599 convenient, point-of-care device with great potential for use in on-site assays.88

600 3.4 Paper-Based Microfluidic Biosensors

601 In paper-based microfluidic devices, enabling capillary flow of liquids on cellulose paper eliminates 

602 the need for pumps, making the system cost-effective and portable for on-site detection while 

603 constructing paper-based electrodes. Folding and designing papers into new shapes, assisting 

604 advanced geometry and architecture, is known as Origami, which is a new trend-setting inclusion for 

605 the modification of paper-based electrodes. 

606 Zhang et al. fabricated a multilayered, folding origami dual-mode aptasensor integrated with 

607 microfluidic channels, electrode modification, cleaning, and dual-signal output components to detect 
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608 Ochratoxin A (OTA) food contaminants (Fig. 7a).89 Through electrostatic interaction, chitosan-

609 functionalized MoS2 nanosheets (Ch-MoS2 NS) were developed with Au@Pt nanoparticles. The 

610 authors prepared and utilized a composite (Ch-MoS2-Au@Pt) based on the synergism between the 

611 unique raspberry-like morphology of Au@Pt NPs and the redox activity of Mo centres, which 

612 exhibited exceptional catalytic activity and acted as a mimetic enzyme for signal amplification. After 

613 each modification, bovine serum albumin (BSA) was used to block nonspecific bindings. 

614
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615 Fig. 7 Paper-based MoS2-integrated microfluidic biosensors for bioanalytical detection: (a) 
616 Schematic of a multilayer folding origami microfluidic biosensor illustrating the OTA sensing 
617 mechanism using Ch-MoS2 nanosheets on an EC/colorimetric PAD.89 (b) Fabrication flow of a 
618 paper-based Au-modified working electrode (Au-PWE) integrated into a 3D origami biosensor for 
619 sensitive CA125 detection.90 (c) Representation of a dual-mode paper-based biosensor using 
620 Bi2S3@MoS2–CeO2 on Au-μPAD for electrochemical and distance-based miRNA-141 detection.91 
621 (d) Illustration of a MoS2 nanosheet-modified electrode for a paper-based specific miRNA 
622 biomarkers detection.92 (e) Schematic of a paper-based electrochemical biosensor for miRNA 
623 detection, featuring a 0.6 cm capillary flow channel and AuNP-deposited MoS2 electrode.93 Adapted 
624 from Refs. 89–93 with permission.

625 The electrochemical signal was enhanced by the addition of OTA, which formed a sandwich complex 

626 (Ch-MoS2-Au@Pt-apta2/OTA/apta1) that effectively catalyzed H2O2 on the sensing interface. 

627 Additionally, a colorimetric method was established, as the abundant ⋅OH radicals induced a visible 

628 color change by oxidizing 3,3′,5,5′-tetramethylbenzidine (TMB). This dual-mode detection method 

629 achieved limits of detection (LOD) of 1 × 10-4 ng/mL and 0.1 ng/mL for electrochemical and visual 

630 detection, respectively. 

631 Wang et al. developed a paper electrode-based biosensor for the detection of cancer antigen 125 (Fig. 

632 7b).90 In this study, two types of conjugates were prepared: MoS2-Ab1, in which primary antibody 

633 (Ab1) was bound to MoS2 nanosheets by CDI linking and AuNFs-Ab2, in which secondary antibody 

634 (Ab2) was incorporated in AuNF suspension followed by GOX adsorption on AuNFs. Then these 

635 conjugates were allowed to bind the sensitive wax-patterned cellulose surface pre-modified with 

636 interconnecting electrochemically active AuNP by designing a 3D origami paper-based 

637 electrochemical immunosensor. BSA was vital for preventing nonspecific binding in both 

638 conjugates. In the presence of glucose, GOX catalyzed the oxidation of glucose to gluconic acid and 

639 H2O2, with the latter subsequently oxidizing the MoS2 nanosheets and yielding DPV signals that 

640 were proportional to the concentration of the sample. This technique reached a limit of detection of 

641 0.36 pg/mL. 

642 Zhou et al. designed a foldable multilayer μPAD for electrochemical and visual dual-mode detection 

643 of miRNA-141 (Fig. 7c).91 By leveraging the catalytic activities of Bi2S3@MoS2 nanoflowers and 
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644 octahedral CeO2 nanoparticles, the authors enhanced the reduction of H2O2, leading to a significant 

645 improvement in electrochemical analysis. Due to capillary action, excess H2O2 solution and released 

646 CeO2 probes flowed to the color channel, where the oxidation of TMD produced a distinct blue visual 

647 band. The limits of detection (LODs) for the optical and electrochemical methods were determined 

648 to be 0.12 fM and 2.65 fM, respectively. 

649 Papakonstantinou et al. designed a MoS2-modified paper-based biosensor to investigate differences 

650 in the detection performance of miRNA-155 and miRNA-21(Fig. 7d).92 A wax-patterned 

651 nitrocellulose (NC) membrane with a specific architecture was designed, incorporating a fluidic 

652 channel (length: 0.6 cm, diameter: 1.5 cm) that terminated in an electrochemical reaction cell with a 

653 surface area of 20 mm2. Subsequently, all three electrodes, i.e.  reference electrode (Ag/AgCl ink), 

654 working electrode, and counter electrode (both carbon paste-printed) were fabricated on the NC 

655 membrane to form a paper-based electrode modified with MoS2 nanosheets. 

656 Next, DNA probes specific to miRNA-155 and miRNA-21 were immobilized for 10 minutes, 

657 followed by a phosphate-buffered saline (PBS) wash to minimize non-specific binding. This method 

658 demonstrated limits of detection (LODs) ranging from 1.0 to 200.0 ng/mL for miRNA-21 and 

659 miRNA-155, while also offering high sensitivity, low sample consumption (5 μL), cost-effectiveness, 

660 and time efficiency, as the entire assay was completed in just 30 minutes. 

661 Instead of MoS2 nanosheets modification, gold nanoparticle nanohybrids as AuNP/RGO-modified 

662 and AuNPs/MoS2-modified paper electrode were also fabricated for DPV detection of miRNA-155 

663 and miRNA-21 on another approach carried out by the same group (Fig. 7e).93 In which the LODs 

664 were found to be 12.0 and 25.7 nM for AuNPs/RGO and 51.6 and 59.6 nM for AuNPs/MoS2 for 

665 miRNA-21 and miRNA-155 respectively.

666 3.5 Wearable Microfluidic Biosensor 
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667 Wearable biosensors are the portable devices which provide a simple and non-invasive solution for 

668 monitoring biological signals such as glucose level, heart rate, and composition of sweat. These 

669 sensors are commonly integrated with novel materials such as 2D nanomaterials, microfluidics, and 

670 functionalized flexible electronics, which increase their capabilities for continuous monitoring. 

671 Wearable biosensors have numerous applications, including personalized medical care, fitness 

672 performance monitoring, and disease control and prevention. By allowing real-time data collection 

673 and remote monitoring, these devices have the ability to improve health outcomes greatly. 

674 Sweat is an extraordinary biofluid that provides valuable insights into various physiological 

675 conditions. The Park group fabricated a wearable electrochemical immunosensor integrated with a 

676 microfluidic channel for the detection of the cortisol biomarker in human sweat (Fig. 8a).94 

677 Immunosensors with integrated microfluidic platforms are particularly suited for cortisol 

678 measurement due to minimal contamination risk, rapid sampling, and reduced patient sample 

679 requirements. This group addressed existing limitations by utilizing laser-burned graphene (LBG), 

680 known for its straightforward production process and excellent electrochemical properties. To 

681 overcome the low resilience of LBG in biological applications, highly conductive LBG-based MXene 

682 flakes were incorporated into the electrode system. A PDMS microfluidic system was fabricated by 

683 curing a 10:1 mixture of base solution and curing agent. LBG was grown on polyimide film and 

684 transferred onto PDMS. The LBG surface was modified with MXene, followed by cortisol antibodies 

685 and BSA for surface passivation. Integrated with PDMS microchannel, the electrode formed a 

686 wearable skin patch. Electrochemical impedance spectroscopy confirmed sensor performance with a 

687 detection range of 0.01–100 nM and a limit of 88 pM, showing high selectivity and repeatability.

Page 35 of 70 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
2:

32
:3

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6MA00326E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00326e


36

688

689 Fig. 8 Schematic representations of MXene-based wearable microfluidic biosensors: (a) Fabrication 

690 of a sensitive wearable device using MXene-LBG 3D electrodes on a PDMS microfluidic channel 

691 for cortisol detection in sweat.94 (b) Development of a wireless, battery-free Microfluidic 

692 electrochemical (EC) device with MXene-MWCNT electrodes for K+ detection in sweat.95 (c) 

693 Fabrication of a flexible microfluidic biosensor integrating Pt/MXene nanomaterials with a two-

694 partitioned microfluidic patch design for in situ glucose monitoring.96 Adapted from Refs. 94–96 

695 with permission.
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696 The same research group also developed a wireless, battery-free, wearable electrochemical sensing 

697 patch system for analysing potassium ion concentrations [K+] in human sweat (Fig. 8b).95 In this 

698 design, they modified the working electrode using the “bridging” effect of highly conductive 

699 multiwalled carbon nanotubes (MWCNT) inserted into the Ti3C2TX MXenes layers to improve ion 

700 transport. On a PET substrate, the reference electrode was fabricated by drop-casting Ag/AgCl. 

701 Valinomycin as [K+] selective carrier was also coated on the electrode for better selectivity. Sweat 

702 transport from the skin was carried through the microfluidic channel made of PDMS. To achieve 

703 cost-effective, on-site detection, a Near Field Communication (NFC) wireless patch system was used 

704 to transmit measurements to a smartphone, which also acted as an RF power source. During on-body 

705 sweat testing while cycling, the sensor detected ion concentrations ranging from 1 to 32 mM. By 

706 changing the ion-selective membranes, the sensors show high potential for detecting other 

707 biomarkers.

708 Electrochemical wearable biosensors are widely used for glucose detection in sweat, providing 

709 critical real-time monitoring for diabetes management. However, existing sensors face challenges: 

710 glucose catalysis issues due to direct skin adhesion and sweat accumulation beneath the sensor, which 

711 hampers efficiency. To address this, researchers developed a flexible, wearable electrochemical 

712 sensor for continuous, non-enzymatic monitoring, synthesizing Pt/MXene nanomaterials in situ by 

713 coupling Pt nanoparticles with MXene nanosheets (Fig. 8c).96

714 The sensor showed a linear detection range from 0 to 8 mmol/L. Stability was enhanced by 

715 embedding Pt/MXene in a conductive hydrogel matrix. A two-compartment microfluidic patch 

716 efficiency collected and directed sweat to the sensor. Human testing throughout the day demonstrated 

717 glucose level fluctuations reflecting energy balance changes. Validation against commercial blood 

718 glucose measurements showed comparable trends. The developed sensor offers reliable, real-time 

719 glucose monitoring, holding great promise for diabetes management. 
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720

721 Lei et al. fabricated a wearable multifunctional biosensing system for monitoring glucose and lactate 

722 in sweat using a novel composite MXene/Prussian blue (Ti3C2Tx/PB).97 The device is based on a 

723 solid–liquid–air three-phase interface and incorporates replaceable modules to facilitate the 

724 replacement of damaged or expired electrodes in the sensor platform. The integration of the system 

725 is conducted with three modules: a sweat-uptake layer (Serpentine microfluidic tunnel) that collects 

726 sweat from the skin, a sensor layer (glucose, lactate, and pH sensors), and a cover layer (made of soft 

727 silicone rubber) with two air holes of 3 mm in diameter created via laser etching, for the free diffusion 

728 of oxygen to the active layer. To form a stable liquid-metal microwire, Galinstan (liquid-metal alloy) 

729 was injected into the serpentine microfluidic channels after assembling the sensor layer and cover 

730 layer (Fig. 9a). The width of the serpentine channels was 0.8 mm for both layers. The oxygen-rich 

731 glucose and lactate sensors were fabricated by drop-casting onto CNTs/Ti3C2Tx/PB modified carbon 

732 fibre microelectrodes (CFMs), with Ag/AgCl serving as the reference electrode.

733 Furthermore, A pH sensor was also employed to monitor local pH values. With efficient sweat 

734 collection and prolonged service life, this device showed electrochemical sensitivity of 35.3 

735 µAmm−1cm−2 for glucose and 11.4 µAmm−1cm−2 for lactate, demonstrating the high potential of 

736 MXene-based composites in wearable microfluidic biosensing applications.
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737

738 Fig. 9 Fabrication details of wearable sweat-sensing biosensors: (a) Schematic of a wearable sweat-
739 sensing biosensor consisting of a serpentine microwire prepared by injecting a metal alloy through a 
740 microfluidic channel.97 (b) Illustration of the structural details of a foldable microfluidic HIS paper 
741 and fabrication of working electrodes for glucose and lactate detection in sweat. (ii, iii) Exploded 
742 view of the foldable HIS paper.98 Adapted from Refs. 97–98 with permission.

743

744

745 Li et al. designed a foldable, highly integrated, multilayer paper-based (HIS paper) wearable sensor 

746 for the detection of lactate and glucose in sweat (Fig. 9b).98 Four layers, each with an area of 19.25 
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747 cm2 (35 mm × 55 mm), and specific functions, were printed on the paper substrate and folded into a 

748 3D structure to diffuse sweat to the electrodes efficiently using capillary flow. The major sensing 

749 interface single-layer structure was fabricated with Ti3C2TX followed by methylene blue (MB) 

750 modification for biomolecule immobilization. This wearable sensor resulted in 2.4 nAμM−1 for 

751 glucose and 0.49 μAmM−1 for lactate in human sweat analysis. 

752 Beyond glucose and lactate, other biomarkers such as uric acid and oxidative stress indicators have 

753 also been targeted using MXene-based wearable biosensors. Luo et al. built a biofouling-resistant 

754 wearable electrochemical sensor to detect uric acid (UA) and ascorbic acid (AA) in real sweat.99 

755 Harnessing the excellent flexibility, water tolerance, and large specific surface areas of hydrogels, 

756 the authors created a soft electronic skin to form a network structure and carried abundant hydrophilic 

757 groups resulting in AuNPs/MoS2/Pep hydrogel. An anti-fouling membrane was introduced to reduce 

758 nonspecific adhesion by precisely controlling −COOH and −NH2 groups in the peptide. In this design, 

759 MoS2 contributed self-healing properties by the binding force of π−π stacking between MoS2 and 

760 naphthalene groups (Nap-peptide) as well as MoS2AuNPs/ MoS2. 

761
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762

763 Fig. 10 (a) Lactate monitoring wearable biosensor: (i) Fabrication of a three-electrode setup via laser 

764 scribing on a thin PI film. (ii) Real-time electrochemical interaction of lactate in sweat using a CeO2-

765 MoS2 nanozyme-based sensing material.100 (b) Non-invasive stress biomarker detection biosensor:  

766 (i) Integrated microfluidic channel for sweat analysis. (ii) Exploded view of the MoS2-X-based 

767 sensing electrode.101 (c) Integration of a wearable PyTS@Ti3C2Tx-based microfluidic chip and 

768 illustration of sweat collection for monitoring uric acid (UA) metabolites.102 Adapted from Refs. 

769 100–102 with permission.
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770 Jiang et al. developed a wearable nanozyme-enzyme electrochemical nanobiosensor for monitoring 

771 lactate level in sweat (Fig. 10a).100 To facilitate directional sweat transportation, a flexible laser-

772 scribed graphene (LSG) electrode and a Janus textile made of cotton and Ecoflex were prepared on 

773 a polyimide (PI) film. MoS2 nanoflakes were synthesized through an exfoliation process to synthesize 

774 CeO2- MoS2 nanozyme, which enabled co-catalytic activity. This nanozyme was then drop-casted on 

775 the working electrode and electrodeposited with gold nanoparticles (AuNPs) for the enhancement of 

776 electrochemical signals by H2O2 reduction. A three-electrode system consisting of a CeO2 

777 MoS2/Au/LOx modified working electrode (WE), a graphene counter electrode (CE), and an 

778 Ag/AgCl reference electrode (RE) was incorporated into the sensing device. The biosensor can 

779 perform a single lactate test in just 2 min at a very low cost. This method has shown a limit of 

780 detection (LOD) down to 0.135 mM in artificial sweat.

781 Building on the concept of sweat monitoring, Ying et al. developed a wearable electrochemical 

782 biosensor for continuous and noninvasive monitoring of oxidative stress, focusing on hydrogen 

783 peroxide (H2O2) and phosphorylated proteins detection in sweat (Fig. 10b).101 The microfluidic 

784 system was designed using OpenSCAD software and fabricated via high-precision stereolithography 

785 3D printing (SLA) with photosensitive resin. The STL model was sliced horizontally and solidified 

786 by UV laser, creating an intricate microfluidic channel with a 500 µm radius and 400 µm depth, 

787 leading to a reservoir, with a concave skin contact surface for improved sweat transfer. To modify 

788 the Prussian blue working electrode, low-sulphur molybdenum disulfide was applied to multi-walled 

789 carbon nanotubes (CNT/MoS2-X) with a coaxial core-shell structure. H2O2 oxidation generated an 

790 increase in current, while TiO2-modified CNTs/MoS2-X enabled phosphorylated protein detection 

791 by decreasing current. The sulphur vacancy-enhanced coaxial structure significantly improved 

792 sensitivity. The sensor achieved detection limits of 4.80 μM for H2O2 and 0.917 μg/mL for 

793 phosphoproteins.

794
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795 Chen et al. developed a wearable microfluidic biosensor functionalized with MXene for the real- 

796 time monitoring of uric acid (UA) metabolites in sweat (Fig. 10c).102   The device was fabricated by 

797 screen-printing flexible electrodes onto a transparent polyethylene terephthalate (PET) membrane. 

798 MXene nanosheets were modified with 1,3,6,8-pyrenetetrasulfonic acid sodium salt (PyTS), a 

799 bifunctional molecule, via π-π conjugation to form a UA-selective membrane that was applied to the 

800 working electrode. To prevent short-circuiting, a polydimethylsiloxane (PDMS) layer covered all but 

801 three electrodes of the conductive substrate. The sensing electrodes were integrated into a 

802 microfluidic chip designed for sweat collection, transport, and ejection. Upon contact with the 

803 electrode surface, UA in sweat underwent electrochemical oxidation via a two-electron/two-proton 

804 redox reaction. This generated an oxidation peak, which allowed the quantification of UA in sweat. 

805 The device demonstrated high selectivity for UA over other metabolites, such as glucose and lactic 

806 acid, with a limit of detection (LOD) of 0.48 µM. However, slight interference in current response 

807 was observed in the presence of CO2. The authors also reported a strong correlation between UA 

808 levels in sweat and blood. 

809 Extending wearable biosensing into ocular fluids, Shiqi Guo et al. developed a microfluidic FET-

810 based smart contact lens for human tear fluid analysis, with multifunctional sensing capabilities, 

811 including MoS2 photodetection, glucose detection, and temperature detection. The ultrathin MoS2 

812 sensor was transferred onto a PDMS substrate to create a soft, biocompatible, and non-toxic smart 

813 contact lens. This highlights its potential for ocular disease research and future wearable diagnostic 

814 applications.103 

815 Table 2: Electrochemical microfluidic biosensors.

Target/Analy
te

2D material Used Detection 
Principle

Sensor 
Format

LOD Linear 
range

referen
ce

BPA MoS2 FET PDMS 1 pg/mL 1 pg/mL 
–1 µg/ 

mL

65
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TNF-α MoS2 FET PDMS 60 fM 60 fM–
6 pM

66

Streptavidin, 
IL-1β

MoS2 FET PDMS ~1 fM 0 – 500 
fM

67

PSA MoS2 FET PDMS 800fg/ 
mL

68

Nicotine MoS2 FET PDMS - 69

Uric Acid MoS2 FET PDMS 60 nM 70

DNA 
(trisomy 21)

MoS2 FET PDMS <100 aM 71

miRNA205 MoS2- CuFe2O4 EIS, CV, SWV PDMS 0.48 pM 1 pM –
1.5 nM

72

Salmonella 
typhimurium

CTAB-MoS2-NS EIS PDMS 1.56 
CFU/mL

101–107 
CFU/m

L

73

V. 
parahaemoly

ticus

MoS2-PLL-Apt EIS Thread-
based

~ 5.74 
CFU/ mL

10–10 6 
CFU/ 
mL

74

Gliadin MoS2/Graphene/Au DPV PDMS 7 pM 4–250 
nM

75

AFP MoS2/PDDA EIS 0.033 
ng/ml

1 × 
10−7–1 
× 10−5 
mg/ml

77

CitH3 MoS2 PDMS 0.87 
pg/mL

78

NH4
+/NH3 MoSe2 FET 0.65 μM 79

H2O2 WS2 Chronoampero
metry

PDMS 2.0 nM 0.02–20 
μM,

0.1–2 
mM 

80

UA, Urea, 
Creatinine

MXene CV EIS SWV PMMA   LODUA 
5 µM,
LODCre 
1.2 µM

0.03–
0.5 mM,

 0–3 
mM,
0.01–

0.4mM

81

CEA He@CCNT/Ti3C2 DPV PMMA 2.88 
pg/mL

101 –106 

pg/mL
82 

H1N1
 SARS-CoV-

2

Ti3C2TX/Graphene FET PDMS LODH1N1
125 

copies/m
L, 

LODSARS-

CoV-21 
fg/mL

125–
250,000 
copies/

mL,
1–10 

pg/mL

83

Page 44 of 70Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
2:

32
:3

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6MA00326E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00326e


45

Dopamine L-Ti3C2-G SWV Polyam
ide 

Sheet

0.47 nM 1–103 
nM

84

H2O2 MXene CV 1.996 µM 1.996 
μM–

27.232 
μM

85

Okadaic Acid Phosphorene-Gold 
NC

DPV CV PDMS 8 pM 10nM – 
250nM

88

Ochratoxin A Ch-MoS2-Au@Pt CV EIS 
Colorimetric

Paper 25.2 
fg/mL

0.0001–
200 

ng/mL

89

CA 125 MoS2 DPV EIS Paper 0.36 
pg/mL

0.001–
50 

ng/mL

90

MIRNA-141 Bi2S3@MoS2nanofl
owers

CV DPV EIS
Colorimetry 

Paper 0.12 and 
2.65 fM

0.5 fM–
1 nM,

10 fM–
1 nM

.91

miRNA-155
miRNA-21

MoS2 EIS Paper 1–200 
ng/mL.

0.25–
0.75 

μg/mL,
0.25–
0.75 

μg/mL

92

miRNA-155
miRNA-21

AuNPs/MoS2 DPV CV Paper LODmiRN

A-15551.6 
nM

LODmiRN

A-2159.6 
nM

93

Cortisol Ti3C2Tx/LBG EIS PDMS 88 pM 0.01–
100 nM

94

K+ MWCNT/MXene CV EIS PET  1-
32mM

95

Glucose Pt/MXene CV PDMS 29.15 μM 0−8 
mM

96

Glucose and 
Lactate

Ti3C2Tx/PB Chronoampero
metry

97

Glucose and 
Lactate

MXene Chronoampero
metry

Paper 17.05 
μM,

       3.73 
μM

0.08–
1.25 
mM,
0.3–

20.3mM 

98

UA and AA AuNPs/MoS2/Pep 
hydrogel

DPV LODUA 
6.0 nM,
LODAA 
0.67 μM  

0.00002
–0.11 
mM,
0.11 - 
3.01 
mM

99
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Lactate CeO2–MoS2/Au CV Polyimi
de 

0.135 
mM

100

H2O2
Phosphorylat
ed proteins

CNT/MoS2-X CV DPV EIS Resin 4.80 μM
0.917 
μg/ml 

0.01–1 
mM,

0.01–1 
mg/mL 

101

UA MXene Chronoampero
metry

PDMS 0.48 µM 102

816 BPA: Bisphenol A; MoS2: Molybdenum disulfide; TNF-α: Tumor Necrosis Factor-alpha; IL-1β: 
817 Interleukin-1β; PSA: Prostate Specific Antigen; CTAB: Cetyltrimethyl Ammonium Bromide; V. 
818 parahaemolyticus: Vibrio parahaemolyticus; AFP: Alpha-fetoprotein; CitH3: Citrullinated histone 
819 H3; MoSe2: Molybdenum diselenide; WS2: Tungsten disulfide; CEA: Carcinoembryonic Antigen; 
820 OTA: Ochratoxin A; CA 125: Cancer Antigen 125; K+: Potassium ions; MWCNT: Multiwalled 
821 Carbon Nanotubes. 

822

823

824

825

826 4. Optical Microfluidic Biosensors 

827 In recent years, optical biosensors have gained significant attention as a research focus. These sensors 

828 operate by utilizing light transmission and detecting optical signals. Compared to conventional 

829 electrical sensors, optical biosensors offer key advantages, including immunity to electromagnetic 

830 interference, resistance to corrosion, and exceptional sensitivity.104 Two-dimensional (2D) materials 

831 are increasingly being integrated with microfluidic platforms for optical biosensing, reducing sample 

832 consumption and instrumentation costs while enhancing portability and sensitivity. The optical 

833 response of a 2D material to incident light, determined by their dielectric constant or complex 

834 refractive index, can be modulated by external factors like electric gating, optical fields, and thermal 

835 heating.105,106 Changes in size and shape alter the band gap and thus affect their optical properties at 

836 the nanoscale.107 Nanomaterials serves as sensing elements, fluorescence quenchers, labels, and 

837 waveguides in optoelectronic devices.108
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838 Optically active quantum dots, often used in fluorescence-based sensing, function as, fluorophores 

839 and quenchers depending on the analyte.109 The mechanism relies on energy transfer, where 

840 fluorescence is quenched in the presence of an acceptor molecule.110,111 The extent of quenching 

841 correlates with analyte concentration.112 Biocompatible 2D materials can further improve 

842 fluorescence-based biosensing in bioassays.113

843 Molybdenum disulfide (MoS2) stands out for its excellent optical properties and tunable features.114 

844 It can shift between low and high fluorescence states and exhibit strong light-matter interaction. In 

845 its 0D quantum dot form, MoS2 shows high fluorescence, while the 2D nanosheet from enables 

846 effective fluorescence quenching.115  It enhances detection techniques such as surface plasmon 

847 resonance (SPR) and fluorescence in microfluidic platforms. Other 2D materials like MXene, 

848 MBene, and g-C3N4 are also under investigation due to their unique optical and high biocompatibility.

849 4.1 Fluorescence Microfluidic Biosensors

850 Fluorescence-based microfluidic biosensors are powerful tools for highly sensitive and selective 

851 detection of biomolecules and metal ions. Utilizing fluorescence quenching and recovery 

852 mechanisms, and enhanced by novel 2D materials, they offer real-time, stable, and cost-effective 

853 detection, positioning them as key components in next-generation diagnostics and environmental or 

854 wearable sensing.

855 A fluorescence-based microfluidic biosensor using a Lys-AuNPs@MoS2 nanocomposite has been 

856 developed for the rapid detection of cardiovascular diseases, such as acute coronary syndrome, 

857 myocardial injury, and heart failure (Fig. 11a).116 The biosensor integrates a three-layered 

858 microfluidic chip: a PDMS sample loading layer with 60 chambers, a 50 µm wide microchannel 

859 layer, and a functional detection layer with Lys-AuNPs@MoS2 immobilized on glass via APTES. 

860 Gold nanoparticles were electrostatically integrated onto MoS2 nanosheets and functionalized with 

861 L-cysteine, enhancing fluorescence signal intensity, stability, and biomolecule binding efficiency. 
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862 The system requires only 2 μL of sample per chamber and achieves high selectivity via antibody-

863 antigen binding. Fluorescence signals were collected using a GenePix 4400A laser scanner, enabling 

864 multiplexed detection. The biosensor showed excellent stability for up to 60 days, with antigen-

865 antibody incubation saturation in 20 minutes and a total detection time of 40 minutes. Compared to 

866 conventional methods, it offers faster detection, lower reagent consumption, and higher sensitivity, 

867 successfully detecting six biomarkers in serum. 

868

869
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870 Fig. 11 MoS2-based microfluidic fluorescence biosensor: (a) Lys-AuNPs@MoS2 with S-shaped 
871 channels for cardiovascular biomarkers.116 (b) N-doped MoS2 QDs for Fe3+/AA detection via IMPLY 
872 logic readout.117 (c) Thread-based FRET sensor for IBV detection.118 (d) 3D origami chip for sweat 
873 cortisol sensing.119 (e) DNA detection using zigzag microchannels and photoluminescence spectra.120

874 Adapted from Refs. 116–120 with permission.

875 A notable example of this advancement is the development of fluorescence sensors based on 

876 nitrogen-doped MoS2 quantum dots (QDs), which have been employed for the sequential detection 

877 of iron (Fe3+) and ascorbic acid (AA). Zhang et al. utilized the ‘visible-invisible-visible’ 

878 photoluminescence property of these QDs to fabricated a dual-target fluorescence sensor (Fig. 

879 11b).117 Ascorbic acid reduces the reactive oxygen species (ROS) level in body by minimizing the 

880 overflow of Fe3+ ions. Fluorescence quenching could effectively be induced by Fe3+ ions. However, 

881 introduction of Ascorbic acid (AA) can recover the quenching. In microfluidic chip operation, they 

882 have injected hydrothermally synthesized nitrogen-doped MoS2 QDs, Fe3+ ions and AA in three 

883 different microchannels and incubated the solution for 25 min. After that, the microfluidic chip was 

884 integrated with “IMPLY” logic gate which has utterly satisfied microliter reagent consumption, 

885 automated operation and visible readout. For this fluorescence sensor, the limit of detection were 11 

886 μM for Fe3+ and 960 nM for and AA, respectively. 

887 Fluorescence-based biosensors have also been integrated into alternative substrates, such as thread, 

888 to expand their applicability. Utilizing the wicking properties of thread, Weng et al. demonstrated a 

889 fluorescence resonance energy transfer (FRET)-based biosensor on cotton thread, incorporating 

890 antibody-functionalized MoS2 for the detection of Infectious bronchitis virus (IBV) (Fig. 11c).118 

891 First, two distinct antibody (Ab) probes, MoS2-IBV-Ab and dyed-IBV-Ab, were modified with MoS2 

892 and dye, respectively. Due to antigen-antibody interaction, these bioconjugates specifically bind to 

893 the target IBV. The formation of ‘sandwich’ complexes (dyed-IBV-Ab/IBV/MoS2-IBV-Ab) results 

894 in successive fluorescence quenching, which correlates with increasing concentration of IBV. This 

895 method exhibited a sensitivity of 4.6×102 EID50 per mL, with a standard derivation of 1.0-10 % and 
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896 a total detection time of 10 minutes. A thread-based microfluidic device has a better mechanism over 

897 a paper-based device because of its high strength and also it does not need any hydrophobic barrier 

898 to control the fluidity of liquid.121

899 Apart from the thread-based biosensors, fluorescence biosensors have also been integrated into 

900 paper-based microfluidic systems to enhance portability and ease of use. One such example is the 3D 

901 origami biosensor developed by Jiang et al. for detecting cortisol levels in human sweat as a ‘stress 

902 biomarker’ (Fig. 11d).119 A four-layer paper substrate (10 cm × 2.5 cm, l × w) with microchannels 

903 was cut and folded to create a 3D microfluidic chip. A quenching system composed of an anti-cortisol 

904 aptamer and MoS2 nanosheets was integrated onto the paper substrate, enabling fluorescence 

905 resonance energy transfer (FRET) analysis using a smartphone. The microchannels, formed by 

906 PDMS-based hydrophobic barriers, facilitated the controlled flow of a reduced sweat sample volume 

907 (20 μL). In artificial sweat, with an analysis time of 25 minutes, this method achieved an LOD of 

908 6.76 ng/mL. 

909

910

911 Due to its fluorescence and quenching capabilities, MoS2 can be utilized in biosensing applications 

912 for the detection of cancer biomarkers, DNA, and a variety of amino acids.122,123 The strong binding 

913 affinity between the nucleic acid bases and MoS2 has been utilized in various biosensors. Huang et 

914 al. designed multiple optical sensors integrated with microfluidic systems that utilized this binding, 

915 achieving DNA detection through the fluorescence quenching ability of MoS2 nanosheets (Fig. 

916 11e).120 A dye-labelled single stranded DNA probe (P1), MoS2 nano-sheets, and varying 

917 concentrations of complementary target DNA (T1) were employed in a PDMS-on-glass device with 

918 zigzag-shaped microchannels of 100 mm width and 40 mm depth. Interactions between P1 and MoS2 

919 resulted in the adsorption of P1 onto the MoS2 surface, leading to fluorescence quenching. However, 

920 hybridization between P1 and T1 formed a double-stranded DNA structure, which, due to its lack of 
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921 affinity towards MoS2, prevented fluorescence quenching. Maximum mixing and quenching 

922 efficiency were ensured by using high concentration of MoS2 and slow flow rate. The calibration 

923 curve shows a linear range between 0 and 50 nM, with a LOD of 500 pM. The same group developed 

924 a MoS2/multi-walled carbon nanotube (MWCNT) composite which showed better quenching 

925 stability than its individual components.124 This composite retained the MoS2 and P1 interaction 

926 principle and achieved DNA detection at 1 nM, maintaining a 0–50 nM linear range. The stable 

927 quenching performance of the MoS2/MWCNT solution within a microfluidic setup simplifies large-

928 scale DNA detection, making it a promising material for fluorometric biosensing.

929 Fluorescence-based biosensors have also been explored for diagnosing neurodegenerative diseases. 

930 Wen et al. have developed an innovative biosensor for detecting amyloid β protein oligomers (AβO), 

931 a crucial biomarker for diagnosing Alzheimer’s disease (AD) (Fig. 12a).125 This biosensor seamlessly 

932 integrated fluorescence resonance energy transfer (FRET)-based analysis with a microfluidic system 

933 crafted from poly(dimethylsiloxane) (PDMS) in a groundbreaking manner. The chip served as the 

934 detection platform and was constructed by sandwiching a PDMS microarray layer between a cover 

935 layer and a substrate glass layer. It includes around 1800 microchambers, each with a 220 μm 

936 diameter and 100 μm depth, featuring microchannels with 88 μm width and a 30 μm depth. 
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937

938 Fig. 12 Microfluidic fluorescence biosensor: (a) AβO detection using a 1792-microchamber chip 

939 with sample flow driven by mineral oil.125 (b) ctDNA sensing with FAM-DNA probe and dual-

940 channel Exo III/MBene delivery.126 (c) MOF-PEG-peps nanosensors for miRNA detection via 

941 microfluidic droplet fluorescence.127 (d) MoS2/MWCNT nanocomposite-based DNA sensor with 

942 SEM visualization.128 Adapted from Refs. 125–128 with permission.
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943 The team used MXene, a 2D material with a strong fluorescence quenching effect on fluorophore-

944 labeled DNA, to synthesize Fe3O4/MXene nanospheres, which played the role of fluorescence 

945 quencher in the system. Notably, this marks the first application of these elements in combination. 

946 The AβO aptamer was modified with the carboxyfluorescein (FAM) to serve as a fluorescence probe 

947 for FRET technology, which gets triggered by a specific excitation wavelength. The interaction of 

948 the modified aptamer (FAM-AptAβO) with Fe3O4/MXene nanospheres resulted in its adsorption on 

949 the nanomaterial surface, leading to the fluorescence quenching. However, the introduction of AβO 

950 facilitated the desorption of FAM-AptAβO from the nanosphere surface, forming FAM-

951 AptAβO/AβO complexes through interacting with AβO, thereby restoring fluorescence.  

952 During the detection process, a high fluorescence background or false positive signal was found due 

953 to MXene’s self-fluorescence property and its inability to achieve complete fluorescence quenching 

954 efficiency. To mitigate this, magnetic separation of Fe3O4/MXene nanospheres from the mixture of 

955 FAM-AptAβO-Fe3O4/MXene and AβO was initiated. The supernatant containing FAM-

956 AptAβO/AβO was then injected into the microfluidic chip inlet. Transportation of the sample from 

957 the inlet to the microchambers was achieved by adding mineral oil, which pushed the sample forward, 

958 and by degassing the PDMS layer, which generates sufficient negative pressure to drive the sample 

959 into the chambers. The detection showed an excellent linear relationship between fluorescence 

960 intensity and the logarithm of the AβO concentration, spanning from 0.10 to 200 nM, with an 

961 impressive detection limit of approximately 0.05 nM, utilizing only 4.50 μL of sample.

962 MBene, an emerging derivative of MXene, has shown great potential since its inception in 2017, 

963 particularly in the field of MXene applications, due to its specific characteristics relevant to 

964 biosensing strategies. The synthesis of MBene through an exfoliation process, by etching out A from 

965 the MAB phase, is similar to the process of etching out A from the MAX phase to obtain MXene.129

Page 53 of 70 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
2:

32
:3

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6MA00326E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00326e


54

966 Yang et al. developed a paper-based microfluidic exonuclease III-assisted fluorescence biosensor for 

967 the detection of circulating tumor DNA (ctDNA) in blood samples from mice, utilizing 2D MBene 

968 (Fig. 12b).126 The authors first synthesized MBene nanosheets by etching out Al from MoAlB 

969 followed by ultrasonication. For the first time, they investigated the remarkable DNA adsorption 

970 capabilities of MBene for both single-stranded (ssDNA) and double-stranded (dsDNA), and 

971 compared these properties with MXenes via Density Functional Theory (DFT) calculations of the 

972 adsorption energy (Ead) of four nucleobases of DNA i.e. Adenine (A), Thymine (T), Guanine (G), 

973 and Cytosine (C). 

974 Additionally, they designed a paper-based microfluidic point-of-care testing (POCT) device featuring 

975 a mixing channel with a constricted-expanded structure, and a lower layer containing a rapid channel 

976 (for the dispensation of Exo III, marked yellow) and a slow channel (for the dispensation of MBene, 

977 marked blue), ensuring accurate fluid flow. The FAM-DNA probe and ctDNA were introduced into 

978 the mixing channel and reacted in the reaction zone, where fluorescence sensing was observed by 

979 simply capturing photos with a smartphone and using a custom WeChat application “ctDNA 

980 Detection” for RGB value analysis. The authors compared the results of this device with the standard 

981 qPCR method using cell and mice serum samples, demonstrating consistency (AUC = 1) and 

982 highlighting the device's potential for cancer diagnosis and treatment monitoring. The device showed 

983 excellent sensitivity, with a detection range of 0.1 to 100 pm and a limit of detection (LOD) of 0.062 

984 pm.

985 The Wang group developed a nanozyme-mediated cascading reaction mechanism for ratiometric 

986 fluorescence detection of sarcosine, a biological marker for prostate carcinoma (Fig. 12c).127 MnO2 

987 nanosheets (NSs) were used to quench the blue fluorescence of carbon dots (BCDs), which served as 

988 the core fluorescence detector. The MnO2 NSs, synthesized by reducing KMnO4 in MOPS solution, 

989 exhibited enzyme-like oxidase activity, enabling the conversion of o-phenylenediamine (OPD) to 

990 2,3-diaminophenazine (DAP), producing fluorescence at 562 nm. Sarcosine oxidase (SOD) catalyzed 
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991 the oxidative degradation of sarcosine into hydrogen peroxide (H2O2), leading to the disintegration 

992 of MnO2 NSs. This resulted in a significant recovery of fluorescence from the BCDs at 440 nm, as 

993 the reduced quenching effect of MnO2 NSs enhanced the fluorescence of DAP at 562 nm. In addition, 

994 the fluorescence intensity of BCDs decreased with increasing concentrations of MnO2 NSs, which 

995 likely reduced the fluorescence emission of DAP at 562 nm. The fluorescence-based detector 

996 exhibited a linear output in the range of 1 to 80 µM, with a detection limit of 0.36 µM. The approach 

997 was further validated using spiked human urine samples, with recovery rates ranging from 94.9% to 

998 98.6%. This study demonstrates a simple, cost effective, and fluorescence sensitive method for 

999 detecting H2O2-related biological indicators, showing great potential for healthcare diagnostics.

1000 Chen et al. developed a digital droplet microfluidic flow cytometry (Nano-DMFC) device that 

1001 integrates a 2D metal-organic framework (MOF) nano-sensor for the in-situ detection of microRNAs 

1002 within circulating tumor cells (CTCs).130 The device featured a 2D MOF nanosheet that was modified 

1003 with dual color fluorescent dye labeled DNA biomarkers for fluorescence resonance energy transfer 

1004 (FRET). A microfluidic droplet generator was used to capture individual breast cancer cells in 

1005 droplets containing biomodified MOF nanosensors that captured two important tumor markers, miR-

1006 21 and miR-10a, through laser induced fluorescence (LIF) detection.

1007 When tested, the sensor was able to detect as few as 10 MCF-7 breast cancer cells amongst 10,000 

1008 epithelial cells in a biomimetic serum sample, demonstrating incredible sensitivity. After 23 minutes 

1009 of processing, the limit of detection (LOD) for miR-21 and miR-10a was 0.54 nM and 0.94 nM 

1010 respectfully. The nanosensor outperformed for 50 minutes before degrading and had an impressive 

1011 recovery rate of 86.7 and 92.2 percent for 10 and 30 spiked cells respectively. Importantly, it was 

1012 able to detect EpCAM negative CTCs, thus lowering the false negatives on detection when compared 

1013 to EpCAM based flow cytometry.
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1014 A novel microfluid based biosensor, comprising of MoS2 nanosheets grown on MWCNT, is 

1015 presented by Yang et al. for DNA sensing with high stability and sensitivity (Fig. 12d).128 The 

1016 MoS2/MWCNT nanocomposites were synthesized via a solvent thermal method using N, N-

1017 dimethylformamide and (NH4)2MoS4, with varying MoS2/MWCNT ratios (1:20, 1:10, 1:5) tested. 

1018 The hierarchical structure of the 1:5 MoS2/MWCNT ratio exhibited the highest quenching ability, 

1019 enhancing DNA detection capabilities. A microfluidic channel device enabled consistent 

1020 fluorescence measurements, and the biosensor demonstrated a detection limit of 1 nM and good 

1021 linearity from 0 to 50 nM. With a sensitivity of detecting DNA as low as 1 fM, this sensor 

1022 outperformed traditional nanoprobe-based methods in bulk solutions. Additionally, its quenching 

1023 stability reached 98% after 75 days of storage, significantly surpassing the performance of pure MoS2 

1024 nanosheet solutions. This high-throughput, rapid assay can be completed within minutes, positioning 

1025 the MoS2/MWCNT nanocomposite as a promising tool for DNA sensing applications.

1026

1027 4.2 Colorimetric Microfluidic Biosensors

1028 Another emerging optical biosensor gaining attention is the colorimetric or absorbance-based sensor. 

1029 Colorimetric sensing is widely favoured due to its ease of fabrication, cost-effectiveness, high 

1030 sensitivity and selectivity, and rapid visual detection. Unlike fluorescence-based methods requiring 

1031 complex instrumentation and expensive reagents, colorimetric sensors offer easily interpretable 

1032 output via visible color changes. Their simple operation suits microfluidic platforms for real-time 

1033 monitoring and efficient biochemical analysis with minimal resources. The high surface area of 2D 

1034 materials offers abundant active sites, enhancing colorimetric sensitivity.131 Many 2D materials have 

1035 demonstrated the ability to mimic peroxidases, exhibiting enhanced enzyme-mimic properties that 

1036 enable the development of nanozyme-based colorimetric sensors and biosensors.132,133 Liu et al. 

1037 developed a microfluidic platform with layered double oxides (LDOs), facilitating colorimetric 

1038 detection of multiple hepatic biomarkers.134 
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1039 Similarly, Sarah et al. developed a paper-based microfluidic device for the colorimetric detection of 

1040 alkaline phosphatase (ALP), aspartate aminotransferase (AST), and total serum protein in real blood 

1041 samples.135 The vertical flow design enabled a sensitive, affordable, rapid, and equipment-free 

1042 diagnostic approach. A plastic sheath on the top and bottom layers prevented excess sample intake 

1043 and evaporation. Lamination sheets with 5.7 mm diameter holes encased a disk filter and patterned 

1044 paper, properly aligned and sealed. The patterned paper featured three circular hydrophilic zones (~2 

1045 mm diameter) surrounded by a hydrophobic wax-based barrier created by heating printed ink to 

1046 ~150°C for 90 s. The disk filter retained red blood cells, allowing plasma to reach the hydrophilic 

1047 regions, each containing selective reagents for one biomarker. AST, ALP, and protein assays showed 

1048 color changes pink, purple, and green respectively only in their designated zones when spiked 

1049 artificial plasma was used. Real blood samples produced similar colorimetric responses, though 

1050 measured concentrations were lower than theoretical values.
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1051

1052 Fig. 13 Optical microfluidic biosensors: (b) PtNPs-modified µPAD for miRNA detection via 
1053 fluorescence and colorimetric methods.136 (c) Ti3C2 MXene–GO MetaSPR biosensor for sweat 
1054 glucose monitoring.137 Adapted from Refs. 136–137 with permission.

1055 MicroRNA (miRNA) plays an important role as a biomarker for the early clinical diagnosis of 

1056 common diseases like cancer, neurological disorders, and muscle diseases. Recent advances in 

1057 optical biosensors have enabled dual-mode devices combining absorbance and fluorescence 

1058 detection. Yin et al. developed a colorimetric and fluorescence dual-mode microfluidic origami paper 

1059 based analytical device (μPAD) for the quantitative determination of miRNAs (Fig 13a).136 The 

1060 μPAD featured distinct reaction, fluorescent, and colorimetric zones. Platinum nanoparticles (Pt NPs) 

1061 were drop-cast onto the μPAD to suppress background fluorescence. Palladium nanoclusters (Pd 

1062 NCs), known for their fluorescence and peroxidase-like activity, were immobilized as DNA-Pd NCs. 

1063 Strong DNA adsorption by g-C3N4 led to fluorescence quenching. Upon miRNA introduction, a 
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1064 DNA-RNA heteroduplex formed and was cleaved via duplex-specific nuclease (DSN)-assisted 

1065 amplification, releasing DNA-Pd NCs and restoring fluorescence. The freed Pd NSs then catalyzed 

1066 tetramethylbenzidine (TMB) oxidation with H2O2 in the colorimetric zone, producing a visible blue 

1067 signal. This biosensor exhibited a detection limit as low as 3 fM and strong correlation with 

1068 logarithmic miRNA concentrations.

1069 Paper-based microfluidic chips, with their pure-color capabilities, offer distinct advantages over 

1070 conventional microfluidic devices in the development of colorimetric sensors. Haider et al. developed 

1071 a paper-based biosensor using a dual functional 2D cobalt-terephthalate framework (CoMOF) for 

1072 glucose detection via colorimetric and fluorometric modes.138 CoMOF enhanced the catalytic 

1073 decomposition of H2O2 produced by glucose oxidase (GOX) into reactive hydroxyl radicals, which 

1074 oxidized o-phenylenediamine (OPD) to form a yellow-brown 2,3-diaminophenazine (DAP), 

1075 indicating glucose presence.

1076 The sensor, prepared by embedding CoMOF and GOX on a 6 mm paper disc, remained stable for 60 

1077 days at 4°C, outperforming HRP-based platforms. Upon UV exposure (365 nm), fluorescence was 

1078 captured via smartphone and analysed with ImageJ, enabling dual-mode quantification with a linear 

1079 range of 50 µM–15 mM and detection limits of 16.3 µM (colorimetric) and 3.2 (fluorometric). The 

1080 simple design, minimal sample preparation, and enhanced sensitivity from 2D materials highlight its 

1081 potential for portable, point-of-care diagnostics.

1082 4.3 Surface Plasmon Resonance (SPR) Based Microfluidic Biosensors

1083 Li et al. developed a novel metasurface plasmon resonance biosensor (MGMSPR) for noninvasive, 

1084 continuous glucose monitoring (Fig 13b).137 The biosensor incorporates a dual-channel microfluidic 

1085 device integrated with heterostructured Ti3C2Tx-MXene-graphene oxide (MG), enhancing sensitivity 

1086 to small molecules by optimizing light coupling and amplifying local electric field. To fabricate 

1087 MGMSPR chips, Ti3C2Tx-MXene and graphene oxide sheets (1.5 mg/mL) were mixed in varying 
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1088 weight ratios and applied to the metaSPR surface. The sensing platform featured a dual-channel chip 

1089 (one test and one reference), with MGMSPR chip affixed to each channel. Flow channels were 

1090 formed using 100 μm double-sided tape, and PET layer provided structural protection. Glucose 

1091 detection relied on the enzymatic action of glucose oxidase (GOD), which catalyses glucose to 

1092 gluconic acid and hydrogen peroxide. As glucose concentration increased, the binding affinity of the 

1093 GOD cofactor (FAD) decreased, altering the surrounding refractive index. This change was captured 

1094 through spectral wavelength shifts, enabling real-time glucose monitoring. The sensor achieved a 

1095 detection limit of 106.8 μM. In contrast, Zhao et al. developed a MoS2-functionalized TCMF 

1096 biosensor for T. gondii detection, leveraging refractive index-induced redshifts, distinct from 

1097 plasmonic SPR, yet comparably sensitive and robust.139

1098 Table 3: Optical microfluidic biosensors

Fe3+ and AA MoS2 Fluorescence 
Detection

11 
μmol/L,

960 
nmol/L

20–140 
µM,

1–100 
µM 

117

IBV MoS2 FRET Cotton 
threads

4.6×102 
EID50 / 

mL

102–106 
EID50/ 

mL

118

Cortisol MoS2 FRET Paper 6.76 
ng/mL

101–103 
ng/mL

119

DNA MoS2 Fluorescence 
Detection

PDMS 500 pM 0–0.050 
µM

120

DNA MoS2/MWCNTs Fluorescence 
Detection

PDMS 1 nM 0–0.050 
µM

124

AβO Fe3O4/MXene FRET PDMS 0.05 nM 0.10–
200 nM

125

ctDNA MBene NS Fluorescence 
Detection

Paper 0.062pM 1 
×10−1–1 

× 102 
pM

126

Sarcosine MnO2 FRET 0.36 µM 1–80 
µM

127

DNA MoS2/MWCNT Fluorescence 
Detection

PDMS 1 nM 0–50 
nM

128

miR-21 and 
miR-10a

2D MOF Fluorescence 
Detection

PDMS 0.54 nM,
0.94 nM

0–
15 nM,
0.2–15 

nM

130
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miRNA g-C3N4 Colorimetry Paper 3 fM 0.5–1 
µM

135

Glucose MXene-GO SPR 106.8 μM 137

1099 AA: Ascorbic acid; Fe3+: Iron ions; IBV: Infectious bronchitis virus; AβO: Amyloid β-protein 
1100 Oligomer; ctDNA: Circulating Tumor DNA; MOF: Metal-Organic Framework; T. gondii: 
1101 Toxoplasma gondii.

1102

1103 5. Conclusion and Future Perspective

1104 In this review, we have summarized recent advances in the development of microfluidic biosensors 

1105 (electrochemical and optical) based on 2D nanostructures beyond graphene such as chalcogenides, 

1106 MXenes, phosphorene, 2D oxides, and graphene analogs (Table 1 and 2). These materials exhibit 

1107 exceptional electronic and optical properties, making them promising building blocks for next 

1108 generation biosensors. 

1109 While significant strides have been made, particularly integrating these materials with field-effect 

1110 transistors (FETs), further efforts are required to translate voltametric, impedance-based, colorimetric 

1111 and fluorescence sensors into real-world diagnostics applications. These incorporation of 2D 

1112 materials into microfluidic systems remains technically challenging. Current fabrication methods 

1113 including drop-casting and surface modification lack precision and scalability, limiting their 

1114 commercial potential.

1115 Nonetheless, the convergence of 2D materials with soft electronics and flexible substrates opens 

1116 promising avenues for wearable, non-invasive biosensors capable of continuous monitoring of 

1117 critical biomarkers. However, key issues such as material stability, signal transduction efficiency, 

1118 and production cost must be addressed to enable widespread commercialization.

1119 The current landscape predominantly focuses on MoS2 and MXenes, whereas other 2D materials such 

1120 as WS2, MoSe2, and additional transition metal dichalcogenides (TMDs) remain underexplored 

1121 within microfluidic platforms. Advancing this field requires deeper investigation into these 
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1122 alternative materials to uncover their unique advantages. Additionally, most 2D material synthesis 

1123 techniques are limited to laboratory-scale production, underscoring the need for improved, scalable 

1124 synthesis methods.

1125 Looking ahead, ongoing research into 2D nanomaterials integrated with Lab-on-a-Chip (LOC) 

1126 platforms holds significant promise for developing highly sensitive, miniaturized, and user-friendly 

1127 diagnostics for personalized health monitoring and point-of-care (POC) applications.
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