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a b s t r a c t

The coronavirus disease 2019 (COVID-19) has extensively promoted the application of nucleic acid
testing technology in the field of clinical testing. The most widely used polymerase chain reaction (PCR)-
based nucleic acid testing technology has problems such as complex operation, high requirements of
personnel and laboratories, and contamination. The highly miniaturized microfluidic chip provides an
essential tool for integrating the complex nucleic acid detection process. Various microfluidic chips have
been developed for the rapid detection of nucleic acid, such as amplification-free microfluidics in
combination with clustered regularly interspaced short palindromic repeats (CRISPR). In this review, we
first summarized the routine process of nucleic acid testing, including sample processing and nucleic
acid detection. Then the typical microfluidic chip technologies and new research advances are sum-
marized. We also discuss the main problems of nucleic acid detection and the future developing trend of
the microfluidic chip.

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

Nucleic acid sequence carries rich genetic information and is the
most specific marker for biological information identification. The
research and development of nucleic acid detection methods for
biochemical analysis are significant. Currently, the most mature
nucleic acid detection technology is amplification based on PCR
technology, which has been developed and applied in clinical
practice for decades [1]. Since the outbreak of COVID-19 in 2019, it
has been widely used and is regarded as the gold standard for
COVID-19 detection [2,3].

Nucleic acid testing is systematic engineering, including sample
processing, nucleic acid extraction and detection steps [4,5]. Con-
ventional PCR-based nucleic acid detection technologies usually
have critical drawbacks such as complex operation, high re-
quirements for expensive equipment and long reaction time [6,7].
Therefore, developing rapid, accurate and straight-forward nucleic
acid detection testing techniques has crucial practical application
value. Many new nucleic acid detection technologies have been
ang), jiang@sustech.edu.cn
developed in recent years, such as isothermal amplification and
amplification-free nucleic acid detection technology [8e12].

The highly miniaturized microfluidic technology can integrate
complex nucleic acid detection processes on one chip [13,14], which
lessens the complexity of the operation and helps build an auto-
matic and efficient diagnosis system [15e18]. Various microfluidic
chips have been developed to detect nucleic acid [19e22]. A series
of new nucleic acid detection technologies have been developed in
the past two years with the vast demand for the detection of
COVID-19 [23e26]. Therefore, we write this review to summarize
the recent progress of nucleic acid testing based on a microfluidic
chip. We first summarized the routine process of nucleic acid
testing, and then the advanced microfluidic chip technologies are
summarized. Finally, we put forward the existing problems and
development direction of the microfluidic chip for nucleic acid
detection (Fig. 1).
2. Microfluidic chip and on-chip nucleic acid detection

2.1. Sample processing and nucleic acid extraction

The first step in the testing process is extracting nucleic acid
from clinical samples [27]. The extraction and purification of
nucleic acids will directly affect the assay results. The process
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Fig. 1. Outline of microfluidics technology for the nucleic acid test.
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usually requires three steps: sample lysis, nucleic acid extraction,
and purification. Nucleic acid extraction first requires lysis of the
cells to release the intracellular nucleic acid. Ideal lysis agents
should not interferewith downstream assays and can be adapted to
miniaturized devices such as microfluidic chips.
2.1.1. Lysis method
The lysis method falls into two major categories, chemical and

mechanical lysis [28]. Chemical solutions, such as alkaline solu-
tions, enzyme solutions, and decontaminants, can lyse cell mem-
branes to release intracellular components [29]. The advantage of
the chemical lysis method is that the process is simple and easy to
handle, but the lysis reagent may affect the downstream nucleic
acid amplification. Mechanical lysis is performed by physical means
such as freeze-thawing, collision method, grinding, acoustic and
electrolysis. For example, the grinding method uses shear stress to
disrupt cell membranes from the outside, and the automated
grinding microfluidic chip developed recently [30] can replace
manual grinding with filtration and other steps after lysis, followed
by elution using PCR buffer. The collision method is based on
integrating nanostructures into the microfluidic chip to induce
mutual collisions between cells to achieve lysis. In addition, intro-
ducing tiny beads (100 mm) into the microfluidic device can also
induce cell fragmentation lysis.

Other physical lysis methods also basically use physical means
to disrupt the cell membrane to allow the escape of intracellular
components, acoustic methods use mechanical vibrations to
disrupt the cell membrane, and electrolysis uses high voltage to
perforate the cell membrane and to perform its effect [31]. The
advantages of the physical lysis method are that it does not require
chemical reagents and is suitable for highly automated microfluidic
devices. The disadvantage is that the high shear stress and heat
generated in the process may damage the DNA.

2.1.2. Extraction methods
There are twomain extraction methods: liquid-liquid extraction

and solid-phase extraction. Liquid-liquid extraction uses two
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immiscible solvents to extract and concentrate the analytes in one
phase. The traditional phenol-chloroform system, for example, uses
a large amount of volatile organic solvents and requires many
sample processing steps. Nucleic acid extraction has been minia-
turized to require only microliter or milliliter volumes to reduce the
use of toxic organic solvents [32,33], but it is still difficult to be
compatible with microfluidic devices for reasons such as corro-
siveness. Instead, solid-phase nucleic acid extraction methods,
which allow for the separation of substances with limited amounts
of reagents, are more frequently used as assays paired with
microfluidic chips [34e36]. Therefore, we focus on the latest ad-
vances in the solid phase extraction field.

2.1.2.1. Silicon-based material extraction method. Silica is a
biocompatible substrate material that is stable, easy to modify, and
compatible with nucleic acids. Nucleic acids can be adsorbed or
eluted from silica by changing pH or salt concentration conditions
[37]. Various silica-based materials, such as silica beads and
membranes, have been widely used for nucleic acid extraction in
microfluidics. Depending on the material properties, silica-based
materials can be used in various ways on microchips [38]. For
example, silica beads or nano-filters can simply be placed into the
wells or microchannels of a microfluidic chip to extract nucleic
acids from the sample. Researchers [39] utilized the microfluidic
chip embedded with chitosan-modified silicon dioxide capillaries
and a smartphone-based detection unit to construct a system for
rapidly extracting and detecting ZIKV RNA. Using nanofiltration
membranes made from low-stress silicon nitride, researchers [40]
proposed a method to collect negatively charged nucleic acids
directly from biological samples by adding an electric field between
the sample and the collection buffer separated by the nanofiltration
membrane.

2.1.2.2. Magnetic-based strategies. Magnetic nanoparticles gener-
ally contain magnetic nuclei and outer shell coated with silica or
other derivatives with nucleic acid trapping ability. The excellent
surface biocompatibility and large specific surface area of magnetic
beads ensure their ability to adsorb nucleic acids effectively, and
the superparamagnetic properties ensure that the beads can be
uniformly dispersed throughout the medium in the absence of an
external magnetic field [41]. Magnetic beads move and aggregate
rapidly when placed in an external magnetic field for separation.
Solid-phase extraction based on magnetic materials is the primary
choice for high-throughput and automated nucleic acid extraction
because it does not rely on centrifuges or other complicated
equipment, significantly reduces separation times, and the imple-
mentation of automation eliminates the errors that tend to occur in
manual operations. Commonly used magnetic particles include
silica-coated, amino-coated, carboxyl-coated Fe3O4 or g-Fe2O3
magnetic particles [42]. Compared to silica-based solid phase
extraction techniques, magnetic particles are easier to manipulate
and control with external magnets. The principle of extraction for
nucleic acids is simple, nucleic acids are adsorbed on the surface of
silica-coated magnetic particles at high salt and low pH conditions,
while the molecules can be eluted again at low salt and high pH
conditions [43]. The silica-coated magnetic beads allow the
extraction of DNA from large volumes of samples with the help of
magnetic field-guided enrichment.

To fully integrate nucleic acid extraction, amplification and
detection on a microfluidic system and to enable the detection of
five high-risk HPV indicators, researchers [44] used chitosan-
modified magnetic microspheres for pH-induced nucleic acid
extraction and integrated this approach into a centrifugal micro-
fluidic chip (Fig. 2A). The microfluidic system includes cell lysis,
nucleic acid capture and release, isothermal amplification, and real-



Fig. 2. Diagram of nucleic acid extraction method. (A) Chitosan-modified magnetic microspheres for pH-induced nucleic acid extraction and integrated into a centrifugal
microfluidic chip. Reproduced with permission from Ref. [44]. (B) Rapid plant DNA extraction method using disposable polymeric microneedle patches. Reproduced with
permission from Ref. [46]. (C) Using ME chip with thermal gel electrophoresis to directly separate and quantify multiple miRNAs. Reproduced with permission from Ref. [51]. (D) A
micro-pipette tip-based nucleic acid test (MTNT) for high-throughput sample-to-answer detection of both DNA and RNA from crude samples including cells, bacteria, and solid
plants. Reproduced with permission from Ref. [53].
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time fluorescence detection, all the processes are controlled by
centrifugal force and magnetic control. The detection system ex-
hibits good specificity, stability, and high detection speed. The
microfluidic system that introduced chitosan-modified magnetic
microspheres as a solid-phase extraction material can successfully
achieve pH-induced nucleic acid extraction and avoid the adverse
effects of organic solvents on subsequent procedures.

For the detection of ultra-low-abundance exosomal nucleic
acids, the researchers proposed a simple, efficient and "lab-in-tube"
exosome nucleic acid detection system that fully integrates exo-
some enrichment using immunomagnetic beads (IMB) (10 min),
rapid exosome-based lysis (5 min) and sensitive loop-mediated
isothermal amplification (LAMP) in a tube [45]. The platform has
demonstrated good performance in the direct analysis of exosomal
HOTTIP RNA in human serum samples and has the potential to
detect low abundance exosomal nucleic acid biomarkers in cancer.

As an effective nucleic acid extraction tool, magnetic micro-
spheres have dominated the point of care testing (POCT) field with
many advantages such as low sample consumption, high automa-
tion and excellent stability.
2.1.2.3. Microneedle-based nucleic acid extraction.
Microneedle-based nucleic acid extraction methods, which allow
rapid in situ extraction of nucleic acid molecules, have been applied
in fields such as plant and food pathogen detection., etc.

Current conventional protocols for extracting DNA from plant
tissues and performing in situ molecular diagnoses are cumber-
some and time-consuming. Researchers [46] have developed a
rapid plant DNA extraction method using disposable polymeric
3

microneedle (MN) patches (Fig. 2B). The MN-extracted DNA is used
for direct PCR without purification. This simple, cell lysis-free and
purification-free DNA extraction method may be a transformative
approach to facilitate rapid sample preparation for molecular
diagnosis of various plant diseases directly in situ. In addition,
nucleic acid-based assays are very promising for risk assessment in
the food sector. However, cumbersome protocols are often required
to isolate nucleic acid components due to the complexity of food
matrices. To rapidly track allergens in food, researchers [47]
developed an instant and multiplex DNA extraction method based
on polyvinyl alcohol microneedle patches. By performing a simple
press-and-peel operation in less than 1 min, samples suitable for
DNA-based analysis can be collected, and by further combining this
with a recombinase polymerase amplification (RPA) assay, rapid
screening of complex samples such as shrimp balls and cheesecake
for allergy risk can be achieved in less than 30 min.
2.1.2.4. Separation based on electrophoresis. Since electrophoresis-
based separation methods do not require additional sample pro-
cessing and nucleic acid extraction and can be directly combined
with microchips for the separation and detection of nucleic acids,
we summarized the latest developments in this field.
Electrophoresis-based separation utilizes an electric field that al-
lows the migration of negatively charged NA toward a positively
charged cathode [48]. The principle of separation is that analytes
have different migratory mobility when located in high applied
electric fields (up to 800 V/cm) according to the size and charge-to-
mass ratio. The use of electrophoresis has unique advantages over
traditional DNA extraction, such as the isolation and enrichment of
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small nucleic acid fragments can be completed in a few minutes.
Cleaving large DNA sequences into fragments using restriction
endonucleases also allows for high-speed separation and detection
of large nucleic acid fragments.

Among the materials that can be used as matrices for capillary
electrophoresis sieving, gels are indispensable materials similar to
plate electrophoresis gels. Polyacrylamide and agarose are gener-
ally used as the matrices for conventional plate gel electrophoresis,
which are prone to generate Joule heat resulting in poor repro-
ducibility. As permanent polymers, they can only be used once [49].
Researchers [50] developed a DNA-modified polyacrylamide
hydrogel that captures and releases 20e1000 bp ssDNA and dsDNA
with high specificity and sensitivity. In this work, ssDNA and dsDNA
from serum are electrophoresed into a modified hydrogel, and then
thermos cycled to capture DNA by hybridization. After multiple
electrophoreses, DNA is concentrated in the gel and retrieved,
which can significantly improve the detection efficiency of free
DNA in blood samples.

In another example, researchers [51] developed a simple, rapid
method to directly quantify multiple miRNAs using microfluidic
thermal gel electrophoresis (TGE) (Fig. 2C). TGE is a thermally
responsive polymer that changes viscosity based on temperature.
The sample is poured directly into a liquid phase thermal gel that
can be quickly loaded into the microfluidic channel. The gel is then
cured by heating the device to lock the sample and electrolyte in
the appropriate position and provide a sieving matrix. The method
achieved a high resolution between four double-stranded miRNA-
probe hybrids and four excess single-stranded probes. Wei et al.
[52] developed a multiplex fluorescence signal amplification
method based on an electrophoresis platform to separate and
detect microRNAs. The method used two kinds of fluorescein-
labelled DNA signal probes to hybridize with its target microRNAs
and utilized T7 exonuclease to realize the fluorescence signal
amplification. Two kinds of fluorescein-labelled DNA segments
with different sizes were separated and detected on the Micro-
electrophoresis (ME) laser-induced fluorescence detection plat-
form. The method produces an excellent linear relationship
between the fluorescence intensity and the amount of microRNA.
The detection limit for microRNA can be as low as 15 pM.

2.1.3. Extraction-free and one-step nucleic acid detection
In some areas where resources are scarce extraction-free or one-

step analysis methods for rapid detection are required.
In addition to solid phase extraction techniques, techniques

such as FTA rapid nucleic acid extraction cards are also widely used.
Our group have developed a micro-pipette tip-based nucleic acid
test (MTNT) for high-throughput sample-to-answer detection of
both DNA and RNA from crude samples without the need for
sample pretreatment and complex operation [53]. MTNTconsists of
micro-pipette tips and embedded solid phase nucleic acid extrac-
tion membranes and fully integrates the functions of nucleic acid
extraction from crude samples, LAMP of nucleic acids, and visual
read-out of assays (Fig. 2D).

Some researchers developed a digitally enhanced one-pot
method for nucleic acid detection using digital microwell arrays
[54]. This method uses the combination of RT-RPA and CRISPR/
Cas12. The target RNA is reverse-transcribed and amplified into
DNA by RT-RPA, and the crRNA-Cas12a complex is activated to cut
the single-stranded DNA fluorescent reporter gene to generate
fluorescence. By confining this reaction to the digitized microwell,
the local reaction concentration is increased, the signal is enhanced,
and the sensitivity is improved. The method enables qualitative
detection in <15 min and quantitative detection in 30 min with a
high signal-to-background ratio, wide dynamic range, and high
sensitivity. Other researchers have used CRISPR/Cas13 to detect
4

COVID-19. Hsu et al. developed an integrated and rapid automated
microfluidic detection system for nucleic acid detection [55]. The
system consists of a single-use gravity-drivenmicrofluidic cartridge
and a compact instrument that automates the detection process
from sample to result within 60 min, with a sensitivity of 40% for
SARS-CoV-2 copies/ml. The combination with microfluidics makes
one-step nucleic acid testing more feasible, and the simplicity and
rapidity of these assays allows for on-site deployment, bedside
diagnostics, and routine monitoring. The detailed comparison of
the sample processing method is shown in Table 1.

2.2. Nucleic acid amplification techniques

For the detection of a low concentration of nucleic acid in
samples, an amplification reaction is essential. Microfluidics com-
bined with nucleic acid amplification can lead to a more sensitive
test result and make it a powerful tool for clinical microbiology
testing. In recent years, various microfluidic devices based on
nucleic acid amplification have emerged for the rapid and accurate
detection of DNA and RNA [56e58]. In general, nucleic acid
amplification-based techniques are classified as PCR and
isothermal nucleic acid amplification. This section will summarize
those nucleic acid detection techniques based on microfluidic
systems.

2.2.1. Polymerase chain reaction
Since being invented in the 1980s, PCR has become a powerful

tool for detecting virtually all clinical microorganisms. PCR is an
in vitro enzymatic DNA amplification performed at three discrete
temperatures. PCR consists of a thermal cycle that includes dena-
turation of double-stranded DNA at high temperature, annealing of
primers to genomic DNA complementary sequences, and extension
with the aid of polymerase. The polymerase used in the reaction is
Taq polymerase, which can tolerate high temperatures [59]. PCR
can amplify a small amount of target DNA/RNA at an exponential
rate, and the amplification process generates up to one billion
copies of the original target gene, making PCR a powerful tool for
rapidly detecting nucleic acids [60]. Due to advances in micro-
fluidics, PCR has beenwidely integrated into microfluidic platforms
used for diagnosis.

In recent decades, many portable microfluidic devices equipped
with thermal cycling systems to perform PCR have been developed
to meet the need for immediate diagnosis. Microfluidic PCR chips
can be divided into two types of structures: chamber PCR and
continuous flow PCR(CF-PCR) [2]. The chip is heated and cooled in a
chamber PCR chip at a specific thermal cycling temperature after
injecting the sample into the wells. CF-PCR chips transfer samples
through fixed temperature zones for thermal cycling. CF-PCR chips
can be further subdivided into serpentine, spiral, and straight-
through channels [61,62]. These designs allow microfluidic PCR
can be used in various molecular biology applications, such as gene
detection and sequencing.

CF-PCR solves the problem of a discontinuous and time-
consuming analysis process caused by traditional PCR's tempera-
ture rise and fall. CF-PCR can achieve rapid amplification by actively
circulating the reagents into three preheating zones with a pump
connected to the chip, and the design of long serpentine channels
or short straight-through channels successfully avoids the transi-
tion phase among different reaction temperatures, thus signifi-
cantly reducing the analysis time. Researchers [63] designed a CF-
PCR microfluidic chip and fabricated a portable system for multi-
plex amplification of periodontal pathogens. They analyzed the
thermal distribution of the heater used for PCR and then studied
typical primers for Porphyromonas gingivalis (Pg), Treponema den-
ticola (T.d), and Tannerella forsythia (T.f). The CF-PCR showed an



Table 1
Comparation of the sample processing methods based on microfluidics.

Method Material Type of
Extraction

microfluidic system Analyte Time Advantages Reference

Silicon-based material Silica beads SPE Capillary chip ZIKV RNA 25 min Biocompatible material, [39]
Silicon nitride nanoporous
membrane

SPE Microelectrophoresis
chip

miRNA 30 min easy to perform, reproducible [40]

Magnetic-based material Magnetic Microspheres SPE Centrifugal chip DNA 18 min Rapid, automation, no need
centrifugation

[44]
magnetic beads SPE N/A RNA 15 min [45]

Microneedle Polyvinyl alcohol SPE N/A DNA 1 min In situ extraction, simple, cell-lysis-free,
purification-free

[46]

electrophoresis-based
separation methods

Polyacrylamide hydrogel N/A Microelectrophoresis
chip

DNA 12 min Simple, fast, low sample consumption,
low cost

[50]

Thermal gel N/A Microelectrophoresis
chip

microRNA 5 min [51]

Agarose gel N/A Microelectrophoresis
chip

microRNA 2 min [52]

FTA card Cellulose matrix SPE MTNT DNA and
RNA

30 min Rapid, without pretreatment, easy
operation

[53]
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overwhelming advantage in reaction speed compared to conven-
tional thermal cycler.

Digital PCR (dPCR), based on microdroplets and microfluidic
chips, has gained widespread attention and applications. dPCR is a
third-generation PCR technique that achieves accurate absolute
quantification of nucleic acids for quantitative analysis with high
sensitivity [64]. In the dPCR chip, the reaction mixture was divided
into a large number of independent reaction units according to
finite dilution and Poisson statistics [65]. Compared to conventional
PCR, dPCR achieves absolute quantification of DNA templates, is not
dependent on standard curves, and is more resistant to PCR in-
hibitors. The dilution of the sample and the amount and homoge-
neity of the dispersion can significantly affect the accuracy of the
quantitative results. Researchers [66] reported a chamber-based
dPCR microarray structure for high-throughput, high-sensitivity
quantitative measurements of SARS-CoV-2 viral genes and mutant
lung cancer genes (Fig. 3A). Samples will be assigned to each
microchamber for independent reactions based on Poisson distri-
bution. The prepared microarray chips successfully quantify a so-
lution mixture containing both genes with a detection limit of 10
copies/mL at a throughput of 46200microchambers. These chips are
inexpensive and easy to industrialize. Researchers [67] proposed a
simple method for rapid and low-cost dPCR assays. By subdividing
a bulk sample volume into a large number of equal volume com-
partments using a self-digitizing chip, the method allows for low
waste and large volume sample discretization in minutes.
2.2.2. Isothermal amplification
Compared to PCR, which requires a complex thermal cycler,

isothermal nucleic acid amplification is an effective solution to
replace conventional PCR because of the mild conditions and con-
stant temperature requirements. Isothermal amplificationmethods
have been widely used in microfluidic detection devices where
nucleic acids are amplified at a constant temperature, thus facili-
tating low-cost and portable POCT devices for molecular di-
agnostics [68,69]. Herewe focus on two primary isothermal nucleic
acid amplification techniques: LAMP and RPA.

LAMP uses a set of four to six primers to identify the target gene
sequence, including two outer primers (F3 and B3), a forward inner
primer and a reverse inner primer. LAMP provides a highly sensi-
tive molecular diagnostic tool with a reaction time of less than 1 h
and can amplify billions of DNA copies [70e72].

Our group previously demonstrated a simple, robust, multi-
plexed and instant microcapillary LAMP (cLAMP) for the detection
5

of nucleic acids [73]. The assay integrates capillaries (glass or
plastic) for introducing and holding samples/reagents, a water
droplet segment for preventing contamination, a pocket heater for
providing heat, and a handheld flashlight for visual read-out of the
fluorescent signal. cLAMP system allows simultaneous detection of
two RNA targets of the human immunodeficiency virus (HIV) from
multiple plasma samples and achieves two copies of the standard
plasmid with high sensitivity. Our cLAMP holds great promise for
immediate care applications in resource-poor settings (Fig. 3B).

In a recent study, researchers [74] used a LAMP method to
amplify and detect specific nucleic acid (DNA/RNA) targets by
introducing a microfluidic device that can sequentially distribute
samples into multiple reaction microchambers in a single opera-
tion. This method provides a fast and straight-forward platform for
multiplex gene diagnosis of multiple viral infectious diseases.

The determination of DNA methylation is still a challenge. Re-
searchers have recently proposed a dual-mode LAMP incorporating
magnetic bead separation to determine the methylated Septin9
gene in colorectal cancer [75]. A one-pot real-time fluorescent and
colorimetric LAMP was used to detect the methylated Septin9 gene
(60 min). The method was shown to detect methylated DNA in HCT
116 cells in the range of 2 to 0.02 ng/mL with a detection limit of
0.02 ± 0.002 ng/mL (RSD: 9.75%). The method also distinguished
methylated Septin9 in 0.1% of HCT 116 cells (RSD: 6.60%), indicating
its high specificity and sensitivity (Fig. 3C).

To address the global threat of cryptococcal meningitis (CM),
researchers [76] developed a multifunctional microfluidic module
that integrates pathogen enrichment and on-chip nucleic acid
extraction based on a portable one-pot, temperature-free LAMP
lyophilization reagent bead. This module does not require addi-
tional instrumentation and is expected to develop a simple, rapid,
and efficient method for "sample-in, result-out" testing of actual
cerebrospinal fluid samples. To diagnose epidemic-transmitted
infections caused by high-risk human papillomavirus (HPV), re-
searchers [77] developed a microfluidic detection system consist-
ing of a microfluidic chip and a corresponding detection device. The
proposed method integrates nucleic acid purification, isothermal
amplification and real-time fluorescence detection into a single
device. Furthermore, it shows high specificity (100%) and excellent
stability (coefficient of variation <6%) in five HPV genotypes.
Compared to conventional qPCR, LAMP is more rapid. The inte-
grated microfluidic assay system provides automated and rapid
diagnosis in less than 40min. However, the reaction temperature of
LAMP reaches approximately 70 �C and inevitably generates air



Fig. 3. Diagram of integrated microfluidic chips with nucleic acid amplification. (A) dPCR chip for high-throughput, high-sensitivity quantitative measurements of SARS-CoV-2 viral
genes. Reproduced with permission from Ref. [66]. (B) Microcapillary LAMP for the detection of nucleic acids. Reproduced with permission from Ref. [73]. (C) Dual-mode LAMP
incorporating magnetic bead separation to determine the methylated Septin9 gene in colorectal cancer. Reproduced with permission from Ref. [75]. (D) A CRISPR/Cas12a-based SNP
detection genotyping method based on the centrifugal microfluidic device. Reproduced with permission from Ref. [16].
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bubbles, which can lead to false positive results. The primer design
of LAMP is more complicated than PCR.

RPA can partially reduce LAMP's high false positive rate, as the
relatively low reaction temperature (~37 �C) leads to relatively mi-
nor evaporation problems. In the RPA system, two opposite primers
initiate DNA synthesis by binding to recombinase and can complete
amplification in less than 10 min. Thus, the whole process of RPA is
much faster than PCR or LAMP [78]. In recent years, microfluidic
6

technology has been shown to increase the speed and accuracy of
RPA. In response to the global outbreak caused by SARS-CoV-2, re-
searchers [79] developed a CRISPR/CRISPR-associated (Cas) 13a-
based biosensor combined with RPA to detect the S and Orf1ab
genes of SARS-CoV-2 within 30 min, with detection limits as low as
0.68 fM and 4.16 fM for the two genes, respectively. In addition, they
used lateral flow strips to visualize SARS-CoV-2 detection, which
became a promising tool in the field of SARS-CoV-2 detection. In
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another example, researchers [80] presented an integrated
multiplex-digital recombinase polymerization amplification micro-
fluidic chip. The chip combined DNA extraction, multiplex digital
RPA, and fluorescence detection into a "sample-multiplex-digital-
answer-output" system andwas successfully demonstrated to detect
three pathogenic bacteria simultaneously and give digital quantita-
tive results in 45min. However, the cost of individual RPA reaction is
high. In addition, RPA may lead to non-specific amplification prod-
ucts under less rigorous reaction conditions. These limitations may
affect the application of RPA in microfluidic systems and deserve
further optimization. Well-designed primers and probes for
different targets are also needed to improve the feasibility of RPA-
based microfluidic strategies in POCT.
2.2.3. CRISPR-based nucleic acid detection methods
Beyond the widespread application as genome-editing and

regulatory tools, CRISPR-Cas systems also play a critical role in
nucleic acid detection due to their high sensitivity and specificity
[81]. The recently developed Cas family have opened the door to
developing new strategies for detecting different types of nucleic
acids for various purposes [82]. Precise and efficient nucleic acid
detection using CRISPR-Cas systems has the potential to advance
the application and development of POCT.

Cas9, Cas13, and Cas12a have been combined with microfluidic
technologies and are widely developed as diagnostic tools. They are
activated upon binding to target DNA or RNAwith the help of guide
RNAs targeting pathogen-specific nucleic acids, respectively. Once
activated, the Cas proteins begin cleaving, cutting off quenched
fluorescent probes and releasing fluorescence [83].

We have developed a series of CRISPR-based nucleic acid assays
in recent years and combined them with centrifugal microfluidic
chips to develop a powerful tool suitable for POCT. To accurately
and efficiently detect single nucleotide polymorphisms (SNPs)
associated with multiple human diseases, we proposed a universal
and high-fidelity genotyping method based on the microfluidic
device of the CRISPR system [16]. Briefly, the universality of CRISPR/
Cas12a-based SNP detection is improved by the systematic inser-
tion of prototype spacer adjacent motif (PAM) sequences; sensi-
tivity and specificity are improved by removing complementary
ssDNA and introducing additional nucleotide mismatches. Pre-
loading CRISPR/Cas12a reagents into the bedside biochip allows for
process automation, improved stability and long-term storage. The
biochip enables fast and easy genotype detection in less than
20 min (Fig. 3D).

For rapid, accurate and early detection of SARS-CoV-2, we
combined CRISPR with recombinant enzyme-assisted amplification
(RAA) to develop a dual CRISPR/Cas12a-assisted RT-RAA assay and
"sample-to-answer" centrifugation microfluidic platform that can
automatically detect 1 copy/mL of SARS-CoV-2 in 30 min [15]. The
chip separates amplification (RAA) from detection (CRISPR),
maximizing sensitivity and reducing time consumption by up to
three times. For 26 positive and 8 negative clinical SARS-CoV-2
samples, this automated centrifugation microfluidic achieves
100% accuracy compared to the gold standard RT-PCR technique.
2.3. Signal read-out method

Signal acquisition is the final step in nucleic acid detection.
Fluorescence-based, electrochemical, and colorimetric signal read-
out strategies have been widely used. In addition, many signal
amplification methods have been developed [84]. In this section,
we will describe each method's principle, combination with
microfluidics, and applications in molecular diagnostics.
7

2.3.1. Fluorescent read-out method
Fluorescence-based assays are widely used in molecular detec-

tion and other fields because of their high sensitivity, low cost, and
immediate analysis. The principle is to use labelled fluorophores
(e.g., fluorescent dyes and nanomaterials) to generate a detectable
signal (fluorescence enhancement or quenching). Two standard
methods are used to quantify DNA samples by fluorescence
detection. The first is the use of fluorescent dyes embedded in
dsDNA. Dyes are added to the PCRmix to bind the amplified dsDNA,
and the complex can emit fluorescence. As the amount of DNA
product increases with each thermal cycle, the measured fluores-
cence intensity also increases, thus allowing simultaneous quanti-
fication of DNA concentration. An alternative approach is using a
modified DNA oligonucleotide probe that fluoresces when target
DNA exist. This real-time fluorescence detection method is highly
sensitive compared to conventional gel electrophoresis detection of
PCR products and has attracted much attention.

Researchers [85] described a highly sensitive and versatile
fluorescent biosensor for rapid and sensitive detection of patho-
genic nucleic acids. The platform successfully detected four human-
associated pathogens in clinical samples. The results were consis-
tent with qPCR. The assay system can be designed to target
different pathogen nucleic acids by simply changing the protector
for different targets and the portion of the catalytic hairpin that
binds to the protector. Researchers [26] demonstrated an inte-
grated device for in situ fluorescence detection following reverse
transcription, rapid thermal cycling (plasma heating via magnetic
plasma nanoparticles) and magnetic removal of nanoparticles.
SARS-CoV-2 RNA could be detected in 17 min using this portable
device, which correctly classified all nasopharyngeal, oropharyn-
geal, and sputum samples from 75 COVID-19 patients and 75
healthy controls with fluorescence intensity in good agreement
with standard RT-qPCR (Fig. 4A).

Fluorescence-based CRISPR technologies, such as SHERLOCK,
DETECTER, and HOLMES, have also been proposed with high
sensitivity and specificity for very convenient and rapid nucleic acid
detection [86,87]. Researchers [88] reported a digital warm-start
CRISPR (dWS-CRISPR) assay for sensitive, quantitative detection
of SARS-CoV-2 in clinical samples (Fig. 4B). The dWS-CRISPR assay
is initiated above 50 �C, overcoming premature target amplification
at room temperature, allowing accurate and reliable digital quan-
tification of SARS-CoV-2. By targeting the nucleoprotein gene of
SARS-CoV-2, the dWS-CRISPR assay is able to detect SARS-CoV-2
RNA as low as 5 copies/ml in the chip, making it a sensitive and
reliable CRISPR assay that facilitates accurate detection of SARS-
CoV-2 for digital quantification.

2.3.2. Electrochemical read-out method
Electrochemical detection is a method to detect the measured

components by converting the chemical signal generated by the
analyte in solution into an electrical signal. Electrochemical
detection is a powerful analytical method for POCT applications
because it is fast, simple to manufacture, low cost, portable, and
easy to control. The specific electrical signal can be generated by
functionalized modifications of the electrode, such as immobilized
probes, enzymes, and aptamers, which bind specifically to the
amplification product [89e91]. Electrochemical detection is well
suited to miniaturization and integration with microfluidics. To
rapidly and accurately detect SARS-CoV-2 RNA to determine the
immune status of individuals infected by the virus or vaccinated
against the disease. The researchers [22] describe the development
and application of a 3D-printed lab-on-a-chip that simultaneously
detects SARS-CoV-2 RNA in saliva and anti-SARS-CoV-2 immuno-
globulin in saliva with plasma added to the electrode as a function
of SARS-CoV-2 Spike S1, nucleocapsid, and receptor-binding



Fig. 4. Diagram of signal read-out method. (A) An integrated device for in situ fluorescence detection for SARS-CoV-2 RNA detecting. Reproduced with permission from Ref. [26].(B)
Fluorescence-based digital warm-start CRISPR assay for sensitive, quantitative detection of SARS-CoV-2 Reproduced with permission from Ref. [88]. (C) A 3D-printed lab-on-a-chip
that simultaneously detects SARS-CoV-2 RNA in saliva and anti-SARS-CoV-2 immunoglobulin within 2 h via multiplexed electrochemical output. Reproduced with permission from
Ref. [22]. (D) A face mask with a lyophilized CRISPR sensor and a colorimetric sensing platform for wearable, noninvasive detection of SARS-CoV-2. Reproduced with permission
from Ref. [98].
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domain antigens within 2 h via multiplexed electrochemical
output. The inexpensive microfluidic electrochemical sensor can
aid in multiple diagnostics at the point of care (Fig. 4C).

Researchers [92] have developed a new electrochemical method
for sensitive and reliable detection of nucleic acids in biological
fluids. The advantages of the lipid membrane, especially its
8

excellent antifouling ability, are employed to enhance the method's
applicability in a complex environment, while the significant solid-
state Ag/AgCl response of AgNPs is used to ensure the detection
sensitivity of the method. The core of this method's workflow is the
target-induced Y-shape structure formation, which recruits AgNPs
to the electrode surface, producing considerable electrochemical
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responses. Taking a liver cancer-related long non-coding RNA as a
model target, the method exhibits high sensitivity, specificity, and
reproducibility with a detection limit of 0.42 fM.

In another example, researchers [93] developed a versatile and
highly sensitive electrochemical biosensing strategy for analyzing
dengue virus (DENV) nucleic acids using a triple nanostructure-
mediated dendritic hybridization chain reaction (HCR). The den-
dritic products formed by a series of hybridizations are combined
with avidin-labelled horseradish peroxidase (avidin-HRP) to obtain
an amperometric signal for ultrasensitive electrochemical detec-
tion of DENV. The method has a detection range of 1.6e1000 pM, a
detection limit of 188 fM, and the ability to distinguish single-base
mutations. By changing the recognition sequence of the initiator,
the detection of different DENV nucleic acid fragments can be
achievedwith the same performance. Therefore, themethod is well
scalable to other nucleic acids and provides a good candidate for
nucleic acid detection in early clinical diagnosis.

2.3.3. Colorimetric assays method
Colorimetric sensors are platforms that indicate the presence of

a target through color change. Gold nanoparticle-based (AuNPs)
colorimetric detection exhibits unique distance-dependent optical
properties through gold nanoparticles' aggregation and dispersion
behavior and can be identified with the naked eye [94e96].
Colorimetric assays have been used in POCT applications to benefit
from portability, low cost, ease of preparation, and naked eye
readings. Colorimetric assays can use the oxidation of peroxidase or
peroxidase-like nanomaterials, aggregation of nanomaterials and
addition of dye indicators to translate information about the
presence of target nucleic acids into visible color changes [97].
Notably, gold nanoparticles are widely used in the establishment of
colorimetric strategies. Due to the ability to induce rapid and sig-
nificant color changes, there is a growing interest in developing
colorimetric POCT platforms for on-site infectious disease
diagnosis.

As an example, researchers [98] demonstrate the development
of a face mask with a lyophilized CRISPR sensor for wearable,
noninvasive detection of SARS-CoV-2 at room temperature within
90 min. They embedded colorimetric genetic circuits into cellulose
substrates surrounded by a fluid wicking and containment as-
sembly made of flexible elastomers. The devices are flexible, elastic
and can rapidly wick in splashed fluids through capillary action,
using a lacZ b-galactosidase operon as the circuit output to hy-
drolyze chlorophenol red-b-D-galactopyranoside (CPRG), a yellow-
to-purple color change develops upon exposure to a target
(Fig. 4D).

Researchers [99] presented a novel design of a colorimetric gene
sensing platform based on the CRISPR/Cas system. In this strategy,
programmable recognition of DNA by Cas12a/crRNA and program-
mable recognition of RNA with complementary targets by Cas13a/
crRNA activate trans-ssDNA or -ssRNA cleavage. Target-induced
trans-ssDNA or -ssRNA cleavage triggers changes in the aggrega-
tion behaviour of the designed AuNPs-DNA probe pairs, enabling
naked-eye gene detection in less than 1 h. In another example, re-
searchers [100] reported a colorimetric virus detection method
based on the CRISPR/Cas9 system. In this method, RNA in virus ly-
sates is directly recognized by the CRISPR/Cas9 system, and then
streptavidin-horseradish peroxidase binds to biotin-PAMmer to
induce colour changes by oxidation of 3,30,5,50-tetramethylbenzi-
dine. SARS-CoV-2, pH1N1 and pH1N1/H275Y viruses could be suc-
cessfully identified by visual inspection using this method.

Despite the outstanding performance of the above detection
methods, disadvantages still exist. A comparison of these methods
is presented (Table 2), including detailed information on some
applications (including advantages and disadvantages).
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3. Chip classification and structure

3.1. Centrifugal chip

The centrifugal microfluidic chip uses centrifugal force to drive
liquid to flow to different areas for different chemical analysis re-
actions. The centrifugal microfluidic chip usually consists of a
miniaturized flow pipeline, valve, reaction chamber, detector, and
other functional components. In recent years, centrifugal chips
have emerged endlessly and have been widely used in basic
research in the field of nucleic acid detection.

Our group has been deeply cultivated in the field of the cen-
trifugal microfluidic chip. We designed a pull-up centrifugal disc
chip to drive the liquid flow with the power generated by the card
pumping [20]. The chip has eight identical reaction units, and each
unit has 4 sets of microchambers, which can complete the entire
process from nucleic acid purification to detection. The chip im-
plements a non-electrical driver detection, which can detect 6
kinds of pathogenic bacteria at the same time. The sensitivity is 200
bacteria/mL in cracking solution, which is of positive significance for
clinical diagnosis. We also designed a centrifugal chip with 32 re-
action chambers that can detect 16 targets at the same time,
introduce CRISPR reactions into it [16,18], and develop The Cas12a-
assisted straight-forward microfluidic equipment for analysis of
nucleic acid (CASMEAN). We first applied it to the detection of
Pseudomonas aeruginosa, which can be finished within 1.5 h, and
has a 1000 CFU/mL detection limit and excellent specificity. After
that, we also applied it to the DNA single nucleotide polymorphism
detection. In 20 min, we completed the testing of three genotypes
of the homozygous wild type, the homozygous mutant type, and
the heterozygous mutant type with good preservation and accu-
racy. In addition, our group has recently developed an automated,
integrated centrifugal chip that can complete the process from
sample pre-processing to detection [17] (Fig. 5A). The chip is
composed of 5 layers of PMMA material: substrate, microstruc-
tures, ball valve, and injection holes. We use this chip to perform
RT-Raa-T7-CRISPR/CAS13A reaction to achieve high-specific accu-
racy and fast detection and typing of HBV in human blood samples.

In the detection of antibiotic resistance genes of Golden Staph-
ylococcus aureus, researchers designed a centrifugal chip for the
first time [101]. The chip has 30 independent reaction chambers
that can restore frozen dry reagents, and it can conduct 5 groups of
parallel testing simultaneously. In actual testing, the chip with RPA
amplification can achieve a detection limit of 10 copies in less than
20 min, which has excellent performance. Researchers have
designed a chip that can identify 6 influenza virus subtypes at the
same time [102] (Fig. 5B). This centrifugal chip used for RT-LAMP
amplification detection has 20 independent reaction chambers,
which can be divided into seven layers, including two bottom caps
and two pattern layers, two adhesive layers for adhesion, and a
specially designed membrane valve layers that can be used for
stabilizing pressure. For the detection of the five subtypes of
influenza A and influenza B, the detection sensitivity of 100 copies
can be achieved. It has excellent performance and is particularly
hoped to monitor diseases in resource-scarce areas. In addition, for
the test of SARS-COV-2, there are many applications of integrated
disc chips. For example, the centrifuge chip that can be read out
from the smartphone can complete the whole process of detection
within 1 h [103], and the centrifugal disk chip can simultaneously
detect seven human respiratory coronaviruses [104].

3.2. Chips with valves as the primary function

A key component in microfluidics is the microfluidic valve.
Microfluidic valves can be used not only to direct flow at



Table 2
Comparation of the detecting methods based on microfluidics.

Detecting
methods

Amplification
methods

Microfluidic systems Analyte Performance Advantages/disadvantages Reference

Fluorescence PCR N/A HPV DNA 18 fM 1 h Superior sensitivity, low cost, easy to operate, rapid
analysis

[85]

RT-PCR NanoPCR device SARS-CoV-2
RNA

3.2 copies/ml
17 min

[26]

CRISPR Digital droplet chip SARS-CoV-2
RNA

5 copies/ml High background noise [88]

Electrochemistry LAMP-CRISPR/
Cas12a

Multiplexed EC sensors within an LOC
microfluidic chip

SARS-CoV-2
RNA

0.8 copies/ml
2 h

Rapid detection, easy to fabricate, low cost, portable
and self-controlled

[22]

N/A N/A RNA 0.42 fM [92]
HCR N/A DENV DNA 188 fM Unstable and susceptible [93]

Colorimetry RT-RPA-CRISPR/
Cas12a

wFDCF devices SARS-CoV-2
RNA

500 copies
90 min

Portable, low cost, easy to prepare, naked eye
readout

[98]

CRISPR/Cas13a N/A Bacteria
RNA

200 copies 1 h [99]

CRISPR/Cas9 N/A SARS-CoV-2
RNA

140 pM
90 min

Unable to quantitatively detect, limited sensitivity [100]

Fig. 5. Diagram of centrifugal chip and valves chip. (A) An automated, integrated centrifugal chip that can complete the process from sample pre-processing to detection.
Reproduced with permission from Ref. [17]. (B) A centrifugal chip used for RT-LAMP amplification detection has 20 independent reaction chambers, which can identify 6 influenza
virus subtypes at the same time. Reproduced with permission from Ref. [102]. (C) A multifunctional microfluidic device based on a monolayer membrane valve consisting of three
parts, including a CTCs capture region, a monolayer membrane flap region, and a microchamber nucleic acid-based dPCR detection and analysis region. Reproduced with permission
from Ref. [109]. (D) A rotary valve-assisted fluidic chip coupled with CRISPR/Cas12a for fully integrated nucleic acid detection. Reproduced with permission from Ref. [110].
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intersections but also to allow real-time adjustment of mixtures.
Various valves give excellent expandability and functionality to
microfluidic chips, such as membrane valves, rotary valves, ball
valves, quake valves, so forth [105]. Microfluidic chips with good
structure and performance will bring new vitality and infinite
possibilities for nucleic acid detection functions [106,107].

Researchers [108]. developed a newmicrofluidic chip for nucleic
acid detection using stretching acts as the driving force. The sample
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entered the chip by applying capillary force. The strain valve was
opened under the action of tensile force, and the spring pump
generated the power to drive the fluid to flow toward the detection
chamber in a specific direction. The detection of Sars-CoV-2 was
realized on the chip.

In another example, researchers [109] developed a multifunc-
tional microfluidic device based on a monolayer membrane valve
consisting of three parts, including a circulating tumor cells (CTCs)
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capture region, a monolayer membrane flap region, and a micro-
chamber nucleic acid-based dPCR detection and analysis region
(Fig. 5C). The chip allows CTC capture, lysis, and genetic charac-
terization on a single chip. CTCs are first captured in the CTC cap-
ture region and then cleaved using Proteinase K to release the
nucleic acids. The CTCs lysates are then transferred to a nucleic acid
detection region consisting of 12,800 microchambers for nucleic
acid detection.

Researchers [110]. established a simple rotary valve-assisted
fluidic chip coupled with CRISPR/Cas12a for fully integrated
nucleic acid detection (Fig. 5D). All detection reagents are pre-
stored on the fluidic chip. With the help of a rotary valve and sy-
ringe, fluid flow and agitation can be precisely controlled. Nucleic
acid extraction, LAMP reactions and CRISPR assays can be
completed in less than 80 min. Using Vibrio parahaemolyticus as
the target, the chip can reach a detection sensitivity of 31 copies of
target DNA per reaction.

3.3. Digital droplet chip

The microfluidic droplet chip is developed based on the single-
phase microfluidic chip. Since Professor Rustem F. Ismagilov first
designed the T-shaped microfluidic droplet chip, the microfluidic
droplet chip has received extensive attention and research. Due to a
series of potential advantages such as low sample consumption,
fast mixing speed, simple operation, easy manipulation, and good
repeatability, microfluidic droplet chip technology has been widely
used in the field of high-throughput detection. With the develop-
ment of droplet technology, the researchers divided the reaction
solution into thousands of droplets and divided the reaction into
many separate droplets, which can greatly improve the reaction
sensitivity and realize a digital droplet-based nucleic acid assay.

3.3.1. Digital PCR chip
In recent years, researchers have developed a variety of digital

droplet PCR (ddPCR) assays by introducing PCR into droplet
microfluidic chips. Researchers developed a ddPCR using droplet
chip technology to achieve multiplex screening of genes in trans-
genic maize lines [111] (Fig. 6A). This protocol adopted a single
universal primer strategy to develop a single universal primer
multiplex ddPCR (SUP-M-ddPCR). In the genetically modified
screening assay for maize, a detection limit of 0.1% and a quantifi-
cation limit of 0.01% are achieved with high specificity and a rela-
tive deviation of less than 25%, which has a good application
prospect in the detection of GM food.

In the fight against SARS-CoV-2, ddPCR technology also played
an important role. Researchers developed a ddPCR gene chip
equipped with an imaging system [112]. The chip is designed as a
three-layer structure, the upper and lower layers are made of
transparent glass slides, and the middle is the PDMS layer with
channels and microchambers. The entire chip has 20,000 inde-
pendent chambers. The volume of each chamber is 0.81 nL, which
can accommodate a total of about 16 mL of samples. In the detection
of SARS-CoV-2 samples, the system achieved 99% accuracy, and the
imaging system also reduced the imaging time by as much as 165 s,
which has the possibility of further development of applications.

3.3.2. Digital isothermal amplification chip
The PCR process involves changes in different temperature

ranges and has certain challenges for chip design. The isothermal
amplification with constant temperature can reduce the difficulty
of instrument and chip design. In recent years, more and more
researchers have taken the isothermal amplification technologies
into the microfluidic droplet platform to develop digital isothermal
amplification technologies.
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Researchers designed a droplet chip with a "cross" flow focusing
junction design [113]. They combined this droplet chip with LAMP
to detect Salmonella typhimurium and used the final fluorescence of
the droplet to evaluate the result. The results show that this digital
droplet LAMP method can detect the genes in the diluted 103e105
times in the pure Salmonella typhimuriumwith good sensitivity and
specificity.

RPA technology is also a temperature amplification technology
that has attracted much attention. Researchers did some research
in this field [114,115]. They designed a "cross" junction droplet
microfluidic chip with a microfluidic pico-injector. When the RPA
reagent (excluding magnesium ions) forms a droplet, the magne-
sium ion is added from the pico-injector so that the RPA amplifi-
cation reaction is performed in the droplet. For the detection of
actual samples, this method shows a high signal-to-noise ratio and
100% accuracy. They also combines CRISPR/Cas13a with RPA and
introduces them in the droplet chip, which also shows excellent
performance. In the detection of HPV viruses, excellent sensitivity
and specificity are displayed. At the same time, the detection time is
greatly shortened, and the relative test results can be obtained in
only 10 min.
3.3.3. Digital CRISPR and other chip
CRISPR technology has attracted much attention and has been

extensively studied for nucleic acid detection. The target and crRNA
can bind to the Cas protein to trigger specific cis-cutting and rele-
vant non-specific trans-cutting to generate a lot of fluorescence
signals. However, CRISPR-based assay mainly relies on reverse
transcription and amplification to improve detection sensitivity.
CRISPR-based assays are usually carried out in a reactor with a large
volume of uL-level. The generated fluorescence is severely diluted
and can be detected only when many targets are in the system.
Digital CRISPR based on microdroplets was developed to detect
RNA and DNA. Researchers designed a droplet chip to complete
accurate digital CRIPR testing without amplification [10,116]
(Fig. 6B). The chip structure is different from what we mentioned
before. It uses a water phase entrance and two oil phase entrances.
At the same time, the negative pressure formed by the piston sy-
ringe at the end exit promotes the liquid flow to form a droplet
without a complex syringe pump. They have introduced the Cas12
and Cas13 systems into their designed chips and have achieved
single molecular detection without any amplification. Compared
with bulk CRISPR detection, the sensitivity of digital CRISPR has
been increased by 50 times and 10000 times. At the same time, it
only takes a few microliter reagents to consume, which is likely to
be widely used in clinical situations. In addition to single index
detection, the droplet chip also shows its multiple detection ca-
pabilities. Researchers have developed a droplet array chip plat-
form CARMEN, which can be used for multiple pathogen detection
[23] (Fig. 6C). After introducing the Cas13 system, more than 4500
targets can be detected on a single chip. At the same time, due to
the strong multiple detection capacity, the detection cost has also
dropped by about 300 times. The characteristics of multiple
detection capabilities, low cost, and miniaturization of this method
make it suitable for clinical diagnosis in the future.

In addition to CRISPR, the droplet chip is also combined with
other technologies to achieve high-sensitivity nucleic acid detec-
tion. Our group has designed a simple "cross" junction droplet chip
and introduced hybrid detection technology into it [19]. The atto-
molar sensitivity to the HPV virus is achieved without amplification
(Fig. 6D). The DNA molecular circuit is also combined with the
droplet chip and achieves the femtomolar sensitivity for miRNA
detection [117].



Fig. 6. Diagram of digital droplet chip. (A) A ddPCR chip can achieve multiplex screening of genes in transgenic maize lines. Reproduced with permission from Ref. [111]. (B) A
droplet chip with a water phase entrance and two oil phase entrances, the negative pressure formed by the piston syringe at the end exit to promote liquid flowing to form droplets.
Reproduced with permission from Ref. [116]. (C) A droplet array chip platform CARMEN can detect 4000e5000 targets simultaneously. Reproduced with permission from Ref. [23].
(D) A "cross" junction droplet chip with hybrid detection technology to realize attomolar sensitivity of HPV virus without amplification. Reproduced with permission from Ref. [19].
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3.4. Paper-based chip

Paper is a promising material for constructing microfluidics for
diagnosis. Cellulose paper is a ubiquitous, lightweight, biodegrad-
able and inexpensive material that can be a natural platform for
microfluidics [118] (Fig. 7A). Cellulose paper-based microfluidics
can handle 0.1e100 mL of liquid through millimeter-scale fluidic
channels [119]. As one of the popular applications of paper-based
materials, lateral flow assay (LFA) is a user-friendly diagnostic
tool [120e124].

Our group previously reported on a simple, fast, low-cost, robust
and multiplexed barcode paper-based inspection (BPA) that is
compatible with mobile devices [125]. The use of an inkjet printer
and XYZ dispensing platform enabled the mass production of a
highly accurate and efficient barcode paper-based analysis device.
We designed a new set of barcodes and developed an application to
read the new codes. The BPA system can be used to detect blood-
borne infections, drug residues in milk, and multiplex nucleic
acids. The entire testing process and read-out of results can be
completed in less than 10 min (Fig. 7B).

In addition, researchers [126] developed a novel flowmetry
strip-based assay to improve the sensitivity and specificity of
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LbCas12a-mediated nucleic acid detection. The modified crRNA is
incorporated into a paper-based LFA that can detect targets with
ultra-high sensitivity within 30 min. Pang et al. [127] developed
CRISPR-Cas12a-mediated surface-enhanced Raman scattering
(SERS) LFA to improve the sensitivity and specificity of LFA-based
nucleic acid detection (Fig. 7C). By combining the ultra-sensitive
SERS tag with the target-specific signal amplification capability of
CRISPR-Cas12a, HIV-1 dsDNA can be quantified directly with a LOD
of 0.3 fM without any pre-amplification step, which is nearly 4
orders of magnitude lower than CRISPR-Cas12a. Comparedwith the
traditional colorimetric LFA method. The whole detection process
can be completed in less than 1 h. Simple and inexpensive paper
strips have great potential for immediate detection of nucleic acid
targets.

The development of paper-based electroanalytical strips as
powerful diagnostic tools has attracted a lot of attention in the
sensor community. In particular, its application to nucleic acid
detection in complex matrices has been evaluated by researchers
[128] in combination with paper electrodes for two major nucleic
acid detection methods based on target/probe hybridization,
namely, a signal on and a signal off. The method uses single-
stranded DNA associated with the H1047R (A3140G) missense



Fig. 7. Diagram of paper-based chip and ME chip. (A) The paper-based barcode assay system. Reproduced with permission from Ref. [118]. (B) Multiplexed barcode paper-based
inspection that is compatible with mobile devices. Reproduced with permission from Ref. [125]. (C) CRISPR-Cas12a-mediated SERS to improve the sensitivity and specificity of
LFA-based nucleic acid detection. Reproduced with permission from Ref. [127]. (D) A portable all-in-one microfluidic device for rapid diagnosis of pathogens based on an integrated
CF-PCR and electrophoresis biochip. Reproduced with permission from Ref. [135]. (E) A ME device combining microfluidics, on-chip electric field control, and CRISPR to rapidly
detect SARS-CoV-2 RNA in clinical samples. Reproduced with permission from Ref. [136].
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mutation in exon 20 of breast cancer as a model target.
In another example, researchers [129] presented a 3D micro-

fluidic paper-based electrochemical device for POCT applications in
nucleic acid amplification testing. The devices use gold plasma
coated wires to integrate electroanalytical readings using in situ
self-assembled layers on the wire before assembly to the paper-
13
based device. They also include a sandwich hybridization assay
area where sample incubation, rinsing, and detection steps are
integrated using removable laminated filter paper for time-
sequence-based reactions. These devices use glass fibre matrices
to store RPA reagents and perform isothermal amplification.



Table 3
Microfluidics platform comparation for nucleic acid analysis.

Microfluidic platform Analyte Amplification
technique

LOD Time Signal readout Advantages/disadvantages Sample-
process
integration

Reference

Centrifugal chip Bacteria DNA RPA 10
copies

20 min Fluorescence Automation, multiple detection, multiplexing, simple
fluid control, no active valves or pumps, high
integration;
One-time use, high cost of single test, difficult
fabrication

No [101]

Influenza virus
RNA

RT-LAMP 50-100
copies

45 min Colorimetry Yes [102]

SARS-CoV-2
RNA

RT-LAMP 100
copies

1 h Fluorescence No [103]

Coronaviruses
RNA

RT-LAMP 10
copies/
mL

40 min Fluorescence No [104]

Bacteria RNA LAMP 200 CFU/
mL

1 h Fluorescence Yes [20]

HBV DNA RPA-CRISPR/
Cas13a

1 aM 1 h Fluorescence Yes [17]

Bacteria DNA RAA-CRISPR/
Cas12a

103 CFU/
mL

1.5 h Fluorescence No [18]

Valves chip SARS-CoV-2
RNA

RT-LAMP N/A N/A Colorimetry Complex fluid control, multi-functional integration,
wide choice of materials, simple manufacturing and low
cost;

No [108]

DNA ddPCR 100
copies/
mL

N/A Fluorescence Yes [109]

Bacteria DNA LAMP-
CRISPR/
Cas12a

30
copies

80 min Fluorescence Requires pumps and other equipment to drive the fluid,
complex structure, limited automation

Yes [110]

Digital droplet chip DNA ddPCR 8 copies N/A Fluorescence Ultra-high sensitivity, single molecule detection,
absolute quantification, background-free fluorescence
detection, high throughput, rapid generation of large
numbers of microdroplets, digital information;
Multiple processing steps, low sampling efficiency,
requires complex image and data processing, time
consuming

No [111]
SARS-CoV-2
DNA

ddPCR 10
copies/
mL

N/A Fluorescence No [112]

Bacteria DNA ddLAMP 25
copies

N/A Fluorescence No [113]

HPV DNA ddRPA-
CRISPR/
Cas13a

10
copies/
mL

30 min Fluorescence No [114]

Virus DNA CRISPR/
Cas12a

17.5
copies/
mL

N/A Fluorescence No [116]

SARS-CoV-2
RNA

CRISPR/
Cas13a

6 copies/
mL

N/A Fluorescence No [10]

Virus DNA CRISPR/
Cas13a

1 copy/
mL

N/A Fluorescence No [23]

HPV DNA N/A 2 � 103

copies/
mL

N/A Fluorescence No [19]

microRNA isothermal
amplification

1 fM 3 h Fluorescence No [117]

Paper-based chip ASFV DNA CRISPR/Cas9 150
copies

1 h Naked eyes Naked-eye readout, fast, no amplification, convenient,
inexpensive, easy to manufacture, field-deployable, no
need for external instruments;
Poor quantification ability, low sensitivity, low accuracy,
low integration

No [120]

SARS-CoV-2
RNA

RT-LAMP-
CRISPR/
Cas12a

3-300
copies

30 min Fluorescence
Naked eyes

No [126]

HIV DNA CRISPR-
cas12a

0.3 fM 1 h SERS
Naked eyes

No [127]

DNA N/A 6 nM N/A Electrochemistry No [128]
DNA RPA 0.06 pM 95 min Electrochemistry No [129]

Microelectrophoresis
chip

Bacteria DNA CF-PCR 125 CFU/
mL

10 min Fluorescence Microsample detection, low reagent consumption, high
integration, sample concentration/purification, fast;
Requires external electric field, high detection cost

No [135]

SARS-CoV-2
RNA

RT-LAMP-
CRISPR-
cas12a

10
copies/
mL

35 min Fluorescence Yes [136]

Bacteria DNA ISDPR 12.3 pM 1 h Fluorescence No [137]
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3.5. Microelectrophoresis chip

ME chip is a well-established separation technique at the
microscale. It provided a robust tool for POCT. It has some advan-
tages, such as lower sample and reagent requirements, lower risk of
contamination, faster analysis time, and is suitable for high-
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throughput analysis. The portability of micro devices makes them
ideal for forensic fieldwork or patient POCT, as mechanical and
electronic structures can be integrated into the device, thus auto-
mating operations that usually require manual labour. These
microfluidic devices allow ME chips to be miniaturized and
portable, with fast analysis and low cost. Researchers from different
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fields have applied ME to various clinical, biomedical, and forensic
assays [130e132]. The most significant potential of ME continues to
be the multi-step integration capability of its analytical procedures
and the portability of POC testing [133]. The effective POC platform
is designed to miniaturize and automate sample handling, enabling
minimally trained personnel to perform the tests required for
diagnosis in a wide range of operating environments with minimal
risk of contamination. Researchers [134] introduced a method
coupling PCR with ME for detecting high-risk HPV16 and HPV18.
The device has an LED and a fluorescence detector that can perform
a complete analysis in less than 3 min and detect multiple samples
simultaneously. The ME method described in this paper has been
successfully applied to HPV detection, and the sequencing results
have shown good reliability. The ME allows HPV detection on a
small chip, enabling automated and high-throughput analysis.

Current CF-PCR usually requires external precision syringe
pumps and complex operations, researchers [135] developed a
portable all-in-one microfluidic device for rapid diagnosis of
pathogens based on an integrated CF-PCR and electrophoresis
biochip (Fig. 7D). The device contained a polycarbonate micro-
channel, two parallel heating blocks for amplification, and a CCD
camera for imaging. The new method achieved automatic sample
injection into the chip, with no need for an external precision sy-
ringe pump. The all-in-one device can successfully detect three
periodontal pathogens in a few minutes. In another example, re-
searchers [136] combine microfluidics, on-chip electric field con-
trol, and CRISPR to rapidly detect SARS-CoV-2 RNA in clinical
samples (Fig. 7E). In this design, isotachophoresis (ITP) was
employed to extract and purify RNA from nasopharyngeal samples,
followed by reverse transcriptase-LAMP. The authors then used
electric fields to control and accelerate their CRISPR-Cas 12 enzy-
matic assay. The method takes about 35 min from sample to result,
a significant improvement over existing nucleic acid-based diag-
nostic methods for COVID-19. In addition, researchers [137] inte-
grated ME with isothermal strand-displacement polymerase
reaction (ISDPR) to detect methicillin-resistant strains rapidly and
sensitively. The amplified products were separated rapidly from
other DNAs byME, and the detection limit was as low as 12.3 pM. It
is a label-free, ultrasensitive, and rapid method. We have compared
the microfluidic platforms mentioned in this paper for nucleic acid
detection (Table 3), including advantages and disadvantages, as
well as details of some applications.

4. Conclusion

Various novel microfluidic detection techniques have been
developed for nucleic acid detection and have a broad application
prospect in the biomedical area. Many complicated chips are still in
the laboratory research stage and are difficult to be developed as
commercial kits. There still needs a lot of optimization in the pro-
cess from laboratory to commercialization of microfluidic chips.
Commercial highly integrated nucleic acid testing chip and sup-
porting instrument is still expensive and deployed in extensive
medical facilities. Rapid nucleic acid testing products for home use
are also quite expensive when compared to antigen tests or widely
used glucometers, so most of them are distributed as generous
packages to employees by prosperous enterprises. To extend their
application range to the broad grassroots and household market,
further reducing the cost of chips is necessary. The development of
rapid nucleic acid extraction reagents and amplification reagents
with excellent adaptability to interference should be prioritized.
These researches will significantly simplify the detection process,
chip design, and manufacturing processes and thus have important
significance for the reduction of the detection cost.

Besides the cost, an important direction in the future is the
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development of amplification-free nucleic acid detection technol-
ogy, especially the new strategies based on CRISPR, which can
release a large number of signaling molecules without nucleic acid
amplification. It can greatly reduce the requirement for compli-
cated heating and cooling systems and complex chip design and
expand the application scenarios of nucleic acid detection. Ultra-
sensitive digital detection is another research orientation. Estab-
lished digital PCR and digital CRISPR show the extreme limit of
detection and absolute quantification. However, they require
extensive off-chip sample preparation and multiple in-
strumentations to realize monodispersing and digital detection.
The highly miniaturized microfluidic chip provides an ideal tool for
the integration of complex digital detection processes. Reducing
manual manipulation can greatly improve the accuracy of absolute
quantification.

In conclusion, nucleic acid detection has many application sce-
narios, such as rapid home use tests and digital laboratory analysis.
Nucleic acid testing is systematic engineering, including sample
processing, nucleic acid extraction and detection steps. The reali-
zation of these applications in the future is inseparable from the
development of microfluidic chip technology. With the progress in
the study of chip material, chip driving force and control valve
design, matching reagents, and supporting instrument construc-
tion, microfluidic chip technology will become an essential plat-
form for fast, sensitive, and automated diagnosis in health care. The
emergence of various flexible materials allows wearable devices to
be more portable, highly integrated, and have excellent biocom-
patibility [138e140]. These excellent properties will be well suited
for miniaturization and popularization of nucleic acid detection.
Miniaturized devices combined with nucleic acid testing have
increasingly become the trend and the mainstay of pandemic dis-
ease response.
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