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a b s t r a c t

Microfluidic technology provides a portable, cost-effective, and versatile tool for point-of-care (POC)
bioanalysis because of its associated advantages such as fast analysis, low volumes of reagent con-
sumption, and high portability. Along with microfluidics, the application of nanomaterials in biosensing
has attracted lots of attention due to their unique physical and chemical properties for enhanced signal
modulation such as signal amplification and signal transduction for POC bioanalysis. Hence, an enormous
number of microfluidic devices integrated with nano-sensors have been developed for POC bioanalysis
targeting low-resource settings. Herein, we review recent advances in POC bioanalysis on nano-sensor-
based microfluidic platforms. We first briefly summarized the different types of cost-effective micro-
fluidic platforms, followed by a concise introduction to nanomaterial-based biosensors. Then, we high-
lighted the application of microfluidic platforms integrated with nano-sensors for POC bioanalysis.
Finally, we discussed the current limitations and perspective trends of the nano-sensor-based micro-
fluidic platforms for POC bioanalysis.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Bioanalysis technologies have improved significantly over the
past few decades [1,2]. Automation of laboratory bioanalysis tests
enhances reliability and reduces operator time in developed
countries. But most advanced bioanalysis technologies need highly
trained staff and specialized facilities. In addition, the required
equipment is usually costly and bulky [3]. Therefore, many
laboratory-based bioanalysis tests regarded as standard in devel-
oped countries are cost-prohibitive and inaccessible to clinicians in
many other countries [4]. The World Health Organization (WHO)
and others have called for new bioanalysis methods that can
function in settings with limited access to an equipped laboratory.
Point-of-care (POC) bioanalysis is a type of tests that can be
completed at or near the care site or other low-resource settings,
and Biochemistry, University
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and provide instant results without waiting days or even hours for
sample transport and laboratory processing [5,6]. The POC bio-
analysis began in 1962 by developing a rapid blood glucose con-
centrations measurement method [7]. POC technology shifted
bioanalysis from conventional diagnostic assays in clinical labora-
tory settings to near-patient settings, providing timely diagnostic
and treatment information. POC bioanalysis presents numerous
advantages such as ease of operation, low cost, the ability to pro-
vide rapid and accurate results, and little need for specialized in-
struments [8e11]. The emergence of POC bioanalysis can improve
healthcare services and patient-centered outcomes in diverse set-
tings, especially low-resource settings.

Microfluidic lab-on-a-chip (LOC) platforms have been devel-
oped quickly in the last two decades [12e14], presenting versatile
applications in chemical, biomedical, biological, and environmental
fields [15e21]. Microfluidic devices are miniaturized and only need
a small volume of body fluid, making them highly suitable for
bioanalysis such as diagnosis of infectious diseases and cancer
[22e29]. LOC technology has several advantages for POC bio-
analysis assays, such as small reagent consumption, cost-efficiency,
integration, portability, and less need for experienced personnel to
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operate [30]. That’s why the microfluidic biochips have attracted
increasing interest in both scientific research and practical appli-
cations by providing inexpensive platforms for POC applications.
However, it is still challenging for cost-effective microfluidic de-
vices to achieve high-sensitivity POC bioanalysis with minimal
instrumentation.

Nanomaterials have excellent potential in biosensing systems
because of their unique chemical and physical characteristics
[17,31,32]. Materials in the nanoscale size range have unique
structural and functional properties that are not available from bulk
materials or small molecules, which make them ideal probes for
many applications [33e36]. Nanomaterials offer outstanding opti-
cal, photophysical, electronic, and catalytic properties [37e40].
Generally, the optical (e.g., colorimetric, fluorescent, and surface
plasmon resonance (SPR)) and electrochemical properties of
nanomaterials are most extensively applied in developing bio-
sensors [41,42]. For example, nanoparticles (NPs) with eminent
extinction coefficients at desirable wavelengths, visible color
changes upon varying dimensions or dispersity, and fluorescence
emission are ideal candidates for constructing optical biosensors,
such as colorimetric and fluorescent ones [42,43]. Some other NPs
with good electronic conductivities or electrocatalytic activities are
good choices for electrochemical biosensors [26,44]. It is worth
noting that, in some cases, multiple nanomaterials work together in
a single biosensor while contributing these properties. Further-
more, metallic nanoparticles confine their electrons and produce
quantum effects and a higher quantum yield for biosensing due to
the extremely small size [45]. Dye-doped and semiconductor
crystal nanoparticles present good fluorescent properties [46].
Functionalization and modification of nanomaterials with bio-
molecules such as antibodies, enzymes or oligonucleotides can
effectively improve the analytical performance in bioanalysis
[47,48]. All these properties make nanoparticles ideal candidates
for developing novel signal generation and amplification strategies
for bioanalysis [49e54] which can complement microfluidic de-
vices for POC biosensing, especially in signal amplification and
transduction such as colorimetric detection readout from gold
nanoparticles (AuNPs) [27]. Their combination brings tremendous
advantages and potential for rapid, low-cost, and high-sensitivity
POC analysis for low-resource settings. Therefore, the integration
of nanomaterials on microfluidic devices for point-of-care bio-
analysis has attracted considerable attention due to the demands
for ultrasensitive and high-throughput bioanalysis [17,23,55,56].

This article reviews the most recent advances in microfluidic
technologies integrated with nanomaterials for bioanalysis. We
first briefly introduce different cost-effectivemicrofluidic platforms
for bioanalysis. Then, we summarize different types of nano-
particles commonly applied in biosensing, followed by various
applications of microfluidics integrated with nano-sensors for POC
bioanalysis. Finally, we discuss the current limitations of nano-
sensor-based microfluidic POC bioanalysis and perspectives.

2. Cost-effective microfluidic devices

Since the advent of microfluidic lab-on-a-chip in the 1990s [14],
a diverse range of materials have been used to fabricate various
types of microfluidic LOC platforms for different applications
[57e59]. Silicon, glass, polymeric substrates, cellulosic substrates,
and some emerging biomaterials are the most applied materials in
the fabrication of microfluidic devices [28,60e63]. Polymer sub-
strates and paper recently attracted lots of attention for fabricating
cost-effective microfluidic devices [30,55]. Based on the materials
of substrates used in microfluidic device fabrication, microfluidic
LOC platforms can be categorized as single-substrate and hybrid
microfluidic platforms. The cost-effective single-substrate
2

microfluidic platforms are mostly fabricated using polymer sub-
strates (e.g., Polydimethylsiloxane (PDMS) and Poly (methyl
methacrylate) (PMMA)) and paper substrates [64e66]. Polymer/
paper hybrid microfluidic devices can draw more benefits from
different chip substrates, and thus have drawn more and more
attention in microfluidic and bioanalysis fields and offered cost-
effective, versatile platforms for nucleic acid analysis, protein
detection, cellular analysis, etc [25,67,68]. This section briefly
summarizes polymer-based, paper-based, and paper/polymer
hybrid cost-effective microfluidic devices.

2.1. Polymer-based microfluidic devices

Reduced production costs, flexibility, ease of fabrication, rapid
prototyping, and no need for hazardous etching reagents make
polymeric materials more popular than glass in fabricating cost-
effective microfluidic devices. Thermoplastics (e.g., PMMA) and
elastomers (e.g., PDMS) are two main polymeric substrates applied
to fabricate microfluidic devices. PMMA has good compatibility
with the mass production techniques [69]. Several fabrication
techniques such as laser ablation, injection molding, and micro-
milling were applied to make microfluidic platforms using PMMA
[30,70]. PMMA-based microfluidic devices can withstand high
pressure because PMMA is rigid below the glass-transition tem-
perature. Moreover, PMMA presents several advantages such as
low intrinsic fluorescence, broadly visible transmittance, good
chemical stability, and biocompatibility. Several PMMA-based
microfluidic devices were presented for bioanalysis [71,72]. For
example, Kim et al. developed a PMMA-basedmicrofluidic platform
by bonding two PMMA plates through acetone injection using a
customized press machine [71]. The device was used for POC
detection of H1N1 Influenza A. The linear dynamic range between
0.1 and 1 ng/ml and the limit of detection (LOD) of 0.1 ng/ml were
achieved. Yang and coworkers fabricated a microfluidic device in
optically transparent PMMA to evaluate the electro-taxis of
different lung cancer cell lines [72]. The device presented well-
controlled and stable direct current electric field (2e6 V/cm), in
which lung cancer cell electrotactic responses including cell
migration, directedness, and morphology change were analyzed
under a series of electric stimuli. The nonspecific surface adsorption
of sample molecules on PMMA and its gas impermeability are some
drawbacks of PMMA.

PDMS is the most common material used in microfluidic plat-
form fabrication. PDMS can replace glass at a reduced cost in most
optical applications because of its optical transparency. In addition,
the permeability of PDMS to gas makes PDMS-based microfluidic
platforms appropriate for cellular analysis and long-time cell cul-
ture. PDMS was broadly used to fabricate microfluidic devices for
POC bioanalysis. For instance, Yin et al. applied multi-layer soft
lithography technology to fabricate a PDMS-based microfluidic
device [73]. The device was integrated with multiplex digital
recombinase polymerase amplification (ImdRPA) to combine DNA
extraction, multiplex digital RPA and fluorescence detection
together on a single chip. The LOD of the ImdRPA microfluidic
platform was 10 bacterial cells. Hao et al. fabricated a PDMS-based
microfluidic biochip using a standard soft lithography procedure to
detect E. coli O157:H7 [74]. Generations of 7-polyamidoamine
dendrimers were immobilized onto the detection surfaces of
PDMS microfluidic channels; subsequently, aptamers against E. coli
O157:H7 were conjugated onto the microchannel surfaces via the
immobilized dendrimers as templates. The microfluidic platform
detected E. coli O157:H7 as low as 100 cells/mL. One of the main
disadvantages of PDMS-based microfluidic devices is the low
specificity and sensitivity of on-chip assays because of nonspecific
adsorption of biomolecules. Moreover, exposure to reactive
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chemicals can cause the degradation of PDMS [4,75].

2.2. Paper-based microfluidic devices

In the last decade, paper has emerged as a low-cost substrate for
fabricating microfluidic platforms [18]. The main advantages of
paper substrates are extremely low cost, wide availability, dispos-
ability, user-friendliness, ease of fabrication, and compatibility with
large-scale manufacturing [76,77]. Inkjet printing, wax printing,
and photolithography are usually used to fabricate microfluidic
paper-based analytical devices (mPADs) [30]. Integration of various
functionalized components on the mPADs makes them good can-
didates for developing POC bioanalysis systems. Capillary forces
control sample handling through the patterned hydrophobic bar-
riers on the mPADs without requiring pumps. Ruecha et al. used a
wax-printing technique to fabricate a paper-based microfluidic
device coupled with a label-free electrochemical impedance
immunosensor for detection of human IFN-g [78]. A linear rela-
tionship between impedance and logarithmic concentrations of
human IFN-g was found in a range of 5e1000 pg/mL with a LOD of
3.4 pg/mL. In addition, Fan et al. developed a paper-based electro-
chemical immunosensor for the detection of cancer antigen 125
(CA125) by screen-printing technique [79]. The reduced graphene
oxide/thionine/gold nanoparticles nanocomposites were coated
onto the working electrode of the immunosensor for CA125 anti-
body immobilization and detection signal amplification. A linear
range of 0.1e200 U/mL and the LOD of 0.01 U/mL were achieved.
mPADs still face challenges such as significant variations in speci-
ficity and sensitivity, the weak mechanical property, low resolu-
tions of patternedmicrostructures, lack of optical transparency, and
low performance in liquid control [80].

In addition to the large-scale fabrication methods, some other
techniques such as pen writing-based, and knife cutting-based
methods were also presented for fabricating paper-based micro-
fluidic devices [81]. For example, Liu et al. developed a “Pen-
Writing” method for providing hydrophobic barrier-free patterned
biosensor fabrication and user-friendly bioassay operation [82]. A
rollerball pen with reagent ink was applied to directly write on-
demand patterned paper biosensors of any design. The single-
step glucose biosensor and multi-step immunosensor were pre-
pared, and themulti-analyte detection capability was presented. To
perform continuous, high-throughput fabrication and analysis, an
automatic platform via combining the reagent ink-based rollerball
pen and a desktop pen plotter was also proposed.

2.3. Paper/polymer hybrid microfluidic devices

Hybrid microfluidic devices can present combined merits of
different substrates while avoiding the drawbacks of individual
substrates. The limitations of the different single-substrate micro-
fluidic platforms have engaged the development of hybrid micro-
fluidic devices, especially cost-effective polymer/paper hybrid
microfluidic platforms [30,55]. The first paper/PDMS hybrid biochip
was developed by the Li group for pathogen detection [55]. The
platform included a top PDMS layer for reagent delivery with inlet
reservoirs and one shared waste reservoir, a bottom PDMS layer
with 96 microwells for incubation and detection, a piece of chro-
matography paper placed inside eachmicrowell, and a glass slide as
the support. As shown in Fig. 1A, aptamer-functionalized graphene
oxide (GO) nano-biosensors were integrated into the chip for
simple, one-step, multiplexed pathogen detection. The porous pa-
per inside detection wells in the paper/PDMS hybrid microfluidic
platform provided a simple three-dimensional (3D) substrate for
nano-sensor immobilization and facilitated the physical absorption
of aptamer nano-biosensors without complicated surface
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modification, a benefit of this paper/polymer hybrid microfluidic
device. Lactobacillus acidophilus was used as a bacterium model to
develop the microfluidic biochip with the LOD of 11.0 CFU/mL. This
hybrid device was successfully applied for the multiplexed detec-
tion of two infectious foodborne pathogens, Staphylococcus aureus
and Salmonella enterica, with LODs of 61.0 CFU/mL and 800 CFU/mL,
respectively. The one-step ‘turn on’ pathogen detection took about
10 min to complete using the hybrid microfluidic device. In addi-
tion, another paper/PDMS hybrid microfluidic device integrated
with loop-mediated isothermal amplification (LAMP) for
instrument-free diagnosis of bacterial meningitis was reported
[83]. In the hybrid microfluidic platform, a chromatography paper
disc was inserted into each of the LAMP zones (Fig. 1B). The paper
substrate inside the hybrid microfluidic device facilitated the uni-
form distribution of primers for LAMP reactions. The hybrid
microfluidic biochip offered a stable diagnostic performance for a
much longer period than a paper-free non-hybrid device (Fig. 1B
and c). The performance of LAMP reactions from hybrid micro-
fluidic biochip with paper inside maintained 94% and 85% after 2
and 3 months, respectively. However, the LAMP performance from
non-hybrid microfluidic devices without paper inside was reduced
by about 40% after 2 months. More recently, the Li group reported a
reusable and cost-effective PMMA/paper hybrid plug-and-play
(PnP) device for high-sensitivity immunoassay [25]. The PMMA
platform had multiple slots where a pre-patterned paper substrate
could be placed. The sample flowed back-and-forth through the 3D
paper substrate within the PMMA channels, therefore additional
amounts of the analyte were adsorbed, and the sensitivity was
enhanced while the assay time was decreased. After the enrich-
ment step, the paper substrate could simply be pulled out of the
chip, and the results could be qualitatively observed with the naked
eye or scanned through a simple desktop scanner for quantitative
analysis. The paper substrate could be replaced with a new paper
substrate so that the chip could be reused. The LODs of 200 pg/mL
for immunoglobulin G (IgG) and 270 pg/mL for hepatitis B surface
antigen (HBsAg) were achieved.

Recently, 3D printed paper/polymer hybrid microfluidic plat-
forms were developed for automated bioassays. For example, Yafia
et al. introduced the microfluidic chain reaction (MCR) as the
conditional, structurally programmed propagation of capillary flow
events [84]. The microfluidic devices were three-dimensionally
printed and powered by the free energy of a paper pump, and
autonomously executed liquid handling algorithms step-by-step.
The devices integrated with MCR were applied for automated
bioassays including (I) the sequential release of 300 aliquots across
chained, interconnected chips, (II) a protocol for severe acute res-
piratory syndrome-coronavirus-2 (SARS-CoV-2) antibodies detec-
tion in saliva, and (III) a thrombin generation assay by continuous
subsampling and analysis of coagulation-activated plasma with
parallel operations including timers, iterative cycles of synchronous
flow and stop-flowoperations. A 3D printer was applied to fabricate
the chips using a transparent resin. After printing, the chips were
cleaned with isopropanol and post-cured for 1 min under ultravi-
olet (UV) light. Microchannels with cross-sections were hydro-
philized by plasma activation for 10 s at approximately 30% power.
Filter papers (Whatman filter paper grade 4, 1 and 50) were used as
paper capillary pumps for all experiments except the SARS-CoV-2
antibody assay. For the SARS-CoV-2 antibody assay, absorbent
pads (Electrophoresis and Blotting Paper, Grade 238) were used as
pumps.

3. Nanomaterial-based biosensors

In the past decades, with the enormous advancement in nano-
science, nanomaterials have shown substantial promise in almost



Fig. 1. Paper/polymer hybrid microfluidic platforms for pathogens detection. (A) Schematic of the PDMS/paper hybrid microfluidic device for one-step multiplexed pathogen
detection using aptamer-functionalized GO nano-biosensors. (a) Microfluidic biochip layout. (bec) Illustration of the principle of the one-step ‘turn-on’ detection approach based on
the interaction among GO, aptamers, and pathogens. Adapted with permission from Ref. [55]. Copyright 2013 The Royal Society of Chemistry. (B) The paper/PDMS hybrid
microfluidic chip integrated with LAMP for high-sensitivity instrument-free bacterial meningitis diagnosis. (a) 3D illustration of the schematic of the device layout. A chroma-
tography paper disk is placed inside each LAMP zone to preload LAMP primers. (b) A photograph of the hybrid microfluidic platform. (c) On-chip LAMP performance comparison
between hybrid microfluidic biochips with paper inside and non-hybrid microfluidic biochips without paper inside. Adapted with permission from Ref. [83]. Copyright 2014
American Chemical Society.
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every field, from science to engineering [85,86]. Nanomaterials,
defined as tiny materials with external nanoscale dimensions in
shapes, possess distinctive physical and chemical characteristics,
including large surface area, electrical conductivity, and catalytic
activity [41,87]. Nanomaterials are ideal hosts for biomolecule
immobilization due to the ease of surface modification. Using these
superior properties, nanomaterials have been extensively
employed to develop various biosensors utilizing principles such as
colorimetry, fluorescence, electrochemistry, and surface plasmon
resonance (SPR) [41,88]. As one of the most typical samples, Au
nanoparticles (AuNPs) have long served as the immunochromato-
graphic probe in commercial pregnancy test strips.

However, it should be mentioned that the signal readout of
some biosensors still has to rely on advanced instruments, such as
spectrophotometers [26,89]. The synthesis and modification of
some nanomaterials and the analytical procedures are somewhat
complex and expensive. In recent years, given the increasing de-
mand for POC testing [22,90], the innovative application of physi-
cochemical properties of nanomaterials has motivated the
exploration of new biosensing principles. Numerous promising
nanomaterial-involved signal transduction and readout strategies
were proposed to develop simple, affordable, and instrument-free
bioassays [26,41,87,91,92]. For instance, photothermal effects and
catalase-mimic activities of nanomaterials have been exploited as
new signal transduction principles to enable visual bioanalysis
using portable signal readers, such as thermometers and pressure
manometers [91,93]. A lot of work has been focused on the inte-
gration of nano-biosensors on microfluidic devices, while playing
4

an integral role in molecule recognition, and signal transduction
and modulation (e.g., amplification and quenching). In this section,
to lay a basis for the following focus on microfluidic nano-
biosensors in the article, we summarily review some representa-
tive nanomaterials in biosensors. We then focus on the description
of their functional roles in biosensors, particularly for new bio-
sensing principles.

3.1. Types of nanomaterials in biosensing

A vast number of nanomaterials have been synthesized for
different applications. In this section, we only focus on those most
commonly used nanomaterials for biosensors, namely, gold-based
nanomaterials, carbon-based nanomaterials, quantum dots-based
nanomaterials, and some other noble metal nanomaterials such
as platinum (Pt) NPs. The morphologies of some representative
nanomaterials are shown in Fig. 2.

3.1.1. Gold-based nanomaterials
Gold-based nanomaterials can be synthesized in different

shapes, including NPs, nanorods, nanoshells, and nanoclusters,
among which AuNPs are the most representative [98,99]. Since the
first report on using AuNPs for colorimetric assay byMirkin et al., in
1997 [100], AuNPs have been particularly interested in biosensing
applications [101,102]. In addition to the simple synthesis, a broad
range of biomolecules and thiol group-terminated grafts can be
easily conjugated to the surfaces of AuNPs via thiol-Au bonds.
Interestingly, upon changing shapes, dispersity, and surface



Fig. 2. Morphologies of some representative nanomaterials. (A) SEM images of
dispersed gold nanoparticles (AuNPs) and aggregated AuNPS (B) for photothermal
biosensing. Adapted with permission from Ref. [27]. Copyright 2021 American
Chemical Society. (CeD) TEM images of Prussian blue nanoparticles (PB NPs) (D)
transformed from Fe3O4 NPs (C) in a photothermal immunoassay. Adapted with
permission from Ref. [91]. Copyright 2016 The Royal Society of Chemistry. (E) SEM
image of shortened multi-walled carbon nanotubes (S-MWCNTs) in an electrochemical
biosensor for microRNAs. Adapted with permission from Ref. [94]. Copyright 2018
Elsevier. (F) TEM image of graphene oxide (GO) nanosheets in a colorimetric bioassay
for amphetamine and methamphetamine. Adapted with permission from Ref. [95].
Copyright 2020 Elsevier. (G) TEM image of quantum dots (QDs) in a fluorescent
biosensor for chlorothalonil. Adapted with permission from Ref. [96]. Copyright 2020
American Chemical Society. (H) TEM image of platinum (Pt) NPs in a pressure-based
biosensor for microRNAs. Adapted with permission from Ref. [97]. Copyright 2021
American Chemical Society.
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functionalization, AuNPs show tunable optical properties reflected
in forms of external color changes (e.g., from red to blue) and in-
ternal changes in the plasmonic behavior (e.g., a shift of plasmonic
peaks) [43,98]. In addition, it is demonstrated that AuNPs can
5

dramatically facilitate the electron transfer between immobilized
biomolecules and electrode surfaces in electrochemical tests [103].
Hence, AuNPs have been the subject of extensive research for
developing colorimetric, electrochemical, and surface plasmon
resonance (SPR)-based biosensors [43,104,105].

3.1.2. Carbon-based nanomaterials
To date, the application of carbon-based nanomaterials has

become a hot research topic in the biomedical field [106]. With a
similar composition of sp2-hybridized carbon atoms, carbon
nanotubes (CNTs) and GO are the most two representative types of
carbon-based nanomaterials [42,87]. These carbon nanomaterials,
due to their unique nano-composition, retain versatile mechanical
and electrical features, such as high surface-to-volume ratio, me-
chanical flexibility, outstanding electron transportation and inert-
ness to external environments [87,107]. Functional groups like
carboxyl groups can be adequately grafted on the edge surfaces of
the materials through an oxidation process, making them suitable
hosts for biomolecular immobilization and synthesis of other
nanomaterials. Furthermore, some ligands and probes (e.g., DNA)
can bemodified on their surfaces via p-p stacking interactions [87].
Therefore, carbon nanomaterials are one of the best choices in
developing optical and electrochemical biosensors [108]. In some
cases, carbon nanomaterials work with other co-existed NPs as the
fluorescence quenchers, modulators of SPR or carriers of colori-
metric catalysts [95,109].

3.1.3. Quantum dots-based nanomaterials
As one of the most representative fluorescent probes, quantum

dots (QDs), a unique type of semiconductor nanocrystals, have
attracted tremendous interest in scientific community [110,111].
The major structure of QDs consists of a core component crystal-
lized by group II-VI or III-V atoms and a shell element mostly
comprised of zinc sulfide [87]. Some capping agents are usually
utilized to enhance their dispersity in an aqueous medium and for
the covalent binding of biomolecules as well [87]. Upon exposure to
ultraviolet light, QDs emit vivid fluorescence at wavelengths in the
visible light region. The remarkable optical characteristics of QDs
include wide absorption bands, high quantum yields, and long
fluorescent lifetime, which are of significant advantage for fluo-
rescent imaging and biosensing in comparison with organic fluo-
rophores [112]. The wavelength of emitted fluorescence can be
controlled in a broad range by adjusting the size of the nanocrystals
interestingly along with the achievement of varying colors of
fluorescence [42,87]. In collaboration with other nanomaterials or
fluorophores, the fluorescence intensity of QDs can be modulated
bymolecular-recognition events in biosensors via approaches, such
as fluorescence resonance energy transfer (FRET) [113,114].

3.1.4. Other nanomaterials
Other noble metal nanomaterials, such as silver (Ag) NPs and

platinum (Pt) NPs, have also been widely used in the development
of optical and electrochemical biosensors. To some extent, these
metal NPs exhibit similar physicochemical functions in biosensing.
For instance, like AuNPs, AgNPs and PtNPs possess peroxidase-
mimic activities toward some chromogenic substrates, which
have been widely used for colorimetric bioanalysis [115,116]. It
should be emphasized that PtNPs also have intrinsic catalase-
mimic activity [117,118], displaying extensive applications for
pressure-based bioanalysis. Recently, some carbon- and metal-
based nanomaterials with photothermal effects that can convert
light energy into heat energy, such as GO and Prussian blue (PB)
NPs, have been applied for photothermal bioanalysis [91,119,120].
Some polymer-based nanomaterials, such as polydopamine NPs,
have been also exploited for developing photothermal bioassays



Fig. 3. Schematic illustration of different signal transduction principles of nanosensors.
(A) Colorimetric signal transduction in an immunoassay of human IgG using AuNPs as
the plasmonic probe. Adapted with permission from Ref. [129]. Copyright 2014
American Chemical Society. (B) Pressure-based signal transduction in detecting
microRNAs (miRNAs) using the catalase-mimic activity of PtNPs. Adapted with
permission from Ref. [97]. Copyright 2021 American Chemical Society. (C) Photo-
thermal signal transduction in genetic analysis using AuNPs as the photothermal
probe. Adapted with permission from Ref. [27]. Copyright 2021 American Chemical
Society.
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owing to their distinct photothermal effects [121]. In addition,
upconversion NPs as a unique kind of luminescent nanomaterials
that emit visible lights upon excitation of near-infrared (NIR) lights
are of interest for constructing optical biosensors [122].

3.2. Roles of nanomaterials in biosensing

Nanomaterials can participate in not only biomolecule immo-
bilization but also signal modulation in biosensors. Using nano-
materials as hosts or matrices for biomolecule immobilization is a
common role of nanomaterials using routine chemical and physical
methods, some of which will be described in the following Appli-
cation section, but are not the focus of this article. As one of the
most critical steps in biosensing, nanomaterials participate in the
transduction of molecular-recognition events into measurable
signals, namely signal transduction [123,124]. To improve the
analytical performance (e.g., sensitivity), modulation of the assay
signals by nanomaterials such as amplification and quenching is
widely implemented in biosensors [110,125]. We herein mainly
focus on these essential roles in biosensing signals, particularly for
some new principles in POC testing.

3.2.1. Signal transduction
Nanomaterials can participate in the transduction of molecule-

recognition events into measurable signals in biosensors. In signal
transduction, nanomaterials usually serve as the signaling probes
directly or indirectly associated with the molecule-recognition
events [123,124]. The optical (e.g., colorimetric, plasmonic, and
fluorescent) signal transduction is one of the most conventional
mechanisms in biosensors [41,42,126]. Directly, nanomaterials with
desirable signaling properties are labeled with biomolecules (e.g.,
antibodies and DNA) and specifically linked to the molecule-
recognition systems. For instance, Du et al. reported a dual-
channel immunochromatographic test strip for simultaneous
quantification of cypermethrin and 3-phenoxybenzoic acid (3-PBA)
[127]. Polymer carbon dots immuno-captured in the system
worked as a fluorescent probe. The fluorescence signal was recor-
ded and analyzed on site by employing a portable smartphone-
based device, through which cypermethrin and 3-PBA were
detected at LODs of 0.35 and 0.04 ng/mL, respectively. Wei and co-
workers proposed an immunoassay for colorimetric and fluores-
cent detection of dicofol [128]. Nanocomposites of AueAg nano-
clusters and polyethyleneimine (PEI)-modified AuNPs were labeled
with the detection antibody and used as a dual-model colorimetric/
fluorescent probe.

Indirectly, the signaling behaviors of nanomaterials or relevant
probes are triggered or tuned due to the molecule-recognition
events, leading to the detection of target biomolecules. Jiang and
colleagues presented several impressive biosensors using AuNPs as
the plasmonic probes in POC bioanalysis [98,130,131]. For example,
they developed a colorimetric immunoassay for human IgG based
on enzyme-triggered click chemistry [129], as shown in Fig. 3A.
Alkaline phosphatase (ALP) immuno-captured in an ELISA system
triggered the Cu(I)-catalyzed cycloaddition between azide and
alkyne groups on AuNPs, realizing the NP aggregation-induced
colorimetric signal transduction. In recent years, the catalase-
mimic activity of PtNPs has exhibited great promise for pressure-
based signal transduction. Jin et al. established a pressure
biosensor for the detection of microRNAs (miRNAs) on paper chips
(Fig. 3B) [97]. PtNPs were tagged with complementary DNAs to
construct a sandwich genetic assay system. The captured Pt NPs
triggered the dissociation of H2O2 to produce oxygen, and the
pressure signal in a sealed environment was measured using a
portable pressure manometer. Target miRNAs were quantitatively
tested in a linear range from 10 pM to 100 nM. Based on a similar
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mechanism, Du et al. proposed a POC bioassay for alcohol detection
using Pd@Pt core-shell NPs as the probe [132].

Photothermal signal transduction has recently attracted enor-
mous attention for POC bioanalysis because of the ease of visual
signal readout using portable temperature readers [91,119,133]. Li’s
group pioneered this field [24,27,91]. For instance, they innova-
tively exploited Prussian blue nanoparticles (PB NPs) as a photo-
thermal immunoassay probe for detecting prostate-specific antigen
(PSA) [91]. Upon NIR laser irradiation, the photothermal effect
converted the immuno-recognition event into heat signals,
enabling quantitative immunoassay utilizing a portable digital
thermometer as the signal reader. Excitingly, they, for the first time,
discovered the NIR light-mediated photothermal effect of the
oxidation product (oxTMB) of a conventional chromogenic sub-
strate, 3,3’,5,5’-tetramethylbenzidine (TMB), and successfully
explored it as a new photothermal biosensing probe for immuno-
assay and genetic bioanalysis [24,134]. Furthermore, the same



Fig. 4. Schemes of colorimetric and photothermal signal amplification using
peroxidase-mimic activities and photothermal effects of nanomaterials. (A) LFIA using
PtNCs to amplify colorimetric signals for p24 antigen detection. Adapted with
permission from Ref. [141]. Copyright 2018 American Chemical Society. (B) LFIA using
Pt-decorated AuNPs for colorimetric PSA detection. Adapted with permission from
Ref. [142]. Copyright 2017 American Chemical Society. (C) Photothermal immunoassay
of PSA using Fe3O4 NPs catalyzed-oxTMB as photothermal biosensing probe. Adapted
with permission from Ref. [24]. Copyright 2018 American Chemical Society.
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group reported a photothermal biosensing platform for genetic
detection employing AuNPs as the photothermal probe [27]. As
illustrated in Fig. 3C, the hybridization between target DNAs and
single-stranded DNAs (ssDNAs) led to the aggregation of AuNPs,
accompanied by changes in the photothermal effect in the NIR light
region as well as color changes. In this way, the genetic bioassay
signals were simply recorded by a thermometer. In addition, Tang
and co-workers also presented multiple photothermal immuno-
assays using different photothermal probes and contributed
significantly to this field, such as Cu2-xAgxS NPs and Ti3C2 MXene
QDs [133,135,136]. Other nanomaterials like GO and Cu2-xS were
also reported as photothermal biosensing probes [120,137].

3.2.2. Signal amplification
To enhance the detection sensitivity, signal amplification is

necessary for many biosensors, especially optical and electro-
chemical ones [110,138]. In this step, nanomaterials aremainly used
to promote the signaling properties of their own or other relevant
probes. Exploiting catalytic activities of nanomaterials, such as the
peroxidase-mimic activity, is a representative sample in POC
colorimetric bioanalysis [139,140]. Stevens and co-works devel-
oped an interesting lateral flow immunoassay (LFIA) using porous
Pt core-shell nanocatalysts (PtNCs) to amplify the colorimetric
signal [141], as diagramed in Fig. 4A. In the LFIA strip, the immuno-
captured PtNCs with strong peroxidase-like activity catalyzed the
oxidation of CN/DAB (4-chloro-1-naphthol/3,3’-diaminobenzidine,
tetrahydrochloride), which significantly improved the sensitivity in
colorimetric detection of an HIV biomarker (i.e., p24). Xia and
colleagues reported a method to synthesize Pt-decorated AuNPs
and used them as an immunochromatographic probe for PSA
detection (Fig. 4B) [142]. Owing to the high peroxidase-like activity
of the ultrathin Pt layers in the nanocomposites using TMB as the
chromogenic substrate, it was proved that the immunoassay
sensitivity was amplified by ~100 times compared with that of
conventional AuNPs. Park et al. synthesized AueAg core-shell NPs
via an in-situ growth route [143]. The loading of Ag nanoshells
improved the peroxidase-like activity of the nanohybrids in the
colorimetric detection of norovirus. Interestingly, Li’s group
exploited the peroxidase-like activity of Fe3O4 NPs in photothermal
immunoassay using oxTMB as the photothermal biosensing probe
[24], accompanied with color changes to blue, as shown in Fig. 4C.
The catalytic properties of Fe3O4 NPs amplified the photothermal
signal and achieved a LOD of 1.0 ng/mL PSA using a common
thermometer, which was comparable to some traditional ELISA
methods using an expensive microplate reader.

Some nanomaterials exhibit remarkable electrochemical prop-
erties such as fast electron transportation and electrocatalytic ac-
tivities, and are widely selected for signal amplification in
electrochemical biosensors [144,145]. Zhang and co-workers pro-
posed a sensitive electrochemical platform for DNA detection based
on signal amplification by DNA-templated AgNPs [146]. In combi-
nation with the electrochemical atom transfer radical polymeriza-
tion (eATRP), AgNPs were deposited in the genetic analysis system
through a DNA templating process. Due to the excellent electro-
chemical properties of AgNPs, it was demonstrated that the
detection performance was significantly amplified with a LOD as
low as 4.7 aM. Escosura-Mu~niz et al. synthesized bimetallic palla-
dium (Pd)-AuNPs and studied the effect of Pd/Au composition ratio
on their electrocatalytic activity toward the oxygen reduction re-
action (ORR) [147]. By adjusting the ratio, the electrocatalytic ac-
tivity was optimized and utilized for electrochemical
immunosensing of hyaluronidase wound infection biomarkers.
Electrochemical biosensors utilizing other nanomaterials, such as
carbon-based nanomaterials and PtNPs, to amplify the detection
signals have also been reported [148,149].
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Additionally, nanomaterials are widely utilized to enrich the
signal labels (e.g., enzymes, nucleic acids, secondary antibodies,
other nanomaterials or probes) to amplify the detection signals
[150,151]. Taking advantage of the high surface-to-volume ratio of
nanomaterials, a large number of chemical or biomolecular anchors
(e.g., aptamers) can be immobilized on the surfaces of nano-
materials to amplify the molecule-recognition events in biosensors.
For example, Zhang et al. reported an electrochemical immuno-
sensor for PSA detection using AuNPs as the carriers of specific
aptamers and signal probes (i.e., methylene blue) [152]. The
aptamer-AuNP-signal probe (AASp) bioconjugates were captured in
a sandwich-type immunosensing system, which were demon-
strated to show a significant role in amplifying the detection signal
utilizing square wave voltammetry (SWV). PSA was detected at a
low LOD of 3.0 pg/mL with a linear concentration range of
0.001e75.0 ng/mL. Magnetic NPs with the modification of specific
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ligands have been extensively exploited for target enrichment in
pathogen detection [153]. Song and co-workers developed a fluo-
rescent bioassay for the detection of Staphylococcus aureus (SA)
using aptamer-coated magnetic beads (Apt-MBs) and vancomycin-
stabilized Au nanoclusters (AuNCs@Van) [154]. Apt-MBs were
employed to specifically enrich SA with the aid of an external
magnet, followed by the fluorescent quantification of enriched SA
by AuNCs@Van. SA was tested at a LOD of 16 CFU/mL.

3.2.3. Signal quenching
Nanomaterial-involved signal quenching is a popular strategy in

fluorescent biosensors [110,155]. Because of the overlapping
emission bands of fluorescent probes and absorption bands of
nanomaterials as quenchers, quenching or recovery of fluorescence
signals can be associated with molecule-recognition events
[110,156]. In particular, FRET is an extensively used approach, where
the quenchers also serve as fluorescent probes after accepting the
transferred energy from the donors. To achieve effective quenching
and recovery, the donors and acceptors should be sufficiently close
in the spatial distance (i.e., 1e10 nm) [110,114].

Nobel metal NPs and carbon-based nanomaterials are well-
known fluorescence quenchers ascribed to their optical absorp-
tion characters in a broad light window. Dai et al. developed a
fluorescent biosensor for chlorothalonil (CHL) detection based on
an inner-filter effect between AuNPs and ratiometric fluorescent
QDs (RF-QDs) [96]. AuNPs functioned as a quencher of green fluo-
rescence of RF-QDs. The dispersity of AuNPs was modulated by
CHL-controlled papain (PAP) activity, through which the fluores-
cence was quenched or restored. Mirzaee and co-workers estab-
lished a sensitive fluorescent biosensor for the determination of
microRNAs utilizing AgNPs as the fluorescence quencher of La(III)-
modified metal-organic frameworks (MOFs) [157]. In the presence
of target microRNAs, hybridization-induced linking between
La(III)-MOFs and AgNPs caused the fluorescence quenching in the
system. Additionally, Ju et al. reported a fluorescent method for
testing mycoplasma pneumoniae (MP) based on the interaction
between tetrapod G-quadruplex (TP-G4) and GO [158]. GO worked
as a fluorescence quencher of TP-G4, which was initially adsorbed
on the surface of GO. The specific recognition of target MP with TP-
G4 resulted in the detachment of the fluorophore from GO along
with the recovery of the fluorescence signal. Yoon’s group pre-
sented a simple and cost-effective LFIA to test cardiac troponin I
(cTnI) using a time-resolved FRET technique [159]. In the LFIA strip,
europium (Eu)-chelate silica (EueSi) NPs were used as the fluo-
rescence donor, while antibody-conjugated Au nanorods acted as
the fluorescence acceptor. Taking advantage of the FRET approach,
cTnI was evaluated at a LOD as low as 97 pg/mL in human serum.

4. Application of nanosensor-integrated microfluidic
platforms for POC bioanalysis

Microfluidics offers a powerful LOC platform for POC bioanalysis
with the integration of nano-biosensors. Employing micro-
fabrication techniques and microelectromechanical systems
(MEMSs), arrays of nano-biosensors can be integrated into micro-
fluidic devices, which serve as a versatile and more precise toolbox
for monitoring the analytical performance of nano-biosensors in
microscale environments [110]. Thanks to the microfluidic inte-
gration, nano-biosensors also find an excellent platform to better
play their roles in POC bioanalysis. Various kinds of microfluidic
nano-biosensors integrated with various nanomaterials-related
detection methods, including colorimetry, fluorescence, electro-
chemistry, electrochemiluminescence, and new detection methods
such as distance-based and photothermal biosensing (i.e. photo-
thermometric) detection methods have been developed for POC
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testing of a wide range of biomolecules [110,160], as discussed in
this following sections. The combination of the microfluidic tech-
nology with nano-biosensors are opening new opportunities in
POC bioanalysis. In this section, we highlight recent advances in the
working principles of these microfluidic nano-biosensors.

4.1. Colorimetric detection

Colorimetric assay is one of the most widely used detection
methods in nano-sensor-based microfluidic platforms, which is
based on the changes in colors caused by chemical reactions be-
tween nano-sensors and the analytes [161,162]. Integration of
colorimetric detection methods on microfluidic devices attracted
lots of attention because colorimetric assays on chips do not need
bulky off-chip detection systems; therefore, naked-eyeebased
readouts can be obtained [16].

Many researchers have applied the colorimetric detection
method by integrating nano-sensors on polymer-based micro-
fluidic platforms to develop bioanalysis techniques. For example,
Chen et al. developed a portable visual quantitative device for
Creatine kinase MB (CK-MB) by incorporating target-responsive
DNA hydrogel with a PMMA microfluidic chip [163]. The CK-MB
aptamer and the complementary short DNA strand were sepa-
rately grafted onto the polyacrylamide strand and formed the
hydrogel by base-paired linkage. Upon the presence of CK-MB, the
aptamer bounded to CK-MB. This led to hydrogel dissociation and
subsequent release of pre-trapped AuNPs, which was proportional
to the concentration of CK-MB. The hydrogel was combined with a
microfluidic chip to achieve portable on-site detection. The color
change caused by the released AuNPs was evaluated by taking a
picture and analyzing the average gray values. The average gray
values were linearly related to the CK-MB concentration in the
range of 0.2e625 nM, and as low as 0.027 nM CK-MB could be
detected by cell phone. The recoveries of the microfluidic method
for the determination of CK-MB in serum ranged from 96.63% to
106.25%, with the RSDs less than 5%. Man et al. presented a
microfluidic colorimetric biosensor for detecting Salmonella using
thiolated polystyrene microspheres (SH-PSs) for aggregating
AuNPs, and smartphone imaging software for monitoring colori-
metric signals [164]. The structural diagram of the designed
microfluidic chip is shown in Fig. 5A (a). Complementary DNA-
magnetic nanoparticle (cDNA-MNP) conjugates were used as cap-
ture probes and reacted with the free aptamer-PS-cysteamine
conjugates. As shown in Fig. 5A (b), AuNPs were aggregated on
the surface of Salmonella-aptamer-PS-cysteamine conjugates,
resulting in a visible color change in the detection chamber, indi-
cating different concentrations of Salmonella. The detection limit
was as low as 60 CFU/mL, and the linear range was from 60 to
6.0 � 105 CFU/mL (Fig. 5A (c-d)). The microfluidic biosensor was
evaluated by analyzing salad samples spiked with Salmonella. The
recoveries ranged from 91.68% to 113.76%, which indicated its po-
tential application in real samples. In addition, Qi and coworkers
introduced a microfluidic biosensor using metal-organic frame-
work NH2-MIL-101(Fe) for determination of Salmonella in chicken
meat samples with a lower LOD of 14 CFU/mL [165]. The colorless o-
phenylenediamine and H2O2 were catalyzed by using the MOF
complexes to generate yellow 2,3-diaminophenazine (DAP). The
experimental results showed that the biosensor could detect Sal-
monella from 1.5 � 101 to 1.5 � 107 CFU/mL in 1 h. The mean re-
covery for Salmonella in spiked chicken meats was abut 112%. Hu
et al. proposed a DNA colorimetric multilevel circuit construction
strategy using AuNPs as an indicator without any modification and
labeling steps [166]. Two colorimetric logic gates were constructed
based on the aggregation of AuNPs mediated by molecular recog-
nition between DNA and protoberberines (palmatine/berberine).



Fig. 5. Nanomaterial-based microfluidic platforms for POC colorimetric bioanalysis. (A) 3D structure of a microfluidic chip for detecting Salmonella typhimurium based on SH-PSs,
hose-based microvalve, and smartphone imaging APP (a); and the detection strategy of the microfluidic colorimetric biosensor by using SH-PSs to aggregate AuNPs for the detection
of Salmonella typhimurium (b). (c) The visible absorption spectrum of the AuNPs solution with different concentrations of Salmonella typhimurium; (d) Absorbance of the AuNPs
solution versus the concentrations of Salmonella typhimurium and the linear correlation between absorbance of AuNPs solution in the colorimetric detection chamber and Sal-
monella typhimurium concentrations. Adapted with permission from Ref. [164]. Copyright 2021 Elsevier. (B) Schematic of an AuNP-based lateral flow assay for detection of TCD and
its metabolites (a); and qualitative testing results of TCD-SO and TCD-SO2 in bovine muscle samples with the test strips (b). Adapted with permission from Ref. [172]. Copyright 2019
The Royal Society of Chemistry.
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The LOD of the PMMA-based microfluidic device for the detection
of Streptomyces sp. DNA was 0.25 mg/mL by naked eyes within
10 min. A linear relationship (R2 ¼ 0.99) was achieved between the
A670/A520 and DNA concentrations from 0.1 mg/mL to 0.6 mg/mL.

Microfluidic paper-based analytical devices combined with
nano-sensor-based colorimetric detection have aroused wide
attention. For instance, Luan et al. integrated a Cerium metal-
organic framework (Ce-MOF) in the origami paper Slip-Chip to
directly detect glucose and uric acid levels in serumwithout sample
handling or extra analytical equipment except for a smartphone
[167]. The LODs were 0.069 mM and 39.6 M for glucose and uric
acid, respectively. 55 clinical samples (22 from diabetic and 33 from
healthy adults) for glucose detection and 46 clinical samples (20
from patients with hyperuricemia and 26 from healthy adults) for
uric acid detection were tested. The interclass correlation coeffi-
cient (ICC) and Bland-Altman analysis were employed to evaluate
the agreement between the presented device and the clinical blood
test. The ICC was 0.867 and 0.933 for glucose and uric acid analysis,
respectively. The achieved ICC showed the device had great con-
sistency with the clinical blood test. Pinheiro et al. applied
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chemically produced and tailored AuNPs in paper-based micro-
fluidic platforms to measure three relevant health markers, free
cholesterol, glucose, and uric acid [168]. Two steps were applied to
perform the assays. First, the direct effect of the target analyte
caused the reduction of the gold salt, influencing the plasmonic
properties of resulting AuNPs. And then, tailoring the plasmonic
properties of functionalized AuNPs by etching or aggregation ef-
fects when the target analytes bond with the functionalizing
agents, resulted in varying color signals. The calibration curve for
glucose was linear from 1.25 to 20 mM, and the lowest detectable
concentration of glucose was 1.25 mM. The LODs of uric acid were
71 mM and 81 mM based on the R/B and hue calibration metrics,
respectively. As low as 81 mM cholesterol was detected. However,
the obtained LOD for the detection of glucose is higher than the
reported LOD by Luan et al., but the reported LOD for uric acid
detection was much lower than the reported LOD by Luan et al.
[167]. Alizadeh et al. reported a paper-based analytical device
combined with Co3O4eCeO2 nanosheets for colorimetric-based
detection of glucose [169]. The Co3O4eCeO2 nanocomposite in
the presence of glucose oxidase enzyme was utilized for glucose
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detection using paper as a measuring platform. The color change of
the platformwas recorded using amobile camera and analyzed by a
smartphone application. The nano-sensor presented quantification
of glucose in the concentration range of 0.005e1.5 mM with a LOD
of 0.21 mM which was much lower than the achieved LODs of
glucose detection in the previously explained papers [167,168]. The
application of the proposed assay for colorimetric measurement of
glucose in human serum samples was evaluated with satisfactory
results and %RSD between 2.69% and 4.74%. Recently, Li and co-
workers reported a low-cost and disposable paper-based immu-
nosensor for instrument-free colorimetric detection of pancreatic
cancer biomarker PEAK1 (pseudopodium-enriched atypical kinase
one, SGK269) by capitalizing the catalytic properties of AuNPs in
color dye degradation [28]. The signal amplification method
increased the detection sensitivity by about 10-fold. The LOD of
1 ng/mL PEAK1 was obtained and the calibration curve presented a
linear range between 1 and 104 ng/mL PEAK1, with a squared cor-
relation coefficient of 0.975. Liu et al. developed water-soluble
molybdenum oxide quantum dots (MoOx QDs) as highly effective
biomimetic catalysts prepared by a facile ultrasonic-assisted hy-
drothermalmethod [170]. TheMoOx QDs displayed peroxidase-like
activity and were constructed for efficient colorimetric quantitative
detection of H2O2 based on a microfluidic paper-based device. As
low as 0.175 mmol/L H2O2 was determined with a linear range from
1 to 20 mmol/L. Moreover, this biosensing device was successfully
applied for the visual detection of H2O2 released from PC12 cells.
The recoveries were obtained in the range of 91.5e107.04%.

The lateral flow strips integrated with nano-sensors are widely
developed as desirable POC bioanalysis tools because of their easy
and fast self-diagnostic characteristics. For example, Xu and Li et al.
reported a smartphone-based on-site nucleic acid testing (NAT)
platform that could image and analyze lateral flow nucleic acid
assays in POC settings [171]. An inexpensive add-onwas developed
to run lateral flow assays while providing homogeneous ambient
light for imaging. Moreover, an Android app with a user-friendly
interface was designed for the result analysis and management. A
relationship function between nucleic acid concentrations and the
colorimetric reaction was established and evaluated by leave-one-
out cross validation. The result showed the true value and the
predicted value had a high agreement with an R-square value of
0.96.Wang et al. reported amonoclonal antibody (mAb)-based LFIA
for the rapid screening of triclabendazole (TCD) and its metabolites
in foodstuff using gold nanoparticles as a label [172]. As shown in
Fig. 5B (a), a sample pad, absorption pad, nitrocellulose (NC)
membrane, and polyvinyl chloride (PVC) backing card were the
main constituents of the test strip. Under optimized conditions, the
LODs were 0.11 mg/kg for TCD, 0.28 mg/kg for TCD-SO, 0.38 mg/kg for
TCD-SO2, and 0.47 mg/kg for Keto-TCD (Fig. 5B (b)). The ranges of
quantitative detectionwere 0.22e5.41 mg/kg for TCD, 0.56e5.74 mg/
kg for TCD-SO, 0.76e9.11 mg/kg for TCD-SO2, and 0.94e24.02 mg/kg
for Keto-TCD, respectively. Finally, the assay was applied to detect
TCD and its metabolites in bovine muscle samples, and the re-
coveries ranged from 92.0 to 107.0% for TCD, 93.1e102.0% for TCD-
SO, 96.3e101.2% for TCD-SO2, and 95.7e107.3% for Keto-TCD,
respectively. Dalirirad et al. designed an aptamer-based lateral
flow strip assay for rapid on-site detection of cortisol in sweat [173].
Cortisol in sweat has been identified as a key biomarker for
monitoring physiological stress. The nano-sensor-based micro-
fluidic device was developed by conjugating cortisol-selective
aptamers to the surface of AuNPs. The device enabled the visual
detection of cortisol in 5 min. The device exhibited a visual limit of
detection of 1 ng/mL cortisol, readily covering the normal range of
free cortisol in sweat (8e140 ng/mL). To evaluate the stability of the
device, the strips were stored in sealed plastic bags, kept at 4 �C for
1e10 days, and then used for cortisol detection. The results of
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subsequent tests were nearly the same for all samples. In addition,
Akkapinyo et al. fabricated amultiplex hepatitis B test paper strip to
serve as a rapid test for hepatitis B screening [174]. It was developed
to simultaneously assess three essential serological markers of
hepatitis B virus infection, including hepatitis B surface antigen
(HBsAg), hepatitis B surface antibody (Anti-HBs), and hepatitis B
core antibody (Anti-HBc). AuNPs were utilized as the signal
generator on the test strip. Furthermore, a part of a paper network
was incorporated into the strip for the gold-silver enhancement
process. The detection limits of HBsAg, Anti-HBs, and Anti-HBc
were obtained at 0.5, 0.3, and 0.1 mg/mL, respectively. However,
the detection sensitivity was not very high, and the Li group ach-
ieved much lower LODs for colorimetric detection of HBsAg using
two polymer/paper hybrid microfluidic devices [25,175].

Li and co-workers recently developed a paper/polymer micro-
fluidic platform integrated with gold nanorods (AuNRs) based
multicolorimetric ELISA biosensors for colorimetric POC detection
of infectious diseases [22]. The multicolormetric ELISA platform
was built on multiple distinct color variants resulted from the
catalytic oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) and the
etching of AuNRs. The vivid color changes could be easily recog-
nized by the naked eye, and their red mean values allowed quan-
titative biomarker detection, without using any specific
instruments.When themulticolorimetric ELISAwas integrated on a
paper/PMMA hybrid analytical platform, it not only provided in-
tegrated processing and high portability but also enabled fast as-
says in about 50 min. The limit of detection of 9.1 ng/mL of the
hepatitis C virus core antigen (HCVcAg) was obtained using the
presented multicolorimetric ELISA platform.

Most colorimetric labels used in microfluidic devices are
metallic nanoparticles, but non-metallic nanoparticles recently
attracted attention for colorimetric-based microfluidic chips for
bioassays. For example, Alizadeh et al. developed a sensing system
based on the non-oxidation reduction strategy using polymer
nanocomposite film (PNF) as a probe for direct detection of ascorbic
acid (AA) through a colorimetric method [176]. The color of the PNF
nanoprobe was turned from purple to colorless for the detection of
AA. The absorbance at 604 nmwas linearly related to the logarithm
of the AA concentration in the range of 50e425 mM with a LOD of
10 mM. Moreover, a droplet-based PDMS/glass microfluidic plat-
form was developed for intracellular imaging of AA in living cells
[176]. Isolated small microdroplets allowed the detection and im-
aging of AA in single cells. Zhang et al. developed a wearable PDMS
microneedle colorimetric patch integrating the sampling function
and the capability of real-time uric acid (UA) analysis in aminimally
invasive manner [177]. To operate the constructed device, the
poly(vinyl alcohol) based microneedle was embedded with the
uricase, which catalyzed the oxidation of UA extracted from the
interstitial fluids and produced H2O2. Polypyrrole nanoparticles
(PPy NPs) with peroxidase-like activities encapsulated in the
display layer triggered the reaction between H2O2 and TMB,
resulting in color variations associated with the concentration of
H2O2 produced by the UA oxidation. Thus, the UA level was deter-
mined with the naked eye. According to the relationship between
the color intensity and the UA concentration, the UA level within
200e1000 mM was quantified by analyzing sample images with a
smart phone. The developed device exhibited a LOD of about
65 mM.

Colorimetric methods are user-friendly because of their simple
operation and visual readout of results using the naked eyewithout
the need for any specific equipment; however, these techniques are
suffered by low sensitivity and limited quantification capbility
[178]. Therefore, some researchers have devoted efforts to
improving the quantitative ability of colorimetric-based micro-
fluidic platforms. For instance, Tong et al. developed an artificial
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intelligent (AI)-assisted colorimetric polydopamine nanoparticle
(PDA)-based LFIA platform for the quantification of neutralizing
antibodies produced from vaccinations [179]. The platform inte-
grated PDA-based LFIA and a smartphone-based reader to test the
neutralizing antibodies in serum, where an AI algorithm was also
developed to analyze the results quantitatively. The developed
platform achieved quantitative detection with the LOD of 160 ng/
mL of and the detection range of 625e10000 ng/mL. Celik et al.
used anthocyanins from red cabbage (Brassica oleracea) as a natural
pH indicator and incorporated it into a colorimetric strategy for the
detection of Helicobacter pylori (H. pylori) (RCE@test) [180]. Two
sets of RCE@test solutions (test 1 was purple, and test 2 was blue)
were prepared in different forms, including liquid, adsorbed filter
paper, and agar. The performance of each RCE@test was investi-
gated as a function of the test volume, the H. pylori concentration,
and the reaction time. To elucidate the effect of the pathophysio-
logical environment on the RCE@tests, H. pylori in an artificial
gastric fluid was also detected. Two H. pylori suspensions (10 and
1 CFU/mL) were detected in 15 min and 3 h, respectively, and the
LOD was determined down to 1 CFU/mL.

4.2. Fluorescence and chemiluminescence detections

Fluorescence is widely used as an optical technique for bio-
analysis in nano-sensor-based microfluidic chips due to highly
sensitive and selective fluorescent labeling techniques. Recently,
carbon-based nanoparticles were widely integrated onmicrofluidic
devices for fluorescence based POC bioanalysis. For instance, Ros-
sini et al. presented a multilayer paper device integrated with
carbon dots for the analysis of saliva samples [181]. The proposed
technique utilized the oxidation of glucose and lactate, catalyzed by
specific oxidase enzymes, producing hydrogen peroxide. The
detection was based on the fluorescence quenching of carbon dots
in the presence of hydrogen peroxidase. The concentrations of the
analytes showed good linear correlations with fluorescence
quenching, with LODs of 2.6 � 10�6 and 8.1 � 10�7 mol/L for
glucose and lactate, respectively. The proposed method presented
satisfactory intra-day and inter-day repeatability, with %RSD values
in the 3.8e6.6% range. The device was applied to saliva and serum
samples and was validated using certified materials. The errors
obtained for these determinations were lower than 7%, showing
satisfactory precision of the proposed method. The concentrations
obtained using the described method were compared with the
certified concentrations using the t-test, which showed no signifi-
cant differences between the concentrations, confirming the ac-
curacy of the proposedmethod. The Li group reported an interfacial
nanosensing strategy based on aptamer-functionalized GO nano-
sensors in PDMS microfluidic droplets for the high-sensitivity one-
step detection of 17b-estradiol and other low-solubility molecules
[182]. The LODwas found to be as low as 0.07 pM, while the LODs of
most aptamer-based biosensors for estradiol were in the range of
nM [183] or above the pM range [184]. The sensitivity of the droplet
microfluidic nanosensing system was further compared with con-
ventional off-chip methods by testing various concentrations of
estradiol. The LODs of the conventional off-chipmethodswere 200-
folds higher than that of the interfacial nano-biosensing system. In
addition, the same group developed a PMMA/paper hybrid CD-like
microfluidic device integrated with DNA probe-functionalized GO
nanosensors for multiplex quantitative LAMP detection (mqLAMP)
of multiple infectious diseases (Fig. 6A) [67]. Two PMMA layers
were tightened by a screw in the center, allowing the rotation of
one layer over the other when loosening the screw. The Cy3-labeled
DNA capture probes were pre-loaded on the GO-functionalized
paper disk, in which the fluorescence was quenched initially
(Fig. 6A (b)). After LAMP reaction, the SpinChip was turned over and
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rotated to let the mLAMP microzone pass by different detection
zones with paper disks inside. By using the device, two bacterial
pathogens, N. meningitidis, and S. pneumoniae, were identified and
quantified, with the LODs of 6 copies and 12 copies per assay,
respectively.

The light transparency of PDMS makes PDMS-based micro-
fluidic devices ideal for integrating nano-sensors on a chip for
fluorescence-based bioanalysis. Numerous researchers presented
PDMS-based microfluidic platforms for fluorescence-based nano-
biosensing. For example, Wu et al. developed a PDMS-based
microfluidic sensing platform using CuO nanoparticles for ultra-
sensitive neuron-specific enolase (NSE) detection [185]. A strategy
of catalytic oxidation of AA by CuO nanoparticles was proposed to
initiate fluorescence signals. CuO nanoparticles growing on
conductive carbon spheres (CuO@CSs) as secondary antibodies’
labels could efficiently catalyze the oxidation of AA. Then, the
produced dehydroascorbic acid reacting with o-phenylenediamine
opportunely generated strong fluorescence signals. A wide linear
range of 0.001e150 ng/mL and a low LOD of 0.25 pg/mL were
achieved to detect NSE. The standard addition method was used to
evaluate the potential feasibility of the proposed microfluidic
biosensor in clinical applications by applying it to human serum
samples. The RSD was less than 5%, and the recoveries were from
94.0 to 100.6%. Wang et al. developed a PDMS microfluidic
biosensor for online and sensitive detection of Salmonella typhi-
murium (S. Typhimurium) based on immunomagnetic separation,
fluorescence labeling, and smartphone video processing [186].
First, the immune magnetic nanoparticles were used to separate
and efficiently concentrate the target bacteria specifically, and the
magnetic bacteria were formed. Then, the magnetic bacteria were
labeled with the immune fluorescent microspheres, and the fluo-
rescent bacteria were formed. Finally, the fluorescent bacteria were
continuously injected into the microfluidic chip on the
smartphone-based fluorescent microscopic system. The fluorescent
spots were counted online using the smartphone software based on
inter-frame difference algorithm to obtain the amount of the target
bacteria. Under the optimal conditions, the proposed microfluidic
device could quantitatively detect S. Typhimurium ranging from
1.4 � 102 to 1.4 � 106 CFU/mL, and its lower detection limit was
58 CFU/mL. Spiked apple juice samples were analyzed using the
device to further evaluate the applicability of the proposed nano-
sensor-based microfluidic platform for testing Salmonella in real
samples. The recoveries for different concentrations of
S. Typhimurium in apple juice ranged from 84.82% to 98.39%, with
an average recovery of 92.64%. Huang et al. proposed an acid-
responsive PDMS microfluidic biosensor using curcumin (CUR)
and ZnO-capped mesoporous silica nanoparticles (MS NPs) for the
detection of S. Typhimurium in fluorescentmodal [187]. As shown in
Fig. 6B (a), the MSNs were first incubated with CUR to obtain
MSN@CUR nanoparticles (MC NPs). The MC NPs were then capped
with ZnO nanoparticles to form MSN@CUR@ZnO nanoparticles
(MCZ NPs) to prevent CUR from premature release, followed by
modification with polyclonal antibodies (pAbs) against
S. Typhimurium to obtain immune MCZP NPs. The immune mag-
netic nanoparticles (MNPs), the S. Typhimurium cells, and the MCZP
NPs were conjugated in the microfluidic chip with a Koch fractal
mixing channel to form MNP-bacteria-MCZP complexes (Fig. 6B
(b)). Finally, acetic acid (HAc) was introduced to release CUR from
the complexes, and fluorescence changes were measured to
determine the concentration of S. Typhimurium. This proposed
biosensor was able to quantitatively detect S. Typhimurium ranging
from 102 to 107 CFU/mL in 1.5 h and the lower detection limits were
calculated to be 40 CFU/mL. The mean recovery was about 104% for
S. Typhimurium in the spiked chicken samples. The sensitivity of the
presented approach was better than the device presented byWang



Fig. 6. Microfluidic platforms integrated with nano-sensors for fluorescence-based POC bioanalysis. (A) Schematic of the PMMA/paper hybrid microfluidic SpinChip for mqLAMP
detection. (a) 3D schematic of the exploded view of the SpinChip. (b) Detection principle based on the interaction among the GO, ssDNA probes, and target LAMP products. (c) A
photograph of the assembled PMMA/paper hybrid microfluidic SpinChip. Fluorescence images of nanosensor microzones after recovery for specificity investigation by testing
N. meningitidis (d) and S. pneumoniae (e) samples with their corresponding and non-corresponding ssDNA probes. Adapted with permission from Ref. [67]. Copyright 2017 The Royal
Society of Chemistry. (B) Schematic of preparing immune MSN@CUR@ZnO@pAbs nanoparticles (MCZP NPs) (a); and schematic of the proposed microfluidic biosensor for rapid and
sensitive detection of S. Typhimurium (b). Adapted with permission from Ref. [187]. Copyright 2020 Elsevier.
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et al. [186] for detection of S. Typhimurium.
Compared to colorimetric detection, one of the drawbacks of

fluorescence detection is that a fluorescence optical detection
system is complex and bulky. To address this, the Li group pre-
sented several POC microfluidic devices based on fluorescence
instrument-free detection of infectious diseases without the need
for any bulky and expensive equipment [19,68,83,188], in which
generated fluorescence can be observed by the naked eye or taken
an image with a smartphone camera. For instance, LAMP was in-
tegrated with polymer/paper hybrid microfluidic biochips for
instrument-free detection of pathogens with high sensitivity and
specificity [19,68,188], in which calcein was used as the fluores-
cence probe. Results could be visually observed by the naked eye or
imaged by a smartphone camera under a portable UV light source.
Without using any specialized laboratory instrument, the LODs of a
fewDNA copies per LAMP zone for pathogens were achievedwithin
1 h.

Chemiluminescence (CL) is another optical detection technique
for bioanalysis that is more convenient for POC setting because this
technique does not need an excitation light source and emission
filters, compared to fluorescence detection. Several nano-sensor-
based microfluidic platforms were developed for bioanalysis
based on chemiluminescence detection. For instance, Zong et al.
proposed an immunoassay for the detection of C-reactive protein
(CRP), an important cerebrovascular disease marker, by a combi-
nation of metal-enhanced chemiluminescence (MEC) signal tag
with a glass immunosensor chip (Fig. 7A) [189]. Two kinds of AgNP
probes, DNA-hemin/DNA-A/biotin-DNA modified AgNPs (Probe A)
and DNA-hemin/DNA-B modified AgNPs (Probe B), were prepared.
The MEC signal tag was formed by the Probe A and Probe B link
through the hybridization of DNA-A and DNA-B. The formed AgNP
hybrid probes brought excellent CL signal amplification, due to the
increased content of heminmolecules and the greatMEC effect. The
AgNP hybrid probes can be bound to the biotinylated antibody of
sandwich immunocomplex for the immunoassay of CRP. Under
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optimal conditions, the method showed a wide detection range of
7� 10�7 to 0.07mg/mL and a LOD down to 0.05 ng/mL. The relative
errors of detection of different concentrations of CRP in clinical
serum samples were less than 4.94%. Cui and co-workers [190]
achieved simultaneous determination of three acute myocardial
infarction (AMI) biomarkers by a 3D mPADwith temporally resolved
CL emissions (Fig. 7B). A dual-signal amplification strategy was
introduced, employing primary antibody functionalized gold
nanoparticles (Ab1-GNPs) immobilized on the detection zone as
amplified capture probes, and Co(II) catalyst, secondary antibody,
luminol multifunctionalized gold nanoparticles (Co(II)-Ab2-lumi-
nol-GNPs) with excellent CL activity as amplified signal probes. CL
immunoreactions were performed at three detection zone of the
fabricated 3D mPAD by assembling Ab1-GNPs, antigen, and Co(II)-
Ab2-luminol-GNPs to form sandwich-type immunocomplexes.
Auto-separated CL signals with a temporal resolution were ob-
tained by time-delayed transport of H2O2 to different detection
zones for multiplexed analysis. Three AMI biomarkers, including
heart-type fatty acid-binding protein (H-FABP), cardiac troponin I
(cTnI), and copeptin, were analyzed in one CL detection run by
reading the CL intensity of the obtained three CL emission peaks.
The detection rangewere ultra-wide ranged from 0.1 pg/mL to 1 mg/
mL, 0.5 pg/mL to 1 mg/mL, and 1 pg/mL to 1 mg/mL with the LODs
down to 0.06 pg/mL, 0.3 pg/mL, and 0.4 pg/mL for H-FABP, cTnI, and
copeptin detection, respectively.

To provide readers a better overview of current advances in
microfluidic nano-biosensors with optical detection methods, we
summarizedmost work in the field with colorimetric, fluorescence,
and chemiluminescence detection, in Table 1.

4.3. Electrochemical detections

Electrochemistry has emerged as one of the most popular
analytical methods in microfluidic devices, attributed to the high
sensitivity, good selectivity, and ease of miniaturization of the



Fig. 7. Microfluidic nano-sensors for chemiluminescence based bioanalysis. (A) Schematic diagram of the procedure of the MEC immunoassay for detection of CRP based on AgNP
hybrid probes. Adapted with permission from Ref. [189]. Copyright 2019 Elsevier. (B) Schematical illustration for the fabrication of the 3D mPAD for multiplexed CL immunoassay of
H-FABP, cTnI and copeptin. Adapted with permission from Ref. [190]. Copyright 2020 Elsevier.
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detection settings [191]. It has been a mature route to fabricate the
three-electrode system in chambers or even micro-channels of
microfluidic chips via techniques such as screen printing, inkjet
printing, and electronic sputtering [26,192]. Nanomaterials can
participate in signal transduction and amplification in electro-
chemical microfluidic biosensors like conventional ones. In the
signal readout, microfluidic devices can be assembled with elec-
trochemical measurement circuits or interfaced with external
working stations.

mPADs have become an excellent choice for developing elec-
trochemical nano-biosensors since electrodes can be easily
deposited on paper substrates via the screen printing technique
[191e193]. Liu and co-workers reported a paper-based electro-
chemical impedance spectroscopy (EIS) nano-biosensor for
detecting p24 antigen (a biomarker of HIV) and IgG antibody (i.e.,
CR3022) to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [194]. A hydrothermal method was employed to
grow zinc oxide nanowires (ZnO NWs) on carbon ink-deposited
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working electrodes (WEs). It was demonstrated that ZnO NWs
decreased the electrical resistance of WEs and ensured reliable EIS
analytical results. The microfluidic nano-biosensor can detect P24
antigen at a LOD of 0.4 pg/mL and distinguish varying concentra-
tions of the CR3022 antibody (specific to SARS-CoV-2 spike glyco-
protein S1) from 10 ng/mL to 1 mg/mL in spiked human serum
samples. Li et al. developed a paper-based microfluidic electro-
chemical immunosensor for quantitative detection of PEAK1 as a
new biomarker of pancreatic cancer [193], as shown in Fig. 8A. GO
and AuNPs were employed as the hosts for immobilizing capture
antibody and electrochemical probes to label the detection anti-
body, respectively. PEAK1 was detected at a low LOD of 10 pg/mL
with a broad linear range of 10e106 pg/mL employing differential
pulse voltammetry (DPV), providing a more sensitive method for
early detection of pancreatic cancer than a colorimetric method
(LOD, 1 ng/mL). The recovery values ranged in a satisfactory crite-
rion from 103% to 104% in testing of spiked human serum samples
[28]. Cai et al. presented an origami-paper-based electrochemical



Table 1
Microfluidic nano-biosensors with colorimetric, fluorescence, and chemiluminescence detection.

Method Device Substrate Nanomaterial Target Linear Range LOD Ref.

Colorimetric Paper AuNPs PEAK1 1e104 ng/mL 1 ng/mL [28]
Colorimetric PMMA AuNPs CK-MB 02e625 nM 0.027 nM [163]
Colorimetric NOA81 AuNPs S. Typhimurium 60e6.0 � 105 CFU/mL 60 CFU/mL [164]
Colorimetric PDMS NH2-MIL-101 MOF S. Typhimurium 15e1.5 � 107 CFU/mL 14 CFU/mL [165]
Colorimetric PMMA AuNPs Streptomyces sp. 0.1e0.6 mg/mL 0.25 mg/mL [166]
Colorimetric Paper Ce-MOF Glucose e 0.069 mM [167]

Uric acid e 39.6 mM
Colorimetric Paper AuNPs Cholesterol e 81 mM [168]

Glucose 1.25e20 mM 1.25 mM
Uric acid e 71 mM/81 mM

Colorimetric Paper Co3O4eCeO2 Glucose 0.005e1.5 mM 0.21 mM [169]
Colorimetric Paper MoOx QDs H2O2 1e20 mM 0.175 mM [170]
Colorimetric NC/PVC AuNPs HIV 2.5e200 nM 2.5 nM [171]
Colorimetric NC/PVC AuNPs TCD 0.22e5.41 mg/kg 0.11 mg/kg [172]

TCD-SO 0.56e5.74 mg/kg 0.28 mg/kg
TCD-SO2 0.76e9.11 mg/kg 0.38 mg/kg
Keto-TCD 0.94e24.02 mg/kg 0.47 mg/kg

Colorimetric NC AuNPs Cortisol 8e140 ng/mL 1 ng/mL [173]
Colorimetric Paper AuNPs HBsAg 5e3000 ng/mL 0.5 mg/mL [174]

Anti-HBs e 0.3 mg/mL
Anti-HBc e 0.1 mg/mL

Colorimetric Paper/PMMA AuNRs HCVcAg 10e100 ng/mL 9.1 ng/mL [22]
Colorimetric PDMS/glass PNF Ascorbic acid 50e425 mM 10 mM [176]
Colorimetric PDMS Polypyrrole NPs Uric acid 200e1000 mM 65 mM [177]
Colorimetric NC/PVC Polydopamine NPs Neutralizing antibodies 625e10000 ng/mL 160 ng/mL [179]
Fluorescence Paper CDs Glucose 5e50 � 10�6 M 2.6 � 10�6 M [181]

Lactate 2.5e20 � 10�6 M 8.1 � 10�7 M
Fluorescence PDMS GO 17b-estradiol 0.1e1000 pM 0.07 pM [182]
Fluorescence Paper/PMMA GO N. meningitidis 6e6 � 105 copies 6 copies [67]

S. pneumoniae 12e1.2 � 106 copies 12 copies
Fluorescence PDMS CuO NSE 0.001e150 ng/mL 0.25 pg/mL [185]
Fluorescence PDMS MNP S. Typhimurium 1.4 � 102e1.4 � 106 CFU/mL 58 CFU/mL [186]
Fluorescence PDMS ZnO-MSN S. Typhimurium 102e107 CFU/mL 40 CFU/mL [187]
Chemiluminescence Glass AgNPs CRP 7 � 10�7-0.07 mg/mL 0.05 ng/mL [189]
Chemiluminescence Paper AuNPs H-FABP 0.1 pg/mL �1 mg/mL 0.06 pg/mL [190]

cTnI 0.5 pg/mL �1 mg/mL 0.3 pg/mL
Copeptin 1 pg/mL �1 mg/mL 1.4 pg/mL
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aptasensor for label-free detection of epidermal growth factor re-
ceptor (EGFR) (Fig. 8B) [195]. Nanocomposites of amino-
functionalized graphene, thionine (THI) and AuNPs were synthe-
sized as the electrochemical probes to modify the WEs. Based on
the effect of the aptamer-antigen recognition process on electron
transfer, EGFR was determined at a LOD of 5 pg/mL with a linear
concentration range of 0.05e200 ng/mL. In comparison with the
conventional ELISA method, the analytical reliability of the apta-
sensor was validated by testing spiked serum samples. Yu and
colleagues fabricated an interesting paper-based electrochemical/
visual dual-mode analytical device to quantify PSA [196]. The au-
thors exploited Pd@Zn/Co core-shell MOFs nanocomposites with
superior electrocatalytic activities to amplify the electrochemical
detection signals (i.e. DPV). Meanwhile, the nanocomposites
worked as artificial peroxidase to catalyze the chromogenic reac-
tion of TMB to enable the colorimetric detection. Using the dual-
mode analytical methods, PSA was determined at a LOD of
0.78 pg/mL with a linear concentration range of 5 pg/mL-50 ng/mL.

With the development of microfabrication techniques, electro-
chemical biosensors are also widely integrated into polymer-based
microfluidic devices. Panat and co-workers reported a glass/PDMS
electrochemical microfluidic device to test antibodies to SARS-CoV-
2 spike S1 protein and its receptor-binding-domain (RBD) [197]. A
nanoprinting method was developed to fabricate Au micropillar
electrode arrays on Au films. The microelectrodes were then coated
by reduced-GO nanoflakes and immobilized with specific viral
antigens. Target antibodies and RBD were quantified at LODs of
2.8 � 10�15 and 16.9 � 10�15 M, respectively, by an integrated EIS
measurement circuit. Bertotti et al. proposed a PDMS microfluidic
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electrochemical immunosensor for detecting plasmodium vivax
antibodies (anti-PvMSP119) [198]. Using a dynamic hydrogen bub-
ble template (DHBT) method, nanoporous Au films containing
multi-walled carbon nanotubes (MWCNT) were in-situ synthesized
on surfaces of Au microelectrodes in channels of the device. The
nanocomposites as the immobilization hosts of capture protein
fragments displayed excellent electronic conductivity in the elec-
trochemical measurement using cyclic voltammetry. Park and
colleagues developed a wearable microfluidic impedimetric
immunosensor for POC detection of sweat cortisol [199]. On PDMS
substrates, Ti3C2Tx MXene nanosheets with good electrical con-
ductivity and high capacity for enzyme immobilization were
deposited on WEs that were made of laser-induced graphene
flakes. The device exhibited sensitive impedimetric responses to
sweat cortisol with a LOD of 88 pM. These electrochemical micro-
fluidic nano-biosensors using different nanomaterials are summa-
rized in Table 2.

4.4. Electrochemiluminescence detections

Electrochemiluminescence (ECL) detection is a combination of
electrochemical and chemiluminescence techniques that can pro-
vide good selectivity and sensitivity wherein a set of electrodes is
used to trigger and control a chemiluminescence reaction
[204,205]. ECL method does not need a bulky light source like
fluorescence detection and can be generated on an electrode or a
chip. Moreover, the background signal is negligible; thus, optical
detectors can be used at maximum sensitivity [10,206].

ECL has been widely applied in microfluidic analytical devices



Fig. 8. Scheme of paper-based microfluidic electrochemical nano-biosensors. (A)
Design (a) and working principle (b) of paper-based microfluidic electrochemical
immunosensor for quantitative detection of PEAK1. Adapted with permission from
Ref. [193]. Copyright 2020 Elsevier; (B) Design (a) and working principle (b) of origami-
paper-based electrochemical aptasensor for label-free detection of EGFR. Nano-
composites of amino-functionalized graphene, thionine (THI) and AuNPs were syn-
thesized as the electrochemical probes. Adapted with permission from Ref. [195].
Copyright 2020 Springer Nature Publishing.
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integrated with nanomaterials such as quantum dots, MOFs, and
nanocomposites for bioanalysis. For example, Díez-Buitrago et al.
presented a portable and disposable screen-printed electrode-
based platform for CdS QDs-based ECL detection [207]. The ECL
emission from CdS QDs was triggered with H2O2 as a cofactor, and
enzymatic assays were employed to modulate the CdS QDs ECL
signal by blocking the surface or generating H2O2 in situ. Thiol-
bearing compounds such as thiocholine generated through the
hydrolysis of acetylthiocholine by acetylcholinesterase (AChE)
interacted with the surface of CdS QDs, thus blocking the ECL. The
biosensor showed a linear range up to 5 mU/mL and a detection
limit of 0.73 mU/mL for AChE. Song et al. developed a signal
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amplified ECL sensor chip for sensitive analysis of procalcitonin
(Fig. 9A) [33]. Based on the synergistic catalysis of Au and Pd, the
spontaneous cyclic reaction of Ce(III)/Ce(IV), and the high electro-
chemically active surface area of Ce(III, IV) MOFs, a large number of
superoxide anion radicals and hydroxyl radicals were produced
(Fig. 9B). Therefore, the luminescence efficiency of N-(aminobutyl)-
N-(ethylisoluminol)edissolved O2 (ABEIeO2) systems were
improved. Moreover, the affinity peptide ligands were used for the
directional connection of antibodies to protect the bioactivity of the
proposed sensor. Finally, a PDMSmicrofluidic platformwas used for
ECL analysis to integrate the three-electrode detection system into
the self-assembled microfluidic chip, which realized the automa-
tion and portability of the detection process. The developed sensor
showed high sensitivity for procalcitonin detection with a LOD of
3.46 fg/mL, and the detection range of the proposed sensor was
10 fg/mL to 100 ng/mL (Fig. 9C). The RSD and recovery of the sensor
for serum sample analysis were 1.4e2.5 and 98.3e102%, respec-
tively. Feng et al. developed a bioactivity-maintained sensing
platform for quantitatively detecting neuron-specific enolase (NSE)
based on ECL technology and self-assembled portable disease
detection chips [208]. First, Fe3O4@MoS2 nanocomposites were
prepared as an efficient catalyst to accelerate the reduction of
persulfate (S2O8

2�). Specifically, abundant sulfate radicals (SO4
�-)

were generated because of cyclic conversion between Fe2þ and
Fe3þ. Moreover, a PDMS biosensor chip was constructed by stan-
dard lithography processes and integrated with the nano-sensor to
detect NSE. A linear equation with a correlation coefficient of 0.998
was obtained. The LOD was 3.67 fg/mL (S/N ¼ 3). A series of spiked
serum samples were analyzed to evaluate the proposed micro-
fluidic device. The recovery rate was 98.5e103%, and the RSD was
1.4e3.0%.

4.5. Distance-based detections

In recent years, microfluidic nano-biosensors using the
distance-based signal readout show tremendous potential for POC
bioanalysis [23,209,210]. Without the need for advanced analytical
instruments, the microfluidic biosensing results can be simply
displayed as quantitative distance signals in the format of on-chip
visual bar charts, making the method particularly advantageous
for POT testing. There are mainly two types of driving principles in
distance-based microfluidic nano-biosensors: (1) volumetric bar-
chart pumping, and (2) capillary effect-based pumping.

In volumetric bar-chart chips (V-Chips), the molecule-
recognition events are transduced into the volumes of on-chip
produced gas along with pressure variations in sealed micro-
fluidic environments [211]. As a result, inks in defined chambers are
pumped into channels, followed by the movement to form visual
ink bar charts. It has been evidenced that the ink-bar-chart move-
ment distance is positively related to the volume of produced gas in
V-Chips [211]. Hence, by specifically linking the gas production
efficiency with assay systems, quantitative bioanalytical signals can
be directly displayed as visual ink bar charts without the aid of any
sophisticated instruments.

Enzymes and nanomaterials that can produce gas through bio-
logical/chemical processes are widely integrated into V-Chips
[61,212]. To enhance the operational stability of V-Chips, PtNPs
with distinct catalase-like activity and good physicochemical sta-
bility have been introduced into V-Chips by Qin’s group for im-
munoassays of cancer biomarkers [212]. Using PtNPs to label the
detection antibody, they established ELISA systems in glass/PDMS
V-Chips. The V-Chips could be slid to access the reaction and ink
chambers to channels after the ELISA procedures. Multiple cancer
biomarkers were utilized to validate the bioanalytical performance
of the V-Chips. Yang et al. integrated Au/Pt core-shell (Au@Pt) NP-



Table 2
Microfluidic nano-biosensors based on the electrochemical detection method.

Method Device
Substrate

Nanomaterial Target Linear Range LOD Ref.

Electrochemistry Paper Zinc oxide nanowires p24 antigen e 0.4 pg/mL [194]
Electrochemistry Paper GO and AuNPs Pseudopodium-enriched atypical

kinase one, SGK269 (PEAK1)
10e106 pg/mL 10 pg/mL [193]

Electrochemistry Paper Nanocomposites of amino-functionalized
graphene, thionine (THI) and AuNPs

Epidermal growth factor receptor
(EGFR)

0.05e200 ng/mL 5 pg/mL [195]

Electrochemistry Paper Pd@Zn/Co core-shell MOFs NPs PSA 5 pg/mL-50 ng/mL 0.78 pg/mL [196]
Electrochemistry Paper Black phosphorus nanosheets (BP NSs) Peanut allergen Ara h1 50e1000 ng/mL 21.6 ng/mL [200]
Electrochemistry Paper Single wall carbon nanotubes (SWCNTs)/AuNPs C-reactive protein; prealbumin 5 pg/mL-1 mg/mL; 10

pg/mL-1mg/mL
5 pg/mL; 10 pg/mL [201]

Electrochemistry Glass/
PDMS

Reduced-GO nanoflakes Antibodies to SARS-CoV-2 spike
S1 protein; receptor-binding-domain
(RBD)

10�12-20 � 10�9 M 2.8 � 10�15 M;
16.9 � 10�15 M

[197]

Electrochemistry PDMS Nanoporous Au films containing multi-walled
carbon nanotubes (MWCNT)

Plasmodium vivax antibody (anti-
PvMSP119)

2e1000 ng/mL 0.6 ng/mL [198]

Electrochemistry PDMS Ti3C2Tx MXene nanosheets Sweat cortisol 0.01e100 nM 88 pM [199]
Electrochemistry PET/PDMS Multiwall carbon nanotubes/Au nanoflowers Creatinine 0.01e1 mM 0.5 mM [202]
Electrochemistry Glass/

PDMS
AuNPs PSA 1 pg/mL-10 ng/mL 0.25 pg/mL [203]

Fig. 9. Microfluidic nano-biosensor for ECL-based detection of procalcitonin. (A) Schematic of the microfluidic chip and (B) the sensing mechanism. (C) ECL intensityetime curves of
different procalcitonin concentrations (aeh: 10 fg/mL to 100 ng/mL). Adapted with permission from Ref. [33]. Copyright 2022 American Chemical Society.
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encapsulated target-responsive hydrogels in V-Chips for the
detection of cocaine [211]. Au@PtNPs were released from the
hydrogels due to the specific complexation between target analytes
and aptamer linkers and acted as artificial catalase in the V-Chips to
form bar-chart signals. Recently, Li and co-workers developed an
interesting bar-chart Spinchip with the integration of NP-mediated
magnetic aptasensors for multiplexed detection of pathogens
(Fig. 10) [210]. It is worthy to note that this work presented a novel
approach to address the current challenge in multiplexed bar-chart
detection using a “Spinning”mechanism. The introduction of a spin
unit not only enables convenient sample introduction from one
inlet to multiple different channels, but also elegantly solves the
pressure cross-interference problem in the multiplexed volumetric
bar-chart chip. In this work, aptamer sequences to target pathogens
were labeled with PtNPs and initially captured by capture se-
quences on the surfaces of magnetic beads that were settled in
defied chambers of the chips by using an external magnet. The
specific binding between aptamer sequences and target pathogens
resulted in the release of PtNPs into the sample solutions to cata-
lyze the decomposition of H2O2 into O2. As a result, simultaneous
visual quantitative detection of multiple pathogenswas achieved in
the bar-chart Spinchip. Three foodborne pathogens (Salmonella
enterica, Escherichia coli, and Listeria monocytogenes) were tested at
LODs of around 10 CFU/mL in apple juice. Wang et al. presented a
glass/PDMS V-Chip with the integration of an aptazyme-induced
cascade signal amplification strategy for quantifying aflatoxin B1
(AFB1) and adenosine triphosphate (ATP) [61]. Molecule recogni-
tion between target analytes and aptamers formed hemin/G-
quadruplex (hGQ) DNAzymes on magnetic silica (MS) NPs as the
biosensing probe. By mimicking the horseradish peroxidase (HRP)-
16
accelerated signal enhancement reaction, polymerization of dopa-
mine occurred on MSNPs to generate sufficient anchor sites for
covalent capturing of 4-mercaptophenylboric acid (4-MPBA)-
modified PtNPs. Wang and colleagues combined the lateral flow
immunoassay (LFIA) with V-Chips using PtNPs as the immunoassay
probe in LFIA strips [23]. After the immunochromatographic pro-
cedure, test zones with captured PtNPs were removed from the
strips and loaded into V-Chips to enable visual bar-chart signal
readout. The LOD of 0.54 ng/mL PSA was achieved by using this V-
Chip.

The capillary effect-based distance detection is mostly applied
in mPADs, based on the quantitative flow distance of liquids in paper
substrates via the capillary effect, which is of particular interest for
POC bioanalysis [192,213]. Yang et al. reported a mPAD for POC
testing of cocaine using target-responsive aptamer-crosslinked
hydrogels [214]. Specific molecule recognition between target
analytes and aptamer linkers resulted in the hydrogel collapse with
the release of glucoamylase (GA) and the production of glucose.
Glucose traveled into paper channels and reacted with deposited
glucose oxidase (GOx), HRP and 3,3’-diaminobenzidine (DAB) to
display color changes. Employing the length of the colored bars as
the quantitative assay signal, cocaine was determined at the LOD of
5.8 mM in urine samples. Liu and colleagues proposed a distance-
based mPAD for testing microRNAs (miRNAs) [215]. A rolling circle
amplification (RCA) reactionwas exploited to enhance the viscosity
of target miRNAs in samples. MOFs were utilized to modify the
paper substrates to modulate the surface hydrophobicity, through
which the distance signal was further amplified. In this way, miR-
221 and miR-222 in liver cell lysate were quantified at LODs of
0.33 and 0.37 pM, respectively. Henry et al. presented amicrofluidic



Fig. 10. Scheme of magnetic aptasensor-integrated bar-chart Spinchip for multiplexed detection of pathogens. (A) Working principle of the bar-chart Spinchip; (B) Detection results
of three kinds of pathogens. Adapted with permission from Ref. [210]. Copyright 2018 American Chemical Society.
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paper sensor for distance-based determination of chloride ions
[216]. AgNPs were deposited in paper channels to indicate the vi-
sual distance readout via the reaction with H2O2 and chloride ions
to formwhite AgCl. Chloride ions were detected at a LOD of 2 mg/L
in a wide concentration range of 25e1000 mg/L. These distance-
based microfluidic nano-biosensors are summarized in Table 3.
4.6. Photothermal detections

As discussed in Section 3.2 in the article, the quantitative
detection signals in off-chip photothermal bioassays can be recor-
ded by means of temperature readers (e.g., thermometers)
[27,91,220]. The Li group for the first time reported a photothermal
Table 3
Microfluidic nano-biosensors using the distance-based detection method.

Method Device
Substrate

Nanomaterial Target

Distance-based
readout

Glass/
PDMS

Au@PtNP-encapsulated target-responsive
hydrogels

Cocaine in u

Distance-based
readout

PMMA PtNPs/magnetic beads Salmonella e
Escherichia
monocytoge

Distance-based
readout

Glass/
PDMS

Magnetic silica NPs/4-mercaptophenylboric
acid-modified PtNPs

Aflatoxin B1
triphosphat

Distance-based
readout

Glass/
PDMS

PtNPs PSA

Distance-based
readout

Paper Target responsive aptamer-crosslinked
hydrogels

Cocaine in u

Distance-based
readout

Paper MOFs MicroRNAs

Distance-based
readout

Paper AgNPs Chloride ion

Distance-based
readout

Glass/
PDMS

PtNPs Circulating

Distance-based
readout

Glass/
PDMS

PtNPs- encapsulated target-responsive
hydrogels

Aflatoxin B1
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biosensing method mediated by nanomaterials for quantitative
biochemical analysis using a thermometer [91]. Most of these as-
says during the early photothermal biosensing development stage
were immunoassays [91,220]. Recently, Li and co-workers devel-
oped a new low-cost photothermal genetic biosensor on a paper/
PMMA hybrid device for quantitative detection of pathogens using
a thermometer [27]. DNA capture probes were readily immobilized
on the paper surface through a one-step surface modification
process. After DNA sandwich hybridization, ssDNA-functionalized
AuNPs were introduced into the device to catalyze the oxidation
reaction of TMB. The produced oxidized TMB functioned as a strong
photothermal agent for the photothermal detection of mycobac-
terium tuberculosis (MTB) DNA using a miniaturized thermometer
Linear Range LOD Ref.

rine 0e400 mM 0.06 mM [211]

nterica;
coli; Listeria
nes

10e800 CFU/mL; 102e108 CFU/mL;
102e107 CFU/mL

10 CFU/mL [210]

(AFB1); adenosine
e (ATP)

0.005e1 nM; 0.01e1 nM 0.075 pM;
0.818 pM

[61]

0e12 ng/mL 0.54 ng/mL [23]

rine 10e400 mM 5.8 mM [217]

(miR-221; miR-222) 0.5e20 pM; 1e20 pM 0.33 pM; 0.37
pM

[215]

s 25e1000 mg/L 2 mg/L [216]

tumor cells (CTCs) 0-200 cells/chamber 1 cell [218]

(AFB1) 0e60 nM 1.77 nM [219]
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probe. The LOD of 39 nM MTB DNA was achieved.
Along with the thermometer-based readout method, the pho-

tothermal biosensing principle has been integrated into micro-
fluidic chips to develop photothermal bar-chart chips (PT-Chips)
using on-chip photothermal signal transduction [23,61,221]. In PT-
Chips, the photothermal effect served as a new kind of pumping
force, displaying great promise for POC bioanalysis [61]. Upon laser
irradiation, the on-chip photothermal effects of nanomaterials can
lead to rapid temperature elevations of solutions in defined
chambers. The resulting increment of vapor pressure in sealed
environments pumps the ink movement in channels to form visual
bar-chart signals. Excitingly, the photothermal pumping approach
can be operated in a contactless way using portable laser pointers,
and the pumping efficiency can be precisely controlled by remotely
tuning the irradiation parameters [61]. Therefore, by on-chip
integration of the photothermal biosensing and pumping princi-
ples, quantitative bioassay signals can also be displayed as visual
bar charts in PT-Chips. In comparison with V-Chips, it should be
mentioned that PT-Chips are more advantageous in the pumping
robustness, operational controllability, and stability to surrounding
environments [23,61,221]. Since the working principle of PT-Chips
is based on temperature elevation, instead of continuous genera-
tion of gas, and is different from conventional V-Chips, we separate
it as a different section.

To our best knowledge, Li’s group reported the first PT-Chip to
demonstrate the feasibility of photothermal microfluidic pumping
and the bioanalytical applicability [61]. They fabricated a PMMA/
PDMS hybrid bar-chart chip with loaded PB NPs and GO as the
photothermal agents. Based on reading the ink-bar-chart move-
ment distance as the analytical signals, it was proved that the
photothermal pumping efficiency was quantitatively correlated
with the irradiation time and the dose of the photothermal agents,
and it can be precisely controlled by tuning these experimental
parameters. They successfully exploited the pumping method for
on-chip transport of liquid cargos (e.g., AuNPs and dyes) [61]. They
further applied the PT-Chip for detector-free immunoassay of PSA
as a proof of concept (Fig. 11A) [23]. Immunoassay solutions using
PB NPs as the photothermal probe were transferred into the PT-
Chips to read the quantitative bar-chart signals in a multiplexed
format. Using a traditional spectrophotometric method for com-
parison, both human serum andwhole blood samples were utilized
to validate the analytical accuracy of the PT-Chip. PSAwas detected
at a LOD (i.e. 2.1 ng/mL) below the diagnostic cut-off value of
prostate cancer.

Notably, PT-Chips are compatible to a broad range of conven-
tional and commercial bioassays using TMB as the chromogenic
substrates, based on exploiting oxTMB as the photothermal probes
[24,134,221]. For instance, Li and collaborators further integrated a
conventional ELISA and the photothermal pumping protocol into a
single PT-Chip for multiplexed immunoassay of PSA [221], as
diagramed in Fig. 11B. In the ELISA system, on-chip immuno-
captured iron oxide NPs acted as artificial peroxidase to catalyze the
oxidation of TMB to produce the photothermal probe (i.e., oxTMB).
Dye solutions in defined chambers were pushed into the channels
to form visual quantitative bar-chart immunoassay signals through
the photothermal pumping approach. Interestingly, multiplexed
detection of six samples was realized in a single chip upon one
irradiation process. As a proof of concept, PSA was evaluated at a
LOD of 1.9 ng/mL on the chip. The immunoassay performance of the
PT-Chip was also validated by a conventional spectrophotometric
method.

Additionally, the photothermal biosensing principle can be in-
tegrated into mPADs and other platforms in combination with
photothermally responsive elements [222]. Fu et al. reported a
PMMA/paper hybrid photothermal immunoassay disk with the aid
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of thermoresponsive hydrogels [223]. Using a clip-magazine chip
design, the immuno-recognition took place on the paper substrate
using PB NPs as the colorimetric/photothermal dual-functional
probe. The photothermal effect resulted in on-chip phase transi-
tion of the hydrogels with the release of encapsulated dye solutions
in paper channels through the capillary effect. Hence, colorimetric,
thermal image- and distance-based tri-mode quantitative output of
the immunoassay signals was realized on the disk. Xu and co-
workers developed an interesting microfluidic droplet platform
using shape memory micropillar arrays to manipulate droplets
under the irradiation of NIR light [224]. Au nanorods were mixed
into poly(ethylene-vinyl acetate) (EVA) copolymers with shape
memory capability to fabricate a photothermally responsive sub-
strate of the micropillar arrays. Under laser irradiation, the photo-
thermal effect-induced micropillar deformation drove the
movement of droplets. Based on manipulating the droplet move-
ment, the platformwas used to detect ascorbic acid using PB as the
colorimetric probe. It should bementioned that the consumption of
reagents in this platform (i.e., sub-microliters) was much lower
than that of conventional methods.

5. Conclusions and outlook

In summary, this article reviewed the recent advancement of
microfluidic nano-biosensors in POC bioanalysis. Microfluidics has
become a powerful LOC technology for POC bioanalysis because of
the benefit of integration and miniaturization of analytical settings.
Meanwhile, nanomaterials are showing substantial promise in
developing biosensors ascribed to their distinctive physical and
chemical properties. We believe that the involvement of nano-
materials is playing a key role for the current leap forward in the
field. Notably, we have seen improving the reliability of biosensors
in terms of sensitivity, selectivity, stability and the potential for POC
testing by researchers worldwide. Significantly, it has been a hot
research topic to integrate nanomaterial-based biosensors into
microfluidic devices. On the one hand, nanomaterials are capable of
playing versatile biosensing roles in microfluidic devices, such as
molecule recognition, signal transduction and modulation (e.g.,
amplification and quenching); on the other hand, microfluidics
offers a more versatile LOC platform for enabling the biosensing
performance of nanomaterials in point of care. Given the exploi-
tation of various biosensing principles including some new
instrument-free strategies in recent years, microfluidic nano-
biosensors are of particular interest for early diagnostics of dis-
eases, especially in resource-limited areas.

Despite enormous progress in this field, several challenges are
still confronted in motivating microfluidic nano-biosensors from
bench to practical POC applications. Besides the potential concern
in the material aspect (e.g., stability, cost, and toxicity of nano-
materials), some microfluidic biosensors, especially for optical
ones, have to rely on bulky analytical instruments for quantitative
signal readout or external precise accessories for liquid handling.
The operation of some devices like V-Chips is somewhat compli-
cated for unskilled personnel, in addition to the high cost of chip
fabrication. For PT-Chips, there is an increasing demand to integrate
the chips with the laser systems, possibly to a ready-to-use one. To
cope with these limitations, the development of novel instrument-
free signal transduction or readout principles is an ideal choice to
work with microfluidic devices. Accordingly, new applications or
exploration of new physicochemical properties of nanomaterials
for biosensing are of great significance. More efforts in multi-
disciplinary collaboration, especially with artificial intelligence,
machine learning and deep learning, are highly desirable to
simplify the operation of devices, lower the cost, and achieve
automated high-throughput reagent handling and digital readout



Fig. 11. Working principles of PT-Chips for multiplexed immunoassay of PSA. (A) PT-Chip using PB NPs as the photothermal probe. Adapted with permission from Ref. [23].
Copyright 2021 American Chemical Society. (B) PT-Chip with integration of an ELISA system and the photothermal pumping protocol using oxTMB as the photothermal probe.
Adapted with permission from Ref. [221]. Copyright 2021 American Chemical Society.
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[225,226]. Furthermore, in the material aspect, the matching of
compatibility to commercial bioassay kits (e.g., TMB chromogenic
systems) might be an alternative way to shorten the gap further
because the reliability of these biosensing materials has been
commercially validated which can be directly transferred into
microfluidic devices. Therefore, considerable research efforts in
different aspects are still needed to improve the applicability of
microfluidic nano-biosensors in practical POC bioanalysis. With the
development of more exciting works by researchers worldwide,
microfluidic nano-biosensors are expected to make a new mile-
stone for POC bioanalysis and personalized healthcare in the near
future after clinical validation. Therefore, collaboration with
healthcare workers and clinical personnel is essential to translate
these microfluidic nano-biosensors from bench to practical POC
bioanalytical applications.
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