
Introduction
In recent decades, urbanization, the extensive use 
of chemicals in agricultural practices, and adverse 
environmental factors have collectively contributed 
to a rising incidence of food-related health issues 
worldwide. This situation underscores the significant 
emphasis and collaborative efforts by key stakeholders 
in the food industry, including food companies and 
agro-allied organizations, to actively monitor and 
ensure food safety.1 It is essential to develop rapid and 
efficient methods for assessing food safety to ensure the 
quality and wholesomeness of food products. The use of 
chemicals in the food industry serves multiple purposes, 

some of which are critical for preservation and improving 
production processes. Furthermore, the application of 
certain chemicals in agricultural practices has made 
food products susceptible to significant health risks, as 
evidenced by their accumulation in the food supply. 

Conventional methods, such as gas chromatography 
(GC), combined with gas chromatography mass 
spectrometry (GC-MS), high-performance liquid 
chromatography (HPLC), nuclear magnetic resonance 
(NMR) spectroscopy, and enzyme-linked immunosorbent 
assay (ELISA), are influential and extensively utilized 
to carry out food safety and quality assessments.2 These 
methods render great accuracy. Nevertheless, they 
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Abstract
Recent advancements in nanomaterials 
(NMs) and microfluidic technologies 
are crucial for improving the detection 
of chemical contaminants in food and 
environmental samples. Integrating NMs 
into microfluidic systems significantly 
enhances the sensitivity and selectivity of 
these detection methods, effectively meeting 
the urgent need for efficient monitoring 
of harmful pollutants resulting from 
unsustainable growth practices. This review focuses on the development of NM-based microfluidic 
systems specifically designed for the rapid detection of chemical pollutants. It emphasizes the use 
of various nanomaterials with zero-, one-, two-, and three-dimensional structures (0D, 1D, 2D, 
and 3D). In addition to summarizing recent research, this review presents a comparative analysis 
of various sensing mechanisms, namely fluorescence, colorimetric, SERS, electrochemical, and 
chemiluminescence, evaluating them in terms of stability, sensitivity, scalability, reproducibility, 
and real-world applicability. Moreover, the integration of NM-based microfluidic systems with 
modern technologies like artificial intelligence (AI) and the Internet of Medical Things (IoMT) 
has led to the progress of 5th generation smart biosensors featuring lab-on-a-chip, point-of-care, 
and wearable capabilities. This review highlights the critical role of these advanced systems in 
safeguarding food safety and environmental health by describing their unique characteristics 
and functionalities. Additionally, it discusses the challenges and future research directions in this 
important field.
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need expensive instrumentation, trained workers, and 
complicated measurements, time-consuming.3 Besides, 
they are not sufficient to determine numerous chemical 
pollutants in today's foodstuffs, frequently in low 
quantities. Thereinto, rapid, cost-effective, and practical 
sensing with a high-efficiency technique that could be 
exploited at an industrial scale is in demand. 

Newly established diagnostic approaches can be easily 
integrated with handheld, portable tools, enabling on-
site sample analysis.4 In today’s world, microfluidics has 
ignited a surge of unprecedented attention as a versatile and 
powerful technology.5-7 Beside environmental monitoring 
and food safety, microfluidic systems have exhibited 
remarkable applicability in pharmaceutical and medical 
applications. Due to their high sensitivity, rapid analysis, 
low sample consumption, and portability, microfluidic 
platforms have been widely explored for personalized 
medicine, drug screening, disease diagnostics, and 
therapeutic monitoring. The potential of a microfluidic 
‘lab-on-a-chip’ system is being fulfilled, drawing on 
properties like no need for expensive diagnostic devices, 
low reagent, and sample consumption, short process 
times owing to little diffusion distances, and the capability 
to perform numerous stages of the diagnostic workflow 
on the small footprint tool (sample-in-answer-out) for the 
food safety and health care fields.8

The functionality of microfluidic systems is 
influenced by a range of critical design parameters that 
govern fluid transport characteristics and analytical 
performance.9,10 Key among these is channel geometry—
including dimensions such as width, height, and overall 
architecture—which affects flow resistance, residence 
time, and mixing efficiency. In paper-based devices, 
substrate properties such as pore size, thickness, and 
fiber morphology control capillary-driven fluid flow.11 
Additionally, fluidic parameters like applied pressure, flow 
rate, and surface tension modulate transport dynamics. 
Surface wettability and intrinsic material properties 
(e.g., glass, polydimethylsiloxane, cellulose, and various 
polymers) further impact analyte adsorption, nonspecific 
binding, and chemical compatibility. Reaction-specific 
factors, including reaction kinetics, mixing efficiency, 
and diffusion rates, along with environmental variables 
such as temperature, pH, and sample viscosity, are also 
critical determinants of detecting reproducibility and 
accuracy. Therefore, the systematic optimization of these 
interrelated parameters is essential to develop analytical 
systems that are sensitive, robust, and reliable.

The incorporation of nanomaterials (NMs) into 
microfluidic systems has further enhanced analytical 
performance, enabling the development of highly efficient 
lab-on-chip platforms. The nano size of NPs enables 
them to flow in the micro-channels liberally and easily 
incorporate into the microfluidic platforms.12 Besides, 
NMs possess numerous gorgeous features, e.g., magnetic, 
catalytic, electrochemical, or optical properties, easy 
functionalization, and a high surface area-to-volume ratio. 
They can function as signal amplifiers, signal reporters, 
capturing elements, catalysts, or electron-transfer 
mediators, thereby simplifying analytical reactions, 
enhancing target molecule detection, and promoting 
signal transmission. This significantly improves the 
performance of microfluidic devices, particularly in terms 
of selectivity and sensitivity. In summary, integrating 
NMs with flexible surface functionalization and specific 
morphologies into microfluidic systems offers promising 
opportunities for the sensitive and rapid detection of 
chemical contaminants. As microfluidic technology 
utilizing NMs has significantly advanced, several review 
studies have been published in recent years to elucidate its 
progress and evaluate its potential applications.13-16 Despite 
significant advancements in NM-based microfluidics for 
the detection of chemical contaminants, most previous 
studies have focused on individual analytical platforms 
conventional sensing mechanisms, or specific NMs and 
a comprehensive overview of these developments has not 
yet been presented. 

In this study, we present a comprehensive overview 
of recent advancements in microfluidic substrates that 
employ various NMs for detecting chemical contaminants 
in modern food products. This study seeks to delineate 
the properties of various NMs and their methods of 
incorporation into microfluidic technology. The unique 
feature of this review is the systematic classification of 
NMs based on their dimensional architectures (0D, 1D, 
2D, and 3D) and the assessment of their functional roles 
in improving sensing performance within microfluidic 
platforms in the detection of pesticide residues, antibiotic 
residues, and heavy metals (Scheme 1). Furthermore, 
it highlights current advances in smart NM-based 
microfluidic biosensors integrated with point-of-care 
systems, lab-on-chip technologies, wearable devices, AI, 
and IoMT. By connecting microfluidic design, material 
engineering, and digital healthcare technologies, it 
provides future perspectives for the advancement of next-
generation intelligent sensing systems for environmental 
monitoring and food safety.

Nanomaterials integrated into microfluidic (bio)sensing
NMs with varying dimensions typically demonstrate 
distinct benefits and drawbacks. NMs with 0D features, 
characterized by their extremely small sizes, offer the 
benefits of simple manipulation, easy synthesis, and 
distinctive electronic, optical, or magnetic properties. 
They have the capability to be attached to chemical 
contaminants, and the resulting functionalized NPs 

•	 Nanomaterial-integrated microfluidic systems for 
rapid, sensitive, and selective detection of chemical 
contaminants in food and environmental samples.

•	 Comprehensive review of 0D–3D nanomaterial-based 
microfluidic systems and integration of AI and IoMT 
into smart lab-on-chip and wearable biosensors.
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can be utilized as food safety markers.17 However, 
they frequently suffer from easy aggregation and poor 
stability.18 One-dimensional NMs possess a microscale 
length and nanosized diameter, donating them with 
mechanical strength and high surface-to-volume 
ratio, which is favorable for the fabrication of larger 
nanostructured materials.19 However, the growth of 
1D NMs is intricate and typically requires precise 
synthetic methods, which ultimately dictate their 
uniformity.20 Two-dimensional NMs such as graphene 
exhibit attractive chemical and physical characteristics, 
comprising excellent thermal/electrical conductivity, 
high specific surface area, stability, flexibility, and easy 
biological/chemical functionalization.21,22 But they are 
easy to restack, costly to produce, and vulnerable to 
the oxidative atmosphere.23 3D NMs might comprise 
collection nanotubes, nanowires, or varied distributions 
of NPs, enabling the integration of diverse NM properties 
to achieve more complex functionalities. A diverse range 
of 3D NMs exists, with varying sizes and shapes, offering 
diverse potential applications in detection.24 Nevertheless, 
their synthesis procedures are relatively complex, lack 
standardization, and are expensive.25

The integration of NMs into chips is primarily 
determined by their specific functions in the analysis 
process. In brief, NMs are typically incorporated as signal 
probes directly onto chips through injection with a pump, 
drop casting, or modification on the electrodes for electrical 
detection.26 Whereas capture probes made of NMs are 
usually modified within the channels of microfluidic 
chips through in-situ synthesis, self-assembly, etc., except 
for magnetic materials that can be manipulated using an 
external magnetic field.27 In this regard, we will explore the 
common NMs used in microfluidic systems for analyzing 
chemical contaminants in food, as well as their functions 
and integration techniques in microfluidic systems, which 
is summarized in Table 1. 

Zero-dimensional NMs
Zero-dimensional NMs are generally NPs with sizes less 
than 100 nm. To date, many 0D NMs, such as metal NPs, 

quantum dots (QDs), and magnetic NPs (MNPs), have 
been thoroughly investigated and utilized in microfluidic 
biosensors.63 Their distinctive magnetic, optical, or 
electrical qualities render them significant assets in the 
development of microfluidics for the analysis of food and 
environmental samples.64

Metal NPs 
Metal NPs typically serve as signal-transduction and/
or target-capturing factors in microfluidic platforms.65 
The NMs are incorporated into the microfluidic systems 
through self-assembly, in-situ synthesis, or directly 
loading suspension into microfluidic chips after or before 
mixing with samples. Their distinctive characteristics, 
including localized surface plasmon resonance (LSPR), 
catalytic, and conductivity capabilities, have an 
imperative role in the microfluidic signal-transducing 
platforms. Nobel metal NPs exhibit LSPR, which refers 
to the phenomenon of light interacting with these NPs 
and causing a collective oscillation of conduction band 
electrons.66 As illustrated in Fig. 1, metal nanoparticles 
enable sensitive detection in paper-based microfluidic 
devices via electrochemical, colorimetric, SERS, and 
chemiluminescent methods by utilizing their plasmonic 
and catalytic effects. The inter-particle distance of metal 
NPs plays a crucial role in determining their LSPR, 
donating them as a valuable diagnostic device for the 
rapid, cost-effective, and on-site colorimetric detection of 
various analytes. Given that, a novel colorimetric sensor 
utilizing metronidazole-stabilized Ag NPs (MTZ-AgNPs) 
has been developed for the selective, sensitive, and rapid 
detection of permethrin.28 The MTZ-AgNPs, which 
were prepared in yellow color, exhibited a strong LSPR 
absorbance peak at 400 nm, demonstrating exceptional 
stability. The introduction of permethrin to MTZ-AgNPs 
resulted in a change in color to a light-yellow hue as 
a result of aggregation, and a hyperchromic shift was 
noted in the LSPR absorbance. To enable the on-site and 
real-time identification of permethrin, this visual color 
change is additionally combined with a smartphone and 
microfluidic paper-based analytical device (µPAD). The 
colorimetric probe exploiting MTZ-AgNPs demonstrates 

Scheme 1. Schematic representation for paper microfluidic sensors enhanced by nanomaterials in ‎determination of chemical contaminants.
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Table 1. Comparison of NMs-based microfluidic sensors for various analytes in the food and environmental samples

Technique Structure NMs Target Reale sample Linear range LOD Ref.

Colorimetric MTZ-AgNPs AgNPs Permethrin Tomato and 
apple 0.1 – 50 µM 0.0104 µM 28

Colorimetric

Pyrrolidine-1-
dithiocarboxylic acid 
ammonium salt-
AgNPs

AgNPs Al3+, and Cr3+ River water 0.1 – 220 µM, and 
0.01 – 250 µM 

10.66 nM, and 
3.55 nM 

29

–

Stir-bar 
functionalized with 
AuNPs-labeled 
aptamer

AuNPs Kanamycin, and 
chloramphenicol Milk, and fish 0.001 – 40 ng mL-1 0.52 pg mL−1, 

and 0.41 pg mL−1 
30

Colorimetric

Paper strip-
monoclonal antibody 
tagged with colloidal 
AuNPs 

AuNPs

Clarithromycin, 
erythromycin, 
roxithromycin, 
and azithromycin

Milk –

0.095 ng mL-1, 
0.085 ng mL-1, 
0.055 ng mL-1, 
and 0.175 ng 
mL-1 

31

Chemiluminescence AuNPs-aptamer AuNPs Sulfadimethoxine Water 0.01 – 1000 ng mL-1 0.004 ng mL-1 32

SERS AuNPs-target 
antigen-antibody AuNPs MBA, and DSNB

Egg white, 
cheese, and 
packaged Juice

10 - 107 cells mL-1 100 cells mL-1, 
and 10 cells mL-1 

33

SERS Bipyramid AuNPs AuNPs Methyl parathion Apples, tomatoes, 
and cucumbers –

98.63 ng cm-2, 
31.56 ng cm-2, 
and 36.58 ng 
cm-2 

34

SERS Cu based microfluidic 
channel-Ag NPs AgNPs Hg2+  Aqueous solution 1 nM – 1 mM 0.1 µM 35

SERS I−‑functionalized 
AgNPs AgNPs Hg2+  Tap water, and 

lake water 1 nM – 0.1 pM 1 fM 36

Fluorescence Fe3O4-AuNPs-dsDNA MNPs, and 
AuNPs

17β-estradiol, 
kanamycin, and 
Pb2+ 

Milk, fish, and 
pork

0.589 pM – 10 nM, 
0.394 pM – 3.5 nM, 
and 0.429 pM – 3.5 
nM 

0.176 pM, 0.118 
pM, and 0.129 
pM 

37

Colorimetric Fe3O4@Au-PS-RNA MNPs, and 
AuNPs Hg2+  Lake water 10 nM – 1 µM 21.9 nM 38

Fluorescence Fe3O4@AuNPs-C12SH MNPs, and 
AuNPs

Kanamycin, 
streptomycin, 
gentamicin, and 
neomycin

Milk, chicken, and 
pork muscles

0.03 – 1000 µM, 
0.04 – 1000 µM, 0.05 
– 1000 µM, and 0.03 
– 1000 µM 

8.7 nM, 0.012 
µM, 0.014 µM, 
and 0.008 µM 

39

Fluorescence Paper@QDs@MIPs QDs 2,4-D
Soybean sprouts, 
and mung bean 
sprout

0.83 – 100 µM 0.12 µM 40

Fluorescence
Paper@ZnSe QDs@
ion imprinted 
polymers

QDs Cd2 + , and Pb2 +  Lake water, and 
seawater

1 – 70 µg L-1, and 1 – 
60 µg L-1 

0.245 µg L-1, and 
0.335 µg L-1 

41

Colorimetric GQD-MPA GQDs
Cu, Fe, Hg, Co, 
manganese, 
chrome, and Ni

Water – – 42

Fluorescence M-GQDs GQDs DOX, pefloxacin, 
and levofloxacin

Milk, tap water 
and meat 
leachate

5 – 50 µM, and 3 – 
30 µM 

39.30 nM, 48.60 
nM, and 35.10 
nM 

43

Fluorescence Dual-emission CDs CDs Parathion-methyl, 
and glyphosate

Apple, grape, 
cucumber, 
tomato, Fructus 

0.3 – 65 µM, and 1 – 
110 µM 

0.14 µM, and 
0.6 µM 

44

Fluorescence rCDs CDs DDVP Spinach, and 
tomato 2.5 – 120 µg L-1 1 µg L-1 45

Fluorescence
Combining the 
N-doped CDs with a 
enzymatic cascade

CDs Cefquinome Milk 0.013 – 1.52 ng mL-1 0.78 ng mL-1 46

Fluorescence N, Cu-CDs CDs DOX, TC, CTC, 
OTC, and QCT

Milk, tap water 
and waste water –

28.8 nM, 37.2 
nM, 23.8 nM, 
43.8 nM, 59.3 
nM 

47
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Technique Structure NMs Target Reale sample Linear range LOD Ref.

Fluorescence CD-aptamer-MoS2 CDs CAP, OTC, and 
SMZ Shrimp 0.5 – 100 ng mL-1 

0.47 ng mL-1, 
0.48 ng mL-1, and 
0.34 ng mL-1 

48

Fluorescence N, S co-coped CDs CDs Cd2+  Tap water, river 
water 0 – 2.67 µM 0.705 nM 49

Fluorescence CDs CDs AA – 0 – 125 µM 2.71 µM 50

– Single layer graphene 
FET Graphene Chlorpyrifos – 1 fM – 1 µM 1.8 fM 51

Colorimetric AChE/GQDs-AuNPs GQDs, and 
AuNPs Chlorpyrifos

Cucumber, 
lettuce, tomato, 
and carrot

0.001 – 1 µg mL-1 0.0007 µg mL-1 52

Amperometry GO GO CBF, and CBR Water, cucumber, 
and cabbage

0.1 – 2 mg L-1, 0.5 – 
7.5 mg L-1 

0.06 mg L-1, and 
0.4 mg L-1 

53

Fluorescence SPE-GOQD-aptamer GOQD As3+, Cd2+, and 
Pb2+  Lake water 0.01 – 100 µM 5.03 nM, 41.1 

nM, and 4.44 nM 
54

voltametric Ag NPs/rGO/flower-
like Ni(OH)2/NF

AgNPs, and 
rGO Pb2+  River, and Fish 0.01 – 2100 µg L-1 0.00464 µg L-1 55

Fluorescence MoS2 QDs-Eu3 +  MoS2 QDs TC Tap water, and 
river water 10 nM – 60 µM 2 nM 56

Fluorescence N-doped MoS2 QDs MoS2 QDs Fe3+, and AA – 20 – 140 µM, and 1 – 
100 µM 

11 µM, and 960 
nM 

57

Colorimetric ZIF-8@paper µPAD MOFs Total phenolic 
compounds

Apple, blueberry, 
grapes, lemon, 
pear, strawberry

1.6 – 30 mg L-1 0.5 mg L-1 58

voltametric AChE/MOF/µE MOFs Chlorpyrifos
Cucumber, 
capsicum, and 
brinjal

10 – 100 ng L-1 6 ng L-1 59

voltametric
MCH/dsDNA/Au/ 
MOF-based bio-bar 
code/SPCE

MOF, and 
AuNPs Streptomycin Milk 0.005 – 150 ng mL-1 2.6 pg mL-1 60

voltametric MIP/Fe3O4/C-dots@
Ag-MOFs

MOFs, 
Fe3O4, and 
C-dots

Parathion-methyl
Chinese cabbage, 
banana, apple, 
water, soil

50 pM – 20 nM 11.6 pM 61

Voltametric JNU-3@AAO COF Hg(II)
Tap water, river 
water, lake water, 
and rice

0.01 – 100 pg mL-1 3.28 fg mL-1 62

Table 1. Continued.

Fig. 1. Sensitive detection in paper-based microfluidic systems is achieved using metal nanoparticles via SERS, colorimetric, electrochemical, and 
chemiluminescent methods, driven by their plasmonic and catalytic effects. Reprinted from Venugopalan et al65 under  Creative Commons Attribution-
NonCommercial (CC BY-NC 3.0) license.
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a limit of quantitation (LOQ) of 0.0348 µM and a limit 
of detection (LOD) of 0.0104 µM. The developed MTZ-
AgNPs were effectively used for the colorimetric detection 
of permethrin pesticide in actual samples. A portable 
microchip-derived colorimetric probe was reported for 
the quantification of aluminum ion (Al3+) and chromium 
ion (Cr3+).29 The AgNPs were first-time modified with 
a novel ligand, pyrrolidine-1-dithiocarboxylic acid 
ammonium salt. The hue of the AgNPs in the testing area 
promptly shifts upon the introduction of Al3+ and Cr3+. 
The color changes were identified either by the naked 
eye or by capturing them using a smartphone camera. 
The acquired images were examined using red, green, 
and blue (RGB) software to measure the concentration of 
Cr3+ and Al3+. In the case of the µ-chip, the concentration 
ranges for Al3+ and Cr3+ are 0.01-220 μM and 0.1-200 μM, 
respectively, with LOD of 2.30 and 9.18 nM. The µ-chip 
demonstrated significant promise as a rapid sensing 
substrate for tracking Cr3+ and Al3+ in river water samples. 

AuNPs have also been widely integrated into 
microfluidic biosensors due to their excellent catalytic 
activity, conductivity, and ease of bioconjugation 
with aptamers, antibodies, and nucleic acids. In one 
representative study, Zhang’s group reported microfluidic 
microchip electrophoresis using an aptasensor for the 
determination of kanamycin and chloramphenicol 
(CAP) in fish and milk samples.30 The probe engaged a 
stir bar coupled with AuNPs to simplify deoxyribonucleic 
acid (DNA) multi-arm junctions recycling (MAJR) for 
signal amplification and transduction aims. During 
the diagnosis procedure, the antibiotics were precisely 
coupled with a specific aptamer on the stir bar to generate 
diverse sole-tagged DNA primers. The primers then 
induced the MAJR procedure to link the four-arm and 
three-arm DNA of the various analytes. Lastly, the multi-
arm DNA is successfully detached through MCE for 
quantitative determination. It is revealed that the device 
realized LODs of 0.41 and 0.52 pg mL-1 for kanamycin, 
and CAP, respectively. This study elucidated the robust 
amplification potential of gold nanoparticle-facilitated 
nucleic acid engineering in microfluidic platforms.

Similarly, AuNP-labeled immunochromatographic 
paper-based microfluidic systems have shown high 
applicability for multiplex antibiotic detection. Zeng et 
al established a microfluidic lab-on-paper probe for the 
quick identification of four macrolides i.e. azithromycin, 
roxithromycin, erythromycin, and clarithromycin in milk 
samples.31 In the sensing procedure, anti-mouse-goat IgG 
antibodies and antigens were primarily immobilized on 
the safety paper strip as test line and control line. Then, 
a monoclonal antibody is tagged with colloidal Au, and 
a sample solution is introduced to induce the antibiotics 
to bind with the monoclonal antibody. Lastly, the mixed 
solution containing the monoclonal antibodies and the 
target antibodies was released onto the earlier-formed 
immune paper strip. The monoclonal antibodies labeled 
with colloidal Au and antibodies were then subjected to 
a competitive binding with the immunochromatographic 

strip to generate a color alteration. The proposed 
microfluidic chip can detect azithromycin, roxithromycin, 
erythromycin, and clarithromycin, in milk samples 
with LODs of 0.175, 0.055, 0.085, and 0.095 ng mL-1, 
respectively. Unlike traditional ELISA methods, these 
AuNP-based paper microfluidic systems meaningfully 
improve portability and reduce assay time. Nevertheless, 
antibody-based recognition systems still encounter 
limitations in terms of limited shelf life, biomolecule 
instability, and susceptibility to storage and temperature 
conditions.

In addition to colorimetric sensing, AuNPs have been 
widely explored in chemiluminescence-based microfluidic 
systems because of their catalytic enhancement capability. 
For example, luminol-catalyzed chemiluminescence, 
enhanced through AuNP aggregation, has been utilized 
for the detection of sulfadimethoxine within an aptamer-
based microfluidic flow-injection system (Fig. 2).32 
Importantly, the investigation revealed that effective 
fluid mixing plays a pivotal role in determining sensor 
performance, with a five-layer 3D microfluidic mixer 
exhibiting markedly superior results compared to 
traditional 2D designs. This outcome underscores a 
critical yet frequently neglected consideration in the 
design of microfluidic sensors: that analytical efficacy is 
influenced not only by the intrinsic properties of NMs but 
also by the optimization of microchannel architecture and 
fluid dynamic behavior.

Surface-enhanced Raman spectroscopy (SERS)-
based microfluidic systems incorporating AgNPs and 
AuNPs have also gained considerable attention owing to 
their molecular fingerprinting capability and ultrahigh 
sensitivity. AuNP-engineered SERS immunoprobes are 
effectively used for pesticide and pathogen detection 
through electromagnetic field enhancement at 
nanoparticle “hot spots.” For example, bipyramidal AuNPs 
united with portable Raman systems enabled highly 
sensitive quantification of methyl parathion residues on 
vegetable and fruit surfaces. The sharp-tip morphology of 
bipyramidal AuNPs enhanced local electromagnetic fields 
and significantly improved SERS signal intensity.34 AgNP-
based SERS microfluidic platforms have also shown 
excellent performance for heavy metal detection. Yan et 
al reported an in situ electroless galvanic replacement 
approach for synthesizing Ag nanostructures directly 
within microfluidic channels for Hg2+ sensing.35 Likewise, 
iodide-functionalized Ag aggregate substrates enabled 
rapid “turn-off” SERS detection of Hg2+ with response 
times of around 150 s and a wide detection range of 10−9 to 
10−13 M. These studies highlight the remarkable sensitivity 
achievable through plasmonic nanostructures; however, 
long-term operational stability and interference from 
competing ions remain insufficiently investigated.

Overall, noble metal NP-coupled microfluidic 
systems have considerably innovative rapid chemical 
contaminant analysis by merging high sensitivity with 
miniaturization and portability. Despite significant 
progress, numerous critical challenges continue to 
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hinder practical deployment. Most current research 
mainly concentrates on AgNPs and AuNPs, whereas 
other metallic NMs, such as Cu-, Pd-, Pt-, and Fe-based 
nanoparticles, remain insufficiently explored despite 
their potentially distinctive electrochemical and catalytic 
characteristics. Furthermore, optical sensing methods 
dominate the literature, while comparatively limited 
attention has been directed towards electrochemical, 
electrochemiluminescence, photoelectrochemical, and 
piezoelectric microfluidic sensors that incorporate 
metallic nanoparticles.
Magnetic NPs
Magnetic NPs refer to NMs exhibiting superparamagnetic 
characteristics. These particles may consist of magnetic 
metals such as Fe, cobalt (Co), or nickel (Ni), their oxides 
like maghemite hematite (g-Fe2O3), and magnetite Fe oxide 
(Fe3O4).67 Iron oxide NPs are frequently used in the field 
of biomedicine, whereas Ni and Co are prone to oxidation 
and possess toxic properties.68 Superparamagnetic NPs 
display the on-off behavior of magnetization when a 
magnetic field is present or absent, making them well-
suited for targeted separation applications. Recently, 
the application of MNPs for the detection of diverse 
analytes in environmental and food samples has garnered 
the interest of researchers. The synthesis and surface 
functionalization of MNPs are summarized in Fig. 3.

Current study has increasingly focused on multiplex 
microfluidic biosensors capable of concurrently sensing 
multiple types of contaminants that usually coexist in food 
and environmental samples. In this regard, a magnetically 
encoded aptamer-based microfluidic system was 
established for the simultaneous determination of Pb2+, 
kanamycin, and 17β-estradiol ions.37 As illustrated in Fig. 
4, magnetic bead (MB)-double-stranded DNA (dsDNA) 
conjugates were exploited for signal amplification and 
conversion. The detection procedure was based on a 

multibranched hybridization chain reaction (mHCR), 
which produced multi-branched DNA nanostructures 
exhibiting improved amplification efficiency and 
specificity. Importantly, magnetic separation minimized 
matrix interference from complex food samples and 
enhanced diagnostic reliability. The platform achieved 
ultralow LODs of LOD of 1.76 × 10-4 nM for kanamycin, 
1.18 × 10-4 nM for 17β-estradiol, and 1.29 × 10-4 nM 
for Pb2+, indicating the excellent sensitivity achievable 
through magnetic-assisted nucleic acid amplification 
approaches. This study highlights some important 
benefits of MNP-based microfluidics, like efficient target 
enrichment, compatibility with multiplex analysis, and 
reduced nonspecific interference. Nevertheless, the system 
also proves current constrains associated with nucleic acid 
amplification-based sensing, such as relatively high assay 
costs, increased operational complexity, and complicated 
probe design.

Magnetic manipulation approaches have also revealed 
important potential for visual and portable heavy metal 
detecting.

A valuable work reported a microfluidic magnetic 
manipulation system exploiting Au-coated MNPs and 
phosphorothioate-ribonucleic acid (PS-RNA) probes 
for visual analysis of Hg2+.38 In this system, PS-RNA 
probes were anchored onto Au-coated MNPs through 
Au–S and biotin-avidin bindings and subsequently 
integrated with polystyrene microspheres to create a self-
assembled configuration known as a MAPP bead. In the 
Hg2 + presence, PS-RNA cleavage induced departure of 
the polymeric and magnetic elements. Following MNPs 
magnetic removal, cleaved microspheres accumulated 
within a particle trap, generating a visible strip whose 
length associated with Hg2+ amount. The platform 
exhibited a LOD of 21.9 nM with high selectivity for Hg2+. 
However, the sensitivity of this assay is comparatively 

Fig. 2. Schematic representation of the PMMA-based microfluidic chip featuring four integrated 3D mixers and PSA-sealed layers, designed for continuous 
flow-injection chemiluminescence detection of sulfadimethoxine. Reprinted from Wang et al32 under the Creative Commons Attribution 4.0 International 
License (https://creativecommons.org/licenses/by/4.0/).

https://creativecommons.org/licenses/by/4.0/
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lower than that achieved by more sophisticated optical 
or SERS-based methodologies, suggesting an inherent 
compromise between ease of operation and analytical 
sensitivity. Furthermore, reliance on nucleic acid cleavage 
mechanisms may constrain the assay’s robustness when 
subjected to fluctuating environmental conditions.

Beyond magnetic separation, MNPs have also 
been combined into localized sensing zones within 
microfluidic devices to improve signal generation and 
analyte capture efficiency. Magnetic materials activated 
with aptamers, enzymes, antibodies, or encapsulated 
reagents can be selectively retained in sensing chambers 
using external magnetic fields, thereby minimizing 
analyte loss and improving reaction localization. In this 
regard, hybrid magnetoliposomes (h-MLs) containing 
hydrophobic Fe3O4@AuNPs-C12SH nanoparticles and 
encapsulated N-acetylcysteine were used for sensing 
aminoglycoside antibiotics, including streptomycin, 
kanamycin, neomycin, and gentamicin.39 In this 
system, magnetoliposomes activated simultaneously 
as reagent concentrators and magnetic carriers within 

the microfluidic detection region. The interaction with 
o-phthalaldehyde resulted in the formation of fluorescent 
isoindole derivatives, yielding signals that correlated 
directly with the analyte concentration. This approach 
exemplifies the multifunctional potential of MNP-based 
systems, wherein magnetic enrichment, reagent delivery, 
and signal amplification are seamlessly integrated into 
a unified platform. Nonetheless, the synthesis of hybrid 
magnetoliposomes is comparatively intricate and may 
pose challenges regarding scalability for mass production 
and commercial application.

The existing microfluidic sensor landscape, especially 
those utilizing MNPs, demonstrates an important 
deficiency in analyte identity in environmental and food 
samples, mostly concentrating on optical methods such 
as fluorescence and colorimetric sensors. The restricted 
scope underscores the necessity for a more extensive 
range of methods for identification to effectively leverage 
the distinctive characteristics of MNPs. Subsequent 
investigations ought to examine alternate techniques, 
including electrochemical, electrochemiluminescence, 

Fig. 3. Schematic representation of the synthesis approaches for magnetic nanoparticles and the ‎surface functionalization mechanisms, including phase 
transfer and ligand exchange. Reprinted ‎from Adeeyo et al67‎ under the Creative Commons Attribution (CC BY) license (https://creativecommons.org/
licenses/by/4.0/).

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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and photoelectrochemical sensors employing MNPs, 
which may provide improved sensitivity and specificity. 
Researchers should concentrate on optimizing 
microfluidic system designs to improve fluid manipulation 
and analyte capture efficiencies, integrating multi-modal 
sensing platforms that amalgamate diverse detection 
techniques, and establishing standardized protocols 
to ensure reproducibility and facilitate comparative 
evaluations across studies. Implementing these tactics 
will improve the functioning and effectiveness of MNP-
based sensors, hence augmenting their contributions to 
environmental monitoring and food safety evaluations.
Quantum dots 
Quantum dots (QDs) are semiconductor nanocrystals 
with excellent optical and electronic features because of 
their nanometer-sized diameters.69 QDs could contribute 
to biosensor construction in two ways: by providing signal 
amplification and by modifying the sensor screen. Within 
microfluidic systems, QDs mainly function as signal 
amplification elements, fluorescent signal transducers, 
or surface-modification materials to enhance diagnostic 
sensitivity and multiplexing ability.

Among various QDs, cadmium telluride (CdTe) QDs 
have been broadly explored owing to their outstanding 
fluorescence function and facile synthesis. Zhang’s 
group reported a new paper@QDs@molecularly 
imprinted polymers (MIPs) fluorescent probe toward 
2,4-dichlorophenoxyacetic acid (2,4-D) using electron-
transfer-triggered fluorescence quenching procedure.40 
The detecting procedure relied on electron-transfer-
induced fluorescence quenching between the imprinted 
QD structure and the analyte. The resulting system 
displayed a low LOD of 0.12 μM with low analysis time 
18 min, while preserving low cost, portability, and 
simple post-processing necessities. Despite the superior 

analytical capabilities of CdTe QDs, concerns regarding 
their environmental and biological safety persist and 
warrant comprehensive further investigation.

To mitigate toxicity issues related to cadmium-
based quantum dots, research has focused on 
alternative semiconductor NMs that exhibit enhanced 
biocompatibility. For example, a zinc selenide (ZnSe) 
QDs were successfully synthesized using ion imprinting 
technology and incorporated into 3D rotary μPADs. 
This innovative approach enables the selective and 
simultaneous determination of cadmium ion (Cd2+) 
and Pb2 + .41 In contrast to CdTe QDs, ZnSe QDs are 
characterized by lower toxicity and greater environmental 
friendliness. Furthermore, this innovation has enhanced 
the device's portability by converting the liquid phase of 
ZnSe QDs@ion imprinted polymers to solid glass fiber 
paper. The shift from liquid-phase to solid-state sensing 
constitutes a significant progression in the development 
of field-deployable microfluidic systems. Nevertheless, 
ion-imprinting methodologies may continue to encounter 
challenges related to suboptimal binding kinetics and 
incomplete removal of template ions, which could 
adversely impact both selectivity and reproducibility. 
Furthermore, the long-term fluorescence stability of ZnSe 
QDs under diverse environmental conditions has not 
been comprehensively investigated.

In contrast to conventional quantum dots composed 
of heavy metals, graphene quantum dots (GQDs) 
provide environmentally benign sensing platforms 
while preserving robust fluorescence characteristics. The 
fluorescence behavior of GQDs can be modulated via 
interactions with metal ions, leading to either fluorescence 
enhancement or quenching phenomena, which are 
advantageous for the sensitive detection of analytes. In 
this context, Abdollahian et al outlined the production 

Fig. 4. The process of identifying various chemical contaminants involves the integration of an aptamer sensor with hybrid chain reaction amplification within 
a microfluidic platform. Reprinted with permission from Chen et al.37 Copyright 2026 American Chemical Society.
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of different thiolated-GQDs to enable the simultaneous 
multi-sensing of heavy metal ions through one-droplet 
OD-µPADs.42 Functionalized GQDs were successfully 
synthesized and immobilized on hydrophobic fiberglass 
using a straightforward manufacturing and assembly 
approach. This method enables the colorimetric detection 
of various ions such as Cu, Fe, Hg, Co, manganese, chrome, 
and Ni. To achieve this objective, GQDs are modified with 
different organic compounds like mercaptopropionic acid 
(MPA), decanethiol, and cysteamine to facilitate targeted 
electrostatic interactions with metal ions. Ultimately, this 
efficient and simple colorimetric platform was employed 
to easily detect metal ions in simulated environmental 
fluids and human urine. This technology has the potential 
to be developed into a commercial device for identifying 
contaminants by individuals without professional 
expertise in environmental and biomedical fields. 

Recent studies have also focused on heteroatom-
doped GQDs to improve fluorescence stability, 
selectivity, and multifunctionality. In this regard, Qian 
and colleagues introduced an innovative fluorescent 
sensor designed to differentiate and track TCs, oxazine-
modified fluoroquinolones (OFQs), and alkane-modified 
fluoroquinolones (AFQs). This sensor is based on multi-
doped GQDs (M-GQDs) containing phosphorus, nitrogen 
(N), and fluorine atoms.43 The M-GQDs demonstrate 
robust blue emission at 419.0 nm and exceptional stability, 
providing a basis for the convenient discrimination and 
sensitive tracking of TCs, OFQs, and AFQs. Particularly, 
the fluorescence of M-GQDs is inhibited by TCs through 
the process of inner filter effect (IFE). Additionally, the 
presence of AFQs leads to a redshift and amplification 
of M-GQDs fluorescence, attributed to constrained 
conformational rotation facilitated by hydrogen 
bonding, π-π stacking, and electrostatic interactions. 
In the meantime, the oxazine ring's electron-accepting 
characteristic in oxazine-modified OFQs enhances the 
emission peak at 498.0 nm and diminishes the emission 
peak at 419.0 nm, resulting in a shift in color from blue 
to cyan. However, the introduction of OFQs results in the 
observation of dual emission peaks, which is ascribed to 
electron transfer (ET) induced by the presence of oxazine 
rings in the structural composition. 
Carbon dot (CDs)
Carbon dots -based fluorescent platforms have fascinated 
more considerations to screen pesticide residues with 
exceptional low LOD, high sensitivity, tunable emission, 
and photo-stability.70 In this regard, a dual-emission CDs-
centered nonenzymatic fluorescent scaffold is designed, 
which displays exceptional selectivity and sensitivity 
in simultaneously sensing glyphosate and parathion-
methyl.71 Carbon dots with emissions at 660 nm red 
emission CDs (rCDs) and 440 nm blue emission CDs 
(bCDs) are created through hydrothermal treatment of 
sodium hydroxide and mulberry leaves. Blue emission 
CDs react to hydrolyzed parathion-methyl through an 
internal filter effect, whereas rCDs detect glyphosate 
with the help of Cu2 + upon static quenching influence. 

Good linear ranges were found for glyphosate (1.0-110.0 
μM) and parathion-methyl (0.3-65.0 μM) with LOD 
at 0.14 and 0.60 μM. Additionally, ratiometric system 
association with facile substrates like smartphones, 
and μPADs would be favorable for visual and on-site 
pesticide identification.72 3D μPADs are well-matched 
with chemiluminescent and electrochemistry nanoprobes 
for the quantification of pesticide residues, and the 
amalgamation of fluorometry sensors and 3D μPADs 
is promising for analysis. In this context, a ratiometric 
fluorescent tactic incorporating threaded 3D μPAD 
was initially advanced for organophosphorus pesticide 
diagnosis in agricultural samples.45 Via solvothermal 
treatment of cilantro, rCDs were produced. Dichlorvos 
(DDVP), a common organophosphorus, precisely 
suppressed butyrylcholinesterase function to generate 
cascade responses in the sensing system. As the 
concentration of DDVP increased, the fluorescent 3D 
μPAD images visually ranged from red to yellow. In actual 
sample analysis, threaded 3D μPAD successfully inhibited 
the sample pigments interference for organophosphorus 
determination. The fluorescent images offered distinct 
color variations with pesticide concentrations ranging 
from 2.5 to 120 μg L-1 and LOD of 1.0 μg L-1. The brilliant 
performance of 3D μPAD delivered a background-
free, instrument-free, and accurate substrate toward 
organophosphorus and showed great potential in 
environmental, and food safety monitoring grounds. 
More recently, by combining the CDs with a well-
developed enzymatic cascade enhancement platform, 
an IFE -derived fluorescence immunoprobe is designed 
for highly sensitive detection of cefquinome in milk 
samples.46 In this work, the N-doped CDs are constantly 
manufactured through a simple microfluidic approach 
at 90 °C, and their quantum yields achieved 19.2%. The 
properties of the gained CDs can be monitored in real 
time in order to synthesize CDs with particular features. 
The fabricated fluorescence immunoprobe delivered a 
low LOD of 0.78 ng mL-1, which satisfied the maximum 
residue limit established via authorities. This probe 
shows a good linear range of 0.013-1.52 ng mL-1 with 
an 50% inhibition concentration of 0.19 ng mL-1 against 
cefquinome. In comparison with classical techniques, 
the microfluidic probe was further flexible on CDs and 
the designed fluorescence scaffold was eco-friendlier and 
highly sensitive toward ultra-trace cefquinome residue 
exploration. In another example, Li et al reported a 3D 
ratiometric fluorescence probe using the Cu and N co-
doped CDs (N, Cu-CDs) for effectively sensing quercetin 
(QCT) and tetracyclines (TCs).47 The N and Cu-CDs are 
made from anhydrous Cu chloride and ethylene diamine 
tetraacetic acid (EDTA) as precursors by hydrothermal 
procedure and show bright blue fluorescence with 
brilliant optical stability. Upon the existence of the 
chlortetracycline (CTC), TC, doxycycline (DOX), and 
oxytetracycline (OTC), the N, Cu-CDs fluorescence 
intensity was directly quenched owing to the internal 
filtration influence, and the LOD found upon sole-signal 



Karimzadeh et al

   BioImpacts. 2026;16:33736 11

fluorescence identifying is as low as 28.8 nM for CTC, 
37.2 nM for TC, 23.8 nM for DOX, and 43.8 nM for OTC. 
Considerably, a 3D ratiometric fluorescence system for 
sensing QCT is suggested using the presence of another 
emission at (490 nm and 410 nm) as a result of the 
electron transform procedure. This newfangled technique 
displays a low LOD of 59.3 nM with a broad linear range 
of 10-100 μM. Additionally, a dual-channel fluorescence 
detecting scaffold using μPADs is successfully advanced 
for simultaneous on-site discrimination of TCs and QCT. 
Tong’s group introduced a laser-printed μPADs chip 
charged with multicolor fluorescence systems to quickly 
determine CAP, OTC, and sulfamethazine (SMZ).48 
These “fluorescence off” identification systems assembled 
using CDs integrated with molybdenum disulfide (MoS2) 
nanosheets (acceptor) and aptamers (donor) (CD-apt-
MoS2) are according to Förster resonance energy transfer. 
After the target antibiotics were added, the fluorescence 
response in the μPAD could be meaningfully detected 
using a 3D-printed portable identification box via a 
smartphone. This μPAD enabled a fast reaction (15 min) 
for CAP, OTC, and SMZ with significant sensitivities of 
0.34, 0.48, and 0.47 ng mL-1, respectively. To sum up, this 
paper-based probe can be provided new horizon for high-
throughput, on-site, and rapid recognition approaches 
and would be broadly utilized in point-of-care-testing 
(POCT) in food safety.

Despite the increasing attention towards CDs for their 
potential applications as nanosensor, the reproducible 
and rapid synthesis of CDs remains a critical challenge 
for achieving scalable production and practical 
utilization. The microreactor system was utilized to 
continuously produce functionalized CDs with a high 
degree of uniformity. Sulfur and N co-doped CDs were 
synthesized from citric acid and L-cysteine using a 
coiled microreactor within a 10-minute. The resulting 
N, S co-coped CDs displayed a nearly spherical shape 
with an average diameter of 2.8 nm and demonstrated 
intense blue fluorescence when stimulated by ultraviolet 
light, achieving a notable quantum yield of 68.2%. The 
fluorescence was able to be specifically suppressed by 
Cd2 + and was proven to be well-suited for the sensitive and 
highly selective detection of Cd2+. The N, S co-doped CDs 
achieved a LOD of 0.705 nM over a broad linear range 
from 0 to 2.67 µM.49 Environmental and instrumental 
fluctuations are common reasons for error in smartphone-
based microfluidic systems, meaningfully impacting the 
precision of diagnostic measurements. In this context, 
spotting the reference and sample concurrently and in 
close proximity compensates for the fluctuations. The 
"dual-spot" design bears resemblance to the double-
beam method engaged in spectrophotometry, aiming to 
minimize fluctuations in the outcomes. The fundamental 
assumption is that any factors affecting the color 
intensity in the detection zones, whether instrumental 
or environmental, will have a similar effect on the color 
intensity in the control zone under the same conditions. 
Herein, a ratiometric μPAD, functionalized with a mixture 

of red-emissive ethidium bromide and green-emissive 
CDs, was established for the selective determination of 
the analyte.50 The fluorescence produced by the CDs is 
suppressed by both Fe3+ and ascorbic acid (AA); therefore, 
NaF was incorporated into the 3D connector as a masking 
agent to eliminate the disruptive influence of the Fe3+ ions. 
The color changes were observed under an ultraviolet 
(UV) lamp, with images captured using a smartphone, 
and the RGB intensities were analyzed using the Color 
Grab application. The suggested dual-spot technique 
significantly improved the device's analytical precision 
and accuracy. It resulted in a linear working range of 0 to 
125 μM and a LOD of 2.71 μM.
Polymeric nanomaterials
Polymeric nanomaterials are another fascinating 0D NMs 
in microfluidic sensing systems owing to their chemical 
stability, mechanical flexibility, ease of functionalization, 
and remarkable biocompatibility. A variety of polymer-
based nanomaterials, such as conductive polymer 
nanocomposites, molecularly imprinted polymers (MIPs), 
polymer NPs, and dendrimers, have been integrated 
into microfluidic platforms, enabling the sensitive 
determination of chemical contaminants. Therefore, the 
selectivity of analytes and signal transduction could be 
enhanced, and stable immobilization sites for recognition 
elements and biomolecules could be formed.73 Notably, 
MIP-based polymeric nanomaterials have been widely 
employed in microfluidic sensors for the selective 
identification of antibiotics, pesticides, and other 
harmful compounds in environmental and food samples. 
For example, a QDs-based molecularly imprinted 
fluorescence sensor (QDs@MIPs) integrated with an 
inertial microfluidic separation device was developed for 
the rapid determination of enrofloxacin in contaminated 
food samples.74 In this system, QDs@MIPs with a size 
of micron enabled sensitive and selective recognition, 
whereas the particle separation is efficiently enabled by a 
spiral microfluidic channel. The platform achieved a low 
LOD of 0.059 µg mL-1 and a high separation efficiency 
of 97.7% for enrofloxacin. This research emphasizes 
the potential of polymeric NMs to combine sample 
separation, pretreatment, and determination into a 
unified microfluidic platform for the rapid analysis of 
food contaminants. Furthermore, a chromatographic 
paper-mantled 3D-printed microfluidic hybrid device 
was fabricated for the swift colorimetric detection of As³⁺ 
utilizing very minimal sample volumes.75 Here, arsine 
gas produced in situ interacts with Ag(I) ions that are 
immobilized on the paper detection zone, resulting in the 
formation of dark brown silver arsenide, sensitive and 
selective detection of arsenic. The platform demonstrated 
a low LOD of 3 µg L-1 in a linear detection range of 100-
1000 µg L-1. Moreover, it displayed excellent selectivity 
against other metal ions. This work further highlights 
the profits of paper-based materials combination with 
microfluidic architectures to form cost-effective and 
portable sensing systems.
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Two-dimensional NMs
Two-dimensional NMs consist of thin layers that can be as 
thin as a single atomic layer and extend in two dimensions, 
indicating that two dimensions of the 2D NM are beyond 
the nanoscale (greater than 100 nm). The material contains 
nanoflake, nanosheet, nanoplate, and nanolayers. Owing 
to their great specific surface area, modifiability, and 
attractive chemical and physical features, 2D NMs have 
garnered growing interest and attention from different 
scientific grounds, including microfluidic platforms.15 
Among these materials, graphene, reduced graphene 
oxide )rGO(, graphene oxide )GO(, and are commonly 
employed in microfluidic systems, while other materials 
such as Au@graphitic carbon nitride (g-C3N4) nanosheet 
and MoS2 nanosheet are also exploited due to their 
distinctive properties and advantages.76

Graphene oxide 
GO has sparked significant scientific interest in (bio)sensing 
utilizations thanks to its excellent fluorescence quenching 
ability, wide contact area, good water dispersibility, 
biocompatibility, tunable chemical and physical 
characteristics, and ease of surface modification.77,78 
Numerous researchers have employed GO materials like 
rGO. The investigators explored the impact of different 
DNA nanoprobe attachment techniques on the sensitivity 
of rGO transistors. This included long capture tests 
using π-π stacking interaction, short capture tests using 
π-π stacking interaction, and covalent immobilization 
through a linker. Based on research findings, the rGO 
transistor performed well in terms of sensitivity and 
stability during the extended capture test.79 Microfluidic 
mixing is utilized to coat GO nanoflakes with cationic 
lipids for gene delivery. Single lipids and GO layers are 
blended in a regulated microfluidic environment and 
found to form homogeneous nanohybrid composites 
with surface charge and appropriate size.80 

Mechanical exfoliation remains one of the most 
widely adopted methods for producing highly ordered 

graphene structures for sensing applications.51 Graphene 
exfoliated on 285nm thick silicon dioxide (SiO2) 
using based on the scotch tape method. Then, it was 
employed to construct a microfluidic-derived graphene 
field effect transistors (FET) platform based on the Cr/
AuNS as source-drain chips and e-beam lithography. 
The graphene on the established FET was engineered 
via 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC)/N-hydroxysuccinimide (NHS) to anchor anti-
chlorpyrifos on its interface for the chlorpyrifos detecting 
(an organophosphate (OP) insecticide) (Fig. 5). The 
construction of a FET-derive probe upon graphene was 
also operative enough to determine chlorpyrifos through 
exploring immunoreactions. The graphene FET exhibited 
can detect chlorpyrifos with a LOD of 1.8 fM and a linear 
range of 1 fM -1 µM. 

In another study, Chungchai et al reported a novel 
3D-μPAD for colorimetric determination of chlorpyrifos 
based on the GQD capped Au nanostructures (AuNPs-
GQDs).52 The 3D-μPAD was constructed through a 
one-step polymer-screen-printing procedure, without 
requiring baking or heating the device. The simple 
production technique provides a foldable tool that contains 
both sampling and testing sheets. Acetylcholinesterase 
enzyme-catalyzed hydrolysis of ATCh yields thiocholine, 
which then binds with aggregated AuNPs-GQDs. The 
colorimetric examination relies on the hue alteration that 
happens in AuNPs-GQDs upon binding with thiocholine. 
Au NPs are synthesized through GQDs as capping and 
reducing agents. This probe could identify chlorpyrifos 
via ImageJ diagnosis with a LOD of 0.0007 μg mL-1 and a 
linear range of 0.001-1.0 μg mL-1. The designed 3D-μPAD 
can sense chlorpyrifos with percent recoveries ranging 
from 93.0 to 104.6% and RSD ranges of 0.3 - 1.6 in vegetable 
samples. More recently, Kunpatee’s group introduced 
an electrochemical paper-centered tool for the real-time 
separation and simultaneous detection of carbaryl (CBR) 
and carbofuran (CBF).53 The technology integrated 

Fig. 5. Mechanically exploited graphene for the fabrication of microfluidic-based graphene probe toward chlorpyrifos sensing. Reprinted from Islam et al51 
under the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

https://creativecommons.org/licenses/by/4.0/
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an electrochemical sensor and paper chromatography 
into a sole platform to enhance the detection selectivity 
of the two pesticides. The two carbamate separations 
throughout the simultaneous diagnosis of CBR and CBF 
are recognized based on alterations in the substance's 
motions on the chromatographic paper in the moving 
phase flow. The isolated pesticides were confirmed 
electrochemically using an amperometry technique. The 
suggested probe affords a linear range for the detection 
of two pesticides from 0.1 to 2.0 and 0.5-7.5 mg L-1, with 
LODs of 0.06 and 0.40 mg L-1 under optimal conditions, 
which comprise the influence of the separation channel, 
mobile phase, and applied potential. Besides, they can 
effectively identify CBR and CBF in water, cabbage, and 
cucumber samples. This established electrochemical 
paper-based device (ePAD) is low-cost and uses a low 
sample amount. Additionally, it is portable, disposable, 
and a hopeful device for real-time pesticide screening in 
real samples.

In order to enhance the sensitivity and specificity 
of microfluidic sensing systems, there has been a 
growing incorporation of functional NMs into sensor 
platforms. This integration is attributed to the distinctive 
physicochemical properties of these NMs, such as 
their elevated catalytic activity, superior capacity for 
biomolecule immobilization, and accelerated electron-
transfer (ET) dynamics. Among these, rGO stands out as 
a highly desirable material due to its exceptional electrical 
conductivity, strong chemical stability, and significant 
specific surface area, rendering it highly attractive in 
biosensor applications. In this study, a composite Ag 
NPs/rGO/flower-like Ni hydroxide (Ni(OH)2) was 
fabricated on nickel foam (NF) via a straightforward one-
step hydrothermal method, notably without employing 
nickel precursor salts.55 The three-dimensional porous 
architecture of the NF, in conjunction with the extensive 
surface area of rGO and the flower-like morphology of 
Ni(OH)₂, alongside the superior electrical conductivity of 
AgNPs, collectively contributed to a high density of active 
sites and facilitated rapid electron-transfer kinetics during 
electrochemical sensing. These synergistic characteristics 
markedly improved the signal amplification performance 
of the sensing platform. The fabricated probe displayed 
the exceptional capability for screening of Pb2 + ranging 
from 0.01 μg L-1 to 2100 μg L-1 with a low LOD of 0.00464 
μg L-1. Additionally, this mobile device has been effectively 
showcased for the identification of Pb2 + (ranging from 
0.01 μg L-1 to 2100 μg L-1) in river water (LOD = 0.00498 
μg L-1), and fish (LOD = 0.00566 μg L-1).
Other 2D nanomaterials
In recent years, transition metal dichalcogenides (TMDs) 
have emerged as an important class of 2D NMs for 
biosensing and microfluidic applications.81 Transition 
metal dichalcogenides share similarities with graphene 
but exhibit lower thinness and mechanical strength while 
demonstrating superior electrical conductivity due to 
their direct gap band structure. 

Among the various TMDs, MoS₂ has been the most 

broadly explored in microfluidic systems owing to its 
large surface area, excellent electrical conductivity, 
favorable chemical stability, and tunable optical 
properties. To further enhance the electrochemical 
function of MoS₂ nanosheets, nanohybrid composites 
consisting of metal NP-decorated MoS₂ structures are 
frequently developed and integrated into microfluidic 
devices. This approach preserves the unique properties 
of both MoS2 nanosheets and metal NPs, while also 
introducing novel attributes arising from their synergistic 
combination.82 In this context, an innovative ratiometric 
fluorescent assay based on the amalgamation of europium 
ion (Eu3+) and MoS2 QDs, expanded the use area of MoS2 
QDs.56 Ultrafine and uniformly dispersed MoS₂ QDs 
were successfully synthesized via a straightforward one-
step hydrothermal approach. The resulting MoS₂ QDs 
demonstrated a fluorescence emission peak centered 
at 470 nm when excited at 400 nm. This particular 
excitation wavelength was chosen because it produced 
comparable fluorescence intensities for both Eu³⁺ ions 
and MoS₂ QDs, thereby facilitating the development of a 
robust ratiometric fluorescence system. In the existence 
of MoS₂ QDs, the characteristic emission peak of Eu³⁺ 
was meaningfully improved, thereby establishing a dual-
emission ratiometric sensing mechanism. This approach 
minimized environmental interference and enhanced 
analytical accuracy. This probe can detect TC with a LOD 
of 2 nM and a wide linear range of 10 nM-60 µM. 

Most MoS2 QDs-based probes encounter inherent 
issues with selectivity and photostability due to the 
absence of functional modification. Recent studies 
have indicated that addressing these limitations can be 
achieved through heteroatom doping, specifically by 
introducing N or sulfur. This is an effective approach to 
enhance the characteristics of QDs. Nevertheless, there is 
a pressing need to develop a N-doped MoS2 QDs-based 
sensing system that can operate with high sensitivity in 
microfluidic logic gates to fulfill the requirement for multi-
target sensing. In this context, N-doped MoS2 QDs were 
prepared and developed as fluorescent probes for dual-
target sensing and microfluidic logic gate operations.57 
By deliberately adjusting the aggregation and dispersion 
of QDs, N-doped MoS2 QDs can function as dual-target 
fluorescence probes with the ability to sequentially 
detect Fe3 + and/or AA through a fluorescence "on-off-
on" mechanism. This study examines the fluorescence 
quenching process between N-doped MoS2 QDs and Fe3+ 

ions. This dual-target sensor has the potential to serve as a 
fluorescence logic gate for the visual quantification of Fe3+, 
AA, and their mixture. In addition, they have developed 
a microfluidic logic gate by controlling the fluorescence 
change of N-doped MoS2 QDs. The consistent large-
scale production of high-quality TMD with precise 
control over thickness, morphology, and defect density 
continues to present significant challenges. Furthermore, 
comprehensive studies are necessary to evaluate the long-
term stability and potential environmental effects of 
TMDs under practical operational conditions.
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Three-dimensional NMs
3D NMs are materials that extend beyond the nanometric 
scale and are constructed from low-dimensional 
nanostructures, such as 0D, 1D, and 2D units. 3D NMs 
(including covalent organic frameworks (COFs), metal-
organic frameworks (MOFs), and nanocomposites with 
various buildings like nanostars and nanoflowers) have 
been utilized in microfluidics for the identification of 
chemical contaminants.83

MOFs and COFs
The combination of the µPAD system with MOFs can be 
a hopeful substitute to construct a nanocomposite taking 
profit from the simplicity and permeability of capturing 
the MOF's performance and cellulosic paper.83,84 One 
representative example of a MOF-integrated µPAD for 
the determination of total phenolic compounds in fruit 
samples.58 The designed probe was optimized with respect 
to MOF amount, sample volume, and design. Additionally, 
to control the correct hybridization, the ZIF-8@paper 
was characterized in depth based on scanning electron 
microscopy (SEM), powder X-ray diffraction (p-XRD), 
and Fourier-transform infrared (FT-IR). Subsequently, 
the established technique was effectively used to total 
phenolic compound identification in actual fruit samples 
(strawberry, blueberry, apple, pear, and grapes) with a 
diverse number of phenolic compounds, comparing the 
outcomes with the classical spectrophotometric technique 
as standard values. 

Using integrated MOF with Au microelectrode (µE), 
a new electrochemical micro analytical device (EµAD) 
was developed for chlorpyrifos determination.59 MOF 
are used as a matrix unit to construct EµAD incorporated 
with the AChE enzyme to enable the sensitivity and 
specificity of the sensor. The applicability of the EµAD 
probe for chlorpyrifos sensing in actual vegetable 
samples has also been explored (Fig. 6). The current 
study incorporates the EµAD with a portable potentiostat 
(k-Stat) with a bluetooth interface, which enables overall 

device miniaturization for real-time OP determination. 
More recently, Rashid’s group introduced an effective 
approach for the fabrication of an S-scheme flower-like 
NiSe-Fe3O4/C heterostructure stemmed from MIL-88(Ni/
Fe) and employed toward TC photo-degradation in an 
as-prepared spiral form microfluidic photoreactor.85 
Design of the Fe3O4 (as a p-type semiconductor), and 
NiSe heterostructure (as an n-type semiconductor), not 
only show brilliant activity owing to their photoexcited 
charge transfer and good conductivity but also owing 
to their magnetic capability to enhance the regeneration 
and separation of photocatalyst with the help of external 
magnetic field after the treatment procedure.86 In addition, 
the combination of different characterization methods, 
design of experiment models, and density functional 
theory calculations, with the help of microfluidic chips 
are applied for assessing the building performance 
relationships. Meng and coworkers employed a biological 
barcode NM using a MOF to enhance the response of an 
aptamer toward streptomycin finding great diagnostic 
recognizability (LOD of 4.5 pM). The detecting interface 
was basically constructed by anchoring a mixed mono-
sheet of 6-mercapto-1-hexanol (MCH) and thiolated 
cDNA/aptamer duplexes on the AuNPs modified screen 
printed carbon electrodes (SPCE). Then, a MOF-derived 
biological barcode is integrated into the modified surface. 
Metal-organic framework is a new material that gives 
high surface area with great pore volume and in this study 
was modified with AuNPs to attach the bar codes (DNA 
strands). Therefore, a high volume of DNA strands could 
be immobilized causing a greater redox probe adsorption 
(applied for indirect detection of streptomycin). This 
nanoprobe is selective to other antibiotics like OTC, 
kanamycin, and CAP, and can be used for the exploration 
of spiked milk samples, that have membrane filtration, 
and centrifugation. No data on the nanoprobe stability 
was given.60

Wang et al61 introduced a dual catalytic enhancement 

Fig. 6. Schematic of the step-wise electrode (EµAD) construction toward chlorpyrifos sensing. The system comprises the Au microelectrode with the all-in-
one electrochemical analyzer and microfluidic substrate for the identification of electroactive species. Reprinted with permission from Nagabooshanam et 
al59 under the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

https://creativecommons.org/licenses/by/4.0/
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Fig. 7. Diagram of microfluidic applications integrated with AI. Reprinted from Tsai et al89 under the Creative Commons Attribution 4.0 International License 
(https://creativecommons.org/licenses/by/4.0/).

approach utilizing Fe3O4 nanozyme-supported carbon 
QDs (C-dots)@Ag-MOFs as current amplification 
components. According to this approach, a new 
electrochemical microfluidic paper-based chip was 
developed for the detection of parathion-methyl, a 
significant insecticide. Fe3O4/C-dots@Ag-MOFs were 
produced through a hydrothermal process, followed 
by the synthesis of a MIP on the modified surface using 
parathion-methyl as a template molecule. Subsequently, 
the reaction area of a chip was tailored with MIP/Fe3O4/C-
dots@Ag-MOFs. Parathion-methyl present in the sample 
presented into the response region was captured by the 
MIP, resulting in a decreased current response at -0.53 
V (vs. Ag/AgCl reference electrode) in a three-electrode 
system integrated within the chip. Simultaneous catalysis 
via Ag-MOFs and Fe3O4/C-dots considerably boosted the 
signal. The microchip demonstrated a LOD of 11.6 pM and 
was effectively utilized for quantifying parathion-methyl 
in environmental samples and agricultural products 
with recovery rates of 82.7%-109%. By integrating a dual 
catalytic amplification approach with the MIP method, 
this platform substantially enhanced the sensitivity and 
specificity of the microfluidic paper-based chips. 

Covalent organic frameworks have garnered significant 
interest because of their advantageous characteristics, 
such as structure adjustability, good aperture, abundant 
functional groups, and exceptional adsorption capabilities, 
which make COFs highly promising for applications in 
sensing, storage, catalysis, sample preparation, and other 
related fields.83 For instance, a rational design of COF 
activated with artificial anodic aluminum oxide (AAO) 
as a microfluidic system was reported for the precise and 
rapid quantification of Hg.62 As a proof of concept, a COF 
linked with thiourea (JNU-3) as the recognition element 
is covalently attached to the stable AAO nanochannels in 
order to create a microfluidic sensor based on JNU-3@
AAO. The high specific affinity of thiourea-connected 
JNU-3 to Hg(II) and its well-structured channels would 
enhance the kinetics and selectivity of JNU-3@AAO for 
detecting Hg(II) with a broad concentration range (0.01-
100 pg mL-1), low LOD (3.28 fg mL-1), and good precision. 
The established technique was effectively utilized to 
analyze the levels of Hg in certified reference material 

A072301c (rice powder), rice samples, and real water, 
yielding recoveries ranging from 90.4% to 99.8%. This 
study demonstrates the significant promise of utilizing 
COFs-modified solid-state microfluidic channels as 
a sensor for the accurate and rapid identification of 
pollutants in complex samples.

Numerous existing systems continue to depend on 
complex synthesis methodologies, exhibit limited material 
stability under harsh environmental conditions, and 
demonstrate relatively poor long-term reproducibility. 
Furthermore, the incorporation of MOFs and COFs into 
flexible and scalable microfluidic platforms remains a 
significant technical challenge, primarily due to issues 
related to material immobilization and the preservation 
of structural integrity during continuous fluid flow. 
Consequently, future research should prioritize the 
development of environmentally stable and cost-effective 
framework materials, the enhancement of integration 
techniques for portable and wearable sensing devices, and 
the investigation of multifunctional hybrid structures that 
synergistically combine MOFs or COFs with conductive 
NMs, enzymes, aptamers, or molecularly imprinted 
polymers.

Intelligent microfluidics
AI encapsulates the emulation of human cognitive 
functions by machines, chiefly computational systems. 
These cognitive functions encompass learning, logical 
deduction, and adaptive modification.87 The utilization 
of AI technologies is progressively prevalent across 
numerous domains, aimed at streamlining operations, 
augmenting efficiency, and refining decision-making 
frameworks.88 The incorporation of machine learning with 
microfluidics is emerging in novel and innovative forms, 
leading to the development of new scientific research 
that is increasingly being referred to in the literature as 
“intelligent microfluidics”, which is depicted in Fig. 7.89-91

Microfluidics inherently produces large volumes 
of data by efficiently performing automated tasks at 
the micrometer scale. However, effective control and 
information extraction from these processes necessitate 
the automatic retrieval and processing of the data 
generated by the platform.92 A frequently cited example 

https://creativecommons.org/licenses/by/4.0/
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that leverages this interaction is microdroplet generation, 
a highly studied high-throughput process to which 
microfluidics has significantly contributed. In this notably 
fascinating context, machine learning algorithms served 
as tools to enhance the optimization of microdroplet 
generation and their identification through “barcodes.” 
These barcodes, which may consist of substances such 
as DNA or dyes, or specific droplet sequences, enable 
the differentiation of the contents of one droplet from 
another.93,94 Concurrently, machine learning has been 
shown to represent a novel and compelling approach 
for optimizing microfluidic platforms, including the 
refinement of device geometries and the modulation 
of fluid flow within these systems.95 An additional 
noteworthy contribution in this domain was presented 
by Rizkin et al, who developed an advanced microreactor 
system to investigate polymerization reactions utilizing 
infrared thermography combined with deep learning 
techniques.96

Furthermore, when investigating flow distribution 
within a microfluidic chip from a theoretical or 
simulation-based perspective, the Navier-Stokes 
equations are widely recognized as providing an 
accurate representation of the dynamics of viscous 
fluids. Nonetheless, the existence of general solutions to 
these equations remains unresolved, constituting one of 
the seven Millennium Prize Problems identified by the 
Clay Mathematics Institute.97 Furthermore, non-ideal 
factors affecting microfluidic devices, such as surface 
roughness, intricate geometrical configurations, and 
multiphysics interactions, can progressively complicate 
the determination of the flow distribution.98 Machine 
learning is increasingly demonstrating its potential in 
this domain by approximating flow dynamics in real-
time scenarios, rapidly changing, where traditional finite 
element method (FEM) simulations are prohibitively 
time-consuming.99 For instance, a deep learning 
methodology has been developed to simulate particle 
manipulation by employing a neural network capable 
of capturing the underlying flow physics from particle 
motion and fluidic control inputs.100 Subsequently, the 
system was incorporated into a reinforcement learning-
based controller, an approach that will be examined in 
greater detail in the following sections, to enable a smart 
fluidic micromanipulator.

The IoT comprises a constellation of interlinked 
devices capable of communicating and exchanging 
information amongst one another. These devices 
encompass a spectrum from commonplace household 
items to intricate industrial apparatus.101 Internet of things 
technology facilitates the aggregation and examination 
of substantial data volumes, thereby enabling enhanced 
surveillance, regulation, and optimization of varied 
systems.102 The amalgamation of AI and IoT harbors the 
potential to transform our engagement with technology 
and the surrounding environment. By synthesizing AI's 
proficiency in data analysis and interpretation with 
IoT's connectivity and data integration capabilities, we 

can engineer more astute and efficient systems. One 
domain where this convergence exhibits considerable 
potential is in microfluidic sensors leveraging NMs. 
The integration of AI and IoT technologies within 
microfluidic sensors, particularly those employing NMs, 
can yield the development of exceptionally sensitive 
and specific detection systems for an array of food and 
environmental samples.103 AI algorithms can process data 
acquired from these sensors instantaneously, delivering 
valuable insights and expediting decision-making 
processes. Concurrently, IoT connectivity facilitates 
remote oversight and administration of these sensors, 
augmenting their adaptability and accessibility across 
diverse applications.104

Notwithstanding the encouraging prospects associated 
with NM-based microfluidic sensors, there exists a 
significant deficiency in their amalgamation with IoT 
and AI technologies for the purpose of detecting analytes 
within food and environmental matrices. This shortfall 
is attributable to various challenges, encompassing 
the complex fabrication methodologies of NMs, the 
imperative for sophisticated signal processing to decode 
intricate data, as well as the requirement for real-time 
monitoring functionalities that IoT solutions are capable 
of offering. To rectify this predicament, interdisciplinary 
collaboration among materials scientists, engineers, and 
data analysts is crucial in order to optimize sensor design 
and advance data analysis methodologies. Furthermore, 
allocating resources towards the development of user-
centric platforms that integrate these technologies may 
promote wider adoption and progressive development, 
ultimately culminating in the establishment of more 
resilient monitoring systems for food safety and 
environmental stewardship.

Conclusion and future prospective
The widespread and improper use of chemical 
contaminants, including antibiotics, pesticides, and 
heavy metals, constitutes a significant global concern. 
This issue poses a serious threat to both the ecological 
environment and human health. Accurate and rapid 
quantification of these pollutants is crucial for ensuring 
food safety and reducing the incidence of foodborne 
diseases. Microfluidics has emerged as a powerful tool 
for the analysis of chemical contaminants, particularly 
within the context of POCT. The incorporation of NMs 
into microfluidic technology holds significant promise 
for enhancing the analytical capabilities of microfluidic 
systems in detecting chemical contaminants across 
various applications; i) Target isolation can be accurately 
regulated by manipulating the magnetic properties of 
magnetic NMs; ii) Enhanced target separation efficiency 
is attained by increasing the binding surface area of chips 
through the inherently straightforward functionalization 
process and a higher surface-area-to-volume ratio. This 
can be exemplified by the use of NPs and nanorods; and 
iii) The signal readout is enhanced in terms of multiplexity 
and sensitivity by leveraging the unique characteristics of 
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QDs and metal NMs, including their catalytic activity, 
optical properties, and electrical conductivity. Despite 
significant advancements, challenges remain, and 
certain areas require further investigation. Moreover, the 
practical application of NM-based microfluidic systems 
remains to encounter challenges, while they reveal 
outstanding analytical performance in laboratory settings. 
The construction of microfluidic devices commonly 
necessitates costly and complex processes, which may 
hinder commercialization and large-scale manufacturing. 
Additionally, the reliability between produced devices and 
the long-term stability of nanomaterials within intricate 
environmental and food matrices are substantial issues. 
A comparative analysis of sensing mechanisms, such as 
colorimetric, SERS, electrochemical, and fluorescence 
methods, exposes that each approach has unique profits 
and disadvantages based on analytical circumstances and 
the target contaminant. Also, validation with real-world 
samples, the standardization of fabrication methods, and 
cost-effectiveness must be carefully considered in advance 
of reaching extensive point-of-care and industrial 
implementation. (1) The consistent production of NP 
batches remains a significant challenge. The functionality 
of NPs is profoundly influenced by their quality, 
including parameters such as shape, size, and uniformity. 
Therefore, there is an urgent need to develop reliable 
methodologies for synthesizing NPs that demonstrate 
consistent quality, stability, and sufficient performance 
for analytical applications. (2) The primary challenges 
in ground sensing are the reproducibility and accuracy 
of results, which stem from the absence of established 
standards and normalization protocols for NM-centered 
microfluidic systems. Each NM demonstrates efficacy 
within specific parameters, highlighting the need for 
standardizing nanotechnologies to ensure consistent 
and reliable outcomes. (3) To improve the detection and 
separation capabilities of a single NM-based microfluidic 
chip, it is crucial to carefully select recognition units such 
as aptamers, antibodies, peptides, and nucleic acids. This 
selection enables controlled release and specific capture of 
target analytes. Additionally, it is essential to thoroughly 
evaluate the potential biological toxicity of NPs. (4) 
The simultaneous detection of multiple antibiotics and 
pesticides is essential due to their potential coexistence 
in contaminated food sources. A promising approach 
involves using multiple nanoprobes or employing various 
segmented regions. Therefore, it is crucial to integrate NPs 
with distinct properties—such as plasmonic, magnetic, or 
fluorescent characteristics—into a single nanostructured 
entity or to develop novel luminescent NPs that exhibit 
precise, narrow emission spectra. This strategy can help 
reduce spectral cross-talk among different diagnostic 
channels. (5) The need for specialized devices to interpret 
signals associated with point-of-care testing (POCT) poses 
a significant barrier to its widespread adoption, primarily 
due to the complexities involved in their development. 
However, there is increasing emphasis on advancements 
in this area, as demonstrated by the growing use of 

handheld and simplified tools. Instruments used to 
ensure food safety include pH meters, glucose meters, 
digital multimeters, pressure meters, thermometers, 
and AI technologies, particularly those integrated 
into mobile devices, which enable straightforward 
operation. The signals generated can be monitored in 
real time via smartphone applications equipped with self-
programming software, allowing wireless transmission of 
results to other users. 

In conclusion, the field of NM-based microfluidics 
is expected to advance alongside developments in NM 
engineering, including functionalization and synthesis, 
as well as improvements in chip design, such as cost-
effectiveness, portability, automation, and real-time 
separation and identification. Moreover, integrating 
AI and the IoT into microfluidic sensors will be crucial 
for enhancing data analytics, enabling instantaneous 
monitoring, and facilitating more effective decision-
making across various applications. Additionally, the 
broad applicability of these technologies, exemplified by 
dual-mode signal readout and multiplexed analysis, is 
likely to increase their utility. 
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