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Abstract: Accurate and timely detection of infectious pathogens is urgently needed for disease treat-
ment and control of possible outbreaks worldwide. Conventional methods for pathogen detection
are usually time-consuming and labor-intensive. Novel strategies for the identification of pathogenic
nucleic acids are necessary for practical application. The advent of microfluidic technology and
microfluidic devices has offered advanced and miniaturized tools to rapidly screen microorgan-
isms, improving many drawbacks of conventional nucleic acid amplification-based methods. In
this review, we summarize advances in the microfluidic approach to detect pathogens based on
nucleic acid amplification. We survey microfluidic platforms performing two major types of nucleic
acid amplification strategies, namely, polymerase chain reaction (PCR) and isothermal nucleic acid
amplification. We also provide an overview of nucleic acid amplification-based platforms includ-
ing studies and commercialized products for SARS-CoV-2 detection. Technologically, we focus on
the design of the microfluidic devices, the selected methods for sample preparation, nucleic acid
amplification techniques, and endpoint analysis. We also compare features such as analysis time,
sensitivity, and specificity of different platforms. The first section of the review discusses methods
used in microfluidic devices for upstream clinical sample preparation. The second section covers the
design, operation, and applications of PCR-based microfluidic devices. The third section reviews
two common types of isothermal nucleic acid amplification methods (loop-mediated isothermal
amplification and recombinase polymerase amplification) performed in microfluidic systems. The
fourth section introduces microfluidic applications for nucleic acid amplification-based detection of
SARS-CoV-2. Finally, the review concludes with the importance of full integration and quantitative
analysis for clinical microbial identification.

Keywords: nucleic acid amplification; microfluidic device; PCR; isothermal amplification; sample
preparation; clinical microbial detection

1. Introduction

Infections are usually caused by microorganisms such as bacteria, viruses, and fungi,
which are transferred to humans from bodily fluids, water, food, and air and soil of the
surrounding environment. Early and accurate diagnosis is crucial for some infections to re-
duce disease morbidity and mortality because appropriate treatment and treatment timing
are critical [1,2]. Therefore, fast and precise diagnostic techniques are necessary [3]. Many
diagnostic methods directly detect pathogens, such as culturing, microscopy, biochemistry,
immunological detection, or specific gene detection. Generally, the conventional culture
method is the standard method to detect infectious microorganisms [4-6]; however, its
biggest disadvantage is the length of time to results. The immunological method offers a
fast, simple, and affordable detection tool; however, it lacks high specificity and sensitiv-
ity. The nucleic acid amplification-based method is a promising candidate for pathogenic
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identification because of its high sensitivity and specificity. However, its use is limited to
high-resource facilities because of the need for sophisticated instruments.

Presently, microfluidic technology is leading significant changes in clinical microbial
diagnosis, a trend supported by technological advances. Microfluidic technology automati-
cally manipulates the flow of liquid inside microchambers connected by microchannels
with the aid of other miniaturized components to analyze samples [7-10]. Microfluidic
devices have been intensively used to screen pathogens [11-13]. Many techniques have
been integrated into the microfluidic platform for clinical microbial diagnosis application.
In this review, we focus on nucleic acid amplification-based microfluidic devices. The full
integration of the process from sample preparation, amplification, and detection into one
platform is crucial in the nucleic acid amplification-based method to compartmentalize
these tasks. These advances open the door to a new level of diagnostic performance and
efficiency, which reduce the time for test results and are highly automated, accurate, cost-
effective, and simple [14-16]. The development of these platforms for clinical microbial
detection offers an effective and timely response to outbreaks, especially in a pandemic
period. Here, we provide an overview of some advances in the microfluidic field for clinical
microbial detection, especially nucleic acid amplification-based microfluidic devices.

The nucleic acid amplification-based technique is a potential tool in clinical microbial
detection given its high selectivity, sensitivity, and rapid results [17,18]. Nucleic acid
amplification-based techniques amplify specific segments of nucleic acid. The primers can
be designed to accelerate amplification reactions based on the specific gene sequences of the
microorganism of interest. Various nucleic acid amplification-based methods have emerged
in the development of microfluidic devices. Generally, nucleic acid amplification-based
techniques are divided into polymerase chain reaction (PCR) and isothermal nucleic acid
amplification (Figure 1).
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Figure 1. Microfluidic technologies for clinical microbial detection.

Since its development in the 1980s, PCR has emerged as a powerful tool to detect nearly
every clinical microorganism. PCR is an in vitro enzymatic DNA amplification performed
at three discrete temperatures. PCR consists of thermal cycling, including denaturation of
double-stranded DNA at high temperatures, annealing of primers to the complementary



Chemosensors 2022, 10, 123

30f17

sequence of the genomic DNA, and extension with the aid of polymerase. The polymerase
used in the reaction is Taq polymerase, which is tolerant of high temperatures [19]. The
amplification process results in up to one billion copies of the original target genes. Because
of the advances in microfluidic technology, PCR has been intensively integrated into
microfluidic platforms for diagnostic purposes.

Isothermal nucleic acid amplification appears to be a promising alternative to con-
ventional PCR because of its simplicity and low energy needs [20,21]. Various isothermal
amplification techniques have been developed since the early 1990s. In this review, we focus
on two major isothermal nucleic acid amplification techniques: loop-mediated isothermal
amplification (LAMP) and recombinase polymerase amplification (RPA). LAMP was first
developed by Notomi et al. in 2000. LAMP recognizes the target gene sequence using a set
of four to six primers, including two outer primers (F3 and B3), a forward inner primer, and
a backward inner primer. Loop forward primer and loop backward primer are optional
primers to improve the reaction speed. LAMP reaction is catalyzed by Bst polymerase with
strand displacement activity. LAMP offers a highly sensitive molecular diagnostic tool
with a rapid reaction time of less than 1 h. The amplification results in billions of DNA
copies in concatemer form. The high sensitivity and specificity of LAMP and lack of the
need for sophisticated thermal cyclers make it an outstanding alternative to nucleic acid
amplification-based methods [22-26].

RPA operates at temperatures of 37 °C to 42 °C with the aid of two enzymes (recombi-
nase and DNA polymerase) and single-stranded DNA-binding (SSB) proteins. Recombinase
assists primer hybridization with the template to form a recombinase—primer complex.
The complex scans the target dSDNA for the homologous sequence to promote strand
displacement. A D-loop structure is formed and stabilized by SSB proteins. DNA poly-
merase with strand displacement activity catalyzes the exponential amplification of the
target sequence after binding to the 3’ end of the primer. RPA offers a sensitive and rapid
tool within 1 h for molecular diagnosis; moreover, the RPA reaction can be conducted
at one low temperature equivalent to the human body temperature, which makes it suit-
able for integration into the microfluidic platform. Amplifying nucleic acid at a constant
temperature eliminates the need for complicated thermocyclers. Another advantage of
isothermal nucleic acid amplification is the ability to integrate real-time detection of the
amplicons via turbidity measurements or visual observation by colorimetric or fluorescent
expression, offering ideal solutions for simple and compact nucleic acid amplification-based
analysis [27-29]. Isothermal amplification methods vary based on the enzymes, proteins,
and the number of primer and template types used. Because of their advances, isothermal
amplification methods have been intensively applied and commercialized in point-of-care
testing platforms [30].

Microfluidic systems, which have a portable size of a few centimeters and in which the
fluid flow inside patterned channels can be controlled, have rapidly developed since the
1980s. Various sample analyses have been integrated into microfluidic devices, including
sample preparation, reaction, and detection. The devices usually contain microchannels,
chambers, and valves that manipulate the fluid inside the device for various reactions [31].
These devices can save analysis costs because they require ultra-low volumes of reagents,
samples, and energy [7,8]. Silica or glass was first used to fabricate microfluidic devices.
Microfluidic devices are also made from thermal plastic, e.g., polycarbonate (PC), poly-
methyl methacrylate (PMMA), and polydimethylsiloxane (PDMS). Recently, paper has
been widely adopted to fabricate microfluidic devices. Microfluidic devices serve many
functions in nucleic acid amplification-based techniques, including sample preparation,
amplification, and detection for clinical microbial diagnosis.

2. On-Chip Sample Preparation

Sample preparation is a key step in clinical microbial identification. Sample prepara-
tion for the nucleic acid amplification process consists of the extraction of nucleic acid from
other macromolecules [31,32]. Before nucleic acid amplification, the nucleic acid from the
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microorganism in the clinical sample must be purified to eliminate amplification inhibitors.
Clinical samples are composed of many components, such as blood cells, proteins, glucose,
urea, lysozymes, or immunoglobulins, which can interfere with downstream analysis if
the sample is not thoroughly prepared [33-35]. Sample preparation, especially for clinical
samples, is complicated, time-consuming, and labor-intensive [36-39]. Different methods
have been integrated into microfluidic platforms to achieve fast and on-site identification of
microorganisms in clinical samples [40-43]. Microchannel systems are specially designed to
separate different particles in the sample based on the difference in particle sizes. One study
proposed a simple nucleic acid purification strategy from blood cells using the design of the
microchannel system inside the microfluidic device [40]. In this study, the sedimentation
method was applied to separate the blood cells from nucleic acid and separate particles
based on size. Using the special microchannel design, only particles with a diameter over
1 mm were selectively removed. Consequently, DNA of methicillin-resistant Staphylococ-
cus aureus (MRSA) was successfully extracted from red blood cells within 12 min using
approximately 22 mL of plasma [40].

Biochemical separation relies on specific recognition [41]. Unlike physical methods,
biochemical methods separate the pathogenic microorganisms of interest from other par-
ticles of the same size. One common method that is usually integrated into microfluidic
devices for sample preparation is the use of magnetic beads. Pathogenic microorganisms
or their nucleic acids can be captured onto magnetic beads via specific interactions such as
antigen—antibody, enzyme-substrate, and electrostatic interaction; consequently, the target
can be separated from other components in the matrix [42]. Magnetic beads have been used
to extract the DNA of MRSA from two clinical samples, namely, sputum and serum [43].
The sample was first injected into the cell lysis/DNA hybridization/LAMP reaction cham-
ber. DNA was lysed from bacterial cells by heating the chamber at 95 °C. Target DNA
was immobilized on the beads by the interaction between DNA and the probe-conjugated
magnetic beads. Magnetic bead-DNA complexes were captured inside the chamber using
the magnet attached underneath the chamber. The remaining components from the sample
were washed away, offering a simple and automated sample preparation method.

Recently, paper has become an attractive platform for nucleic acid extraction [44—46].
For example, an FTA card is one excellent application of paper in nucleic acid extraction [47].
One study proposed the use of FTA cards for DNA extraction from the multidrug-resistant
Gram-negative bacteria Acinetobacter baumanii [47]. With the use of lytic chemical and
protein denaturants embedded inside the FTA card matrix, bacterial cells were lysed, and
DNA was released into the card. FTA reagent and TE buffer were applied, and the wastes
from the FTA card were washed away. Only DNA remained inside the FTA matrix for
further processing [47].

3. On-Chip Amplification and Target Detection
3.1. PCR-Based Microfluidic Devices
3.1.1. Chamber-Type PCR

The conventional PCR technique is widely applied to develop nucleic acid amplification-
based microfluidic devices to detect clinical microorganisms. Figure 2 describes some
features of PCR-based microfluidic devices. The first type of PCR microfluidic device
mentioned in this section is a chamber-type PCR. A chamber-type PCR microfluidic device
fully integrates nucleic acid extraction, PCR, and colorimetric detection to screen multidrug-
resistant A. baumannii [47]. The microdevice is made of three foldable layers of PMMA to
transfer the fluid within the chambers. The foldable all-in-one microdevice enables the
simple operation of nucleic acid analysis without the need for valve control or micropumps.
Clinical samples were collected from patients in a Thai hospital. An FTA card was used for
nucleic acid extraction in approximately 40 min. To achieve a ready-to-use PCR reaction,
filter paper stored with PCR reagents was embedded into the reaction chamber of the mi-
crodevice. Amplification was completed in 75 min. Silver nitrate was used for colorimetric
detection of the PCR result in 45 s. The blagxa.23.1ike Carbapenemase gene was successfully
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amplified in 116 min [47]. The platform offers a rapid, specific, sensitive, and accurate tool
to analyze genotypic antimicrobial susceptibility tests. Chamber-type PCR was also used
to develop a diagnostic platform for viruses. An integrated microfluidic device possessing
the advances of both reverse transcription PCR (RT-PCR) and microfluidic technology has
been developed for the nucleic acid analysis of the influenza virus, including the processes
of sample preparation, RT-PCR, and detection [48]. For sample extraction, glycan-coated
magnetic beads were applied based on the glycan-binding specificity of the hemagglutinin
(HA) antigen on the surface of the virus. The viruses were captured onto the glycan-coated
magnetic beads and separated from the waste in the sample. RNA was released from
the virus by thermolysis in 5 min and transferred into the RT-PCR reaction chamber. The
reagents were pumped into the chamber for one-step RT-PCR using the heat supply from
the thermoelectric cooler. After 40 cycles of RT-PCR, the resulting fluorescence signal was
analyzed using an optical detection module. The total reaction was less than 100 min. With
this microfluidic system, up to 12 influenza A subtypes were simultaneously screened in a
rapid, sensitive, and fully automated manner [48]. Another example of chamber-type PCR
is the research to detect influenza A virus HIN1 in saliva [49]. The system consists of precon-
centration and amplification chambers that can preconcentrate the virus in saliva samples
and amplify the target genes. Using this device, HIN1 viruses were preconcentrated from
saliva samples by magnetic nanoparticles conjugated with specific antibodies [49]. After
preconcentration, purified RNA of the virus was amplified in an RT-PCR chamber. Using
this system, the detection limit for the HIN1 virus significantly improved. Moreover, the
system is a promising tool for the timely screening of infectious diseases.

PCR-based
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Chamber « The temperature of the reaction chamber
-type PCR is cycled between different temperatures.
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| ‘ droplet system

Target

Figure 2. PCR-based microfluidic devices.

3.1.2. Continuous-Flow PCR

In continuous-flow PCR (CF-PCR), also called flow-through PCR, the fluid flows
through a serpentine microchannel system with separate thermal zones required for PCR.
For amplification reaction, the PCR mixture moves along the microchannel length and
undergoes different heat zones to complete thermal cycling. In a CF-PCR system, the
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seamless flow of the fluid inside the microchannel conveniently allows for the full integration
of nucleic acid extraction, amplification, and detection [50]. There are several advantages
in the CF-PCR platform, including miniaturization, portability, fast analysis, and high-
throughput capacity.

A handheld, all-in-one system was proposed to detect periodontal pathogens [51].
This system consists of a pumping unit, two aluminum heaters, and a CE-PCR microfluidic
device integrated with electrophoresis for detection. The system proposed rapid automatic
sample injection for fast PCR and on-site detection. Using this system, three types of
periodontal pathogens, namely, Porphyromonas gingivalis, Treponema denticola, and Tannerela
forsythia, were screened from gingival crevicular fluid with a limit of detection (LOD) of
125 CFU/uL.

A continuous-flow reverse transcription PCR microfluidic device was developed to
detect RNA viral pathogens [52]. The system consists of a microfluidic pump, heater,
continuous-flow reverse transcription PCR microfluidic device, and an optical detection
system. Using this system, RNAs of different viruses such as Ebola, Zika, and chikungunya
virus were rapidly, conveniently, and sensitively detected.

A microfluidic system was previously proposed to perform CF-PCR-based multiplex
detection for MRSA [53]. Pumps and valves were used to control the fluid inside the
microchannel to different temperature zones for amplification reactions. The system can de-
tect four strains, including methicillin-susceptible S. aureus, MRSA, methicillin-susceptible
S. epidermidis, and methicillin-resistant S. epidermidis in less than 40 min.

3.1.3. Droplet-Based PCR

Droplet-based microfluidics have been intensively applied in PCR devices for clinical
microbial analysis. Each created droplet becomes an individual chemical reactor, thereby
offering reproducible and high-throughput reaction conditions [54,55]. Droplets in sizes
as small as picoliters or femtoliters have been generated to conduct single-cell and single-
molecule analyses. To benefit from these advantages, PCR has been conducted in droplets.
First, in droplets, PCR is conducted in an isolated environment in which the reaction can
avoid the intervention of inhibitors or carryover contaminators. Second, the small reaction
volume not only requires less reagent and sample quantity but also enables high sensitivity.
Finally, quantitative analysis can be achieved using this technique because each droplet
contains either zero copies or one copy of the amplified target; droplets of the former
category are defined as “one”. Quantitative analysis can be achieved on the basis of this
calculation.

An automated and multichannel digital platform was developed to detect the DNA of
multiple clinical microorganisms, including MRSA, Mycoplasma pneumoniae, and Candida
albicans [56]. Multiplex PCR assay was accomplished using electrowetting-enabled flow-
through methods. The droplets are shuttled between two distinct temperature zones for
PCR reaction; therefore, no pump or valve is needed for fluid manipulation. The system
is a promising tool for simple multiplexed real-time PCR to screen pathogens in clinical
samples.

A droplet PCR assay was proposed to test multidrug-resistant bacteria in blood [57]. In
this system, PCR was directly conducted using blood samples without the need for sample
treatment because of the use of PCR-enhancer cocktails and inhibitor-resistant Tag mutants.
Inside the microfluidic system, the sample and reagents were mixed and encapsulated
into millions of droplets. Direct nucleic acid amplification without DNA purification was
achieved. Using this system, the antibiotic-resistant genes blaoxa.4s, blaxpc, vanA, nuc,
mecA, and the blactx-m-1 and blactx-m-2 families were identified in less than 1 h simply and
sensitively [57]. Table 1 summarizes some pathogens, target genes, and primers used in
mentioned studies. Features of the above-mentioned PCR-based microfluidic devices are
also summarized in Figure 3.
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Table 1. Target genes and primers used for pathogen detection.
Pathogens Nucleic Acid Segments Primer Ref.
Multidrug-resistant Acinetobacter bl . b FP: GATCGGATTGGAGAACCAGA [47]
baumannii A0XA-23-like CATDAPENEMASE geNE RP: ATTTCTGACCGCATTTCCAT
Staphylococcus aureus nuc gene FP: ACACCTGAAACAAAGCATCC
Py & RP: TAGCCAAGCCTTGACGAACT
Salmonella oA gene FP: AAAACATATGCTGGACCAACTGGAAGC
g RP: TTCGCTTAACAAACGCTGCAAAACTT
. FP: GACCCGGCACAAGCATAAGC
E. coli O157:H7 eac gene RP: CCACCTGCAGCAACAAGAGG
. . . FP: ATGAGYCTTYTAACCGAGGTCGAAACG
Influenza A Virus (HIN1) M gene coding matrix RP: TGGACAAANCGTCTACGCTGCAG [49]
Periodontal pathogens . FP: GTAGATGACTGATGGTGAAAACC
Porphyromonas gingivalis Conserved regions of 16 S rDNA RP: ACGTCATCCCCACCTTCCTC 511
Treponema denticola FP: AAGGCGGTAGAGCCGCTCA
P RP: AGCCGCTGTCGAAAAGCCCA
Tannerella forsythia FP: GCGTATGTAACCTGCCCGCA
Y RP: TGCTTCAGTGTCAGTTATACCT
. . FP: GTCCGTCGTTCCAGTCATTT
Ebola virus Ebola virus L gene RP: CCCTCTTGGATGCTGAGTTA TG [52]
Methicillin-resistant Staphylococcus mecA FP: TGGTATGTGGAAGTTAGATTGG 53]
aureus ech gene RP: ATATGCTGTTCCTGTATTGGC >
Methicillin-resistant Staphylococcus N/A FP: GTCAAAAATCATGAACCTCATTACTTATG [56]
aureus RP: GGATCAAACGGCCTGCACA .
Mucoplasma pretmonia FP: CTGTTTGAGCGTCGTTTC
yeoptasmap RP: ATGCTTAAGTTCAGCGGGTAG
Candida albicans FP: TTTGGTAGCTGGTTACGGGAAT
RP: GGTCGGCACGAATTTCATATAAG
Methicillin-resistant Staphylococcus mecA FP: CCAATTTGTCTGCCAGTTTCT 57]
aureus RP: GGTATGCAACAAGTCGTAAATAAAAC
V. in-resistant ent . A FP: CCATGTTGATGTAGCATTTTCAGC
ancomycin-resistant enterococci van RP: CAAGGTCTGTTTGAATTGTCCG
FP: TTCTTCAGCACCGCG
blaCTX-M-1 RP: CGAATTAGAGCGGCAGTC
Gram-negative extended spectrum FP: GGATTGTAGTTAACCAGGTCG
p-lactamase-producing blaCTX-M-2 RP: ATGTGCAGTACCAGTAAGGTGAT
Enterobacteriaceae
FP: CCATAACTTTACTGGTACTGCAC
blaCTX-M-9 RP: GTCGCGCTCATCGATAC
blaKPC FP: ATAGTCATTTGCC GTGCCATAC
RP: TGATTGGCTAA AGGGAAACACG
Carbapenem-resistant blaOXA-48 FP: AAGACTTGGTGTTCATCCTTAACC
Enterobacteriaceae RP: GAATGAGAATAAGCAGCAAG GA
blaNDM-1 FP: CCATCCCTGACGATCAAAC
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Figure 3. Examples of PCR-based microfluidic devices and systems used for pathogen detection.
Reproduced from [47,51,57].

3.2. Microfluidic Devices for Isothermal Nucleic Acid Amplification
3.2.1. Loop-Mediated Isothermal Amplification

LAMP is a sensitive and highly specific isothermal amplification technique. One
of the biggest advantages of LAMP-integrated microfluidic devices is the lack of a need
for bulky, complicated external supplies for thermal control. Therefore, LAMP has been
intensively used for developing microfluidic devices for clinical microbial detection. LAMP
is a microfluidic platform integrated with magnetic bead-based DNA extraction and was
proposed for screening the mecA gene from MRSA in two types of clinical samples (sputum
and serum) [43]. After DNA purification using specific probe-conjugated magnetic beads,
purified DNA was amplified using the LAMP method with LOD of 10 fg/uL.

A micropipette tip-based nucleic acid test was also developed for DNA and RNA
detection in crude samples in a sample-in-answer-out system [58], which was integrated
with an FTA card for nucleic acid extraction, LAMP of nucleic acids, and fluorescence
detection using calcein. The research used a micropipette tip embedded with an FTA card
for solid-phase nucleic acid extraction to achieve full integration of nucleic acid analysis.
A pipette was used to manipulate samples inside the micropipette tip. The nucleic acid
was extracted using an FTA card inside the micropipette tip through a 30 min incubation.
Subsequently, the FTA card was washed, and the LAMP mixture was injected for the
amplification reaction inside the tip. Calcein was used as an indicator for the LAMP



Chemosensors 2022, 10, 123

90f17

reaction. Visual determination was achieved using a handheld UV flashlight. Nucleic
acid fragments of the Ebola virus were amplified in 45 min. Other samples, such as
cytokeratin-19 mRNA, a cancer biomarker, were also successfully screened using such a
method [58].

A diagnostic system was introduced to detect HIV-1 RNA within 80 min [59]. In
this system, RT-LAMP was utilized without electricity using a robust heater. Moreover,
RT-LAMP combined with nucleic acid lateral flow detection offered a suitable solution for
point-of-care molecular assays in low-resource areas without complicated equipment or
high power requirements [59].

Another study integrated RT-LAMP and portable commercial pregnancy test strips as
a rapid, sensitive, and cost-effective diagnostic tool for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [60]. There are three pressure-vent pores and two zones
for amplification and incubation in the device. In the amplification zone, The T-LAMP
mixture was preloaded for the RT-LAMP reaction. The detection reagent, human chorionic
gonadotropin (hCG) probes, was added to the incubation zone. The principle of the
detection is based on the conjugation of RI-LAMP amplicons and hCG, the main target of
the pregnancy test. RI-LAMP amplicons were incubated with hCG probes for hybridization
reaction, after which the visual read-out was conducted with the pregnancy test strips.
The formation of a massive amount of RT-LAMP amplicons and hCG probe complexes
prevented the hCG probes from migrating on the paper strip; therefore, one control line
was observed on the strip, indicating SARS-CoV-2 positivity. In contrast, hCG probes did
not hybridize with RT-LAMP amplicons in negative samples; therefore, hCG probes freely
migrated on the paper strip. This resulted in two lines (the control and testing line) on the
strip. The system offers a promising solution for SARS-CoV-2 emergency detection.

Additionally, a digital LAMP microfluidic device has been proposed to quantitatively
detect vancomycin-resistant Enterococcus (VRE) [61]. Using the system, VRE DNA was
successfully amplified in 30 min with LOD as low as 11 copies. Moreover, the research
introduced a microfluidic device that generated emulsion droplets of identical size for
digital LAMP. LAMP reaction for vanA amplification occurred in water-in-oil droplets.

To realize a simple and sufficient quantitative interpretation for diagnosis, a system
combining LAMP and a distance-based paper analytical device was proposed to amplify
the malB gene of E. coli [62]. This method achieved semiquantitative determination based
on the length of the color formed on the paper device [63]. The paper device was treated
with a strong cationic polymer-polyethylenimine (PEI). Hydroxyl naphthol blue (HNB),
a metal indicator, was used to realize the colorimetric signal in LAMP. After the LAMP
reaction, the mixture was applied to the paper device. The negative charges of free HNB in
LAMP reacted with the positive charges of PEI on the paper, resulting in blue color on the
paper. Within 5 min, the visual distance appeared, which correlated to the concentration of
DNA in the sample. Using this device, semiquantitative detection of pathogenic nucleic
acid can be achieved in a simple, low-cost, disposable, and portable manner.

3.2.2. Recombinase Polymerase Amplification

Besides LAMP, RPA is also a promising isothermal nucleic acid amplification method
that is suitable for integration with microfluidic devices. Because of the relatively low
reaction temperature of 37 °C to 42 °C, RPA is usually applied to develop wearable devices
for pathogen detection. A study reported a wearable device to detect HIV-1 DNA using
RPA assay combined with a cell phone-based fluorescence detection system [64], using
body heat as a heat source for RPA reaction. The device was made of PDMS to achieve
maximum heat transfer and surface contact with human skin. With this device, the DNA of
HIV-1 was successfully amplified and detected in 24 min with LOD of 100 copies/mL.

In another study, RT-RPA was integrated with lateral flow assay in a microfluidic
device for rapid SARS-CoV-2 detection [65]. The chip was made of three layers of PMMA
and consisted of one RT-RPA reaction chamber, a running buffer chamber, a mixing chamber,
two inlet holes, and a test strip channel. The RT-RPA reaction occurred in the reaction
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chamber by incubation in a heat block at 42 °C for 15 min. After the RT-RPA reaction, the
chip was held upright and shaken to mix the running buffer and amplification products.
Subsequently, the chip was held so that the mixture flowed through the mixing chamber
and reached the lateral flow channel for a visual read-out. A colored test line indicated the
presence of RT-RPA amplicons (positive result). A control test line indicated an invalid test
strip. The assay can detect SARS-CoV-2 RNA with LOD of 30 copies per sample [65].

A digital RPA system has been introduced to quantitatively detect MRSA and HIV in
blood samples [40]. Through the special design of the microfluidic device, HIV and MRSA
nucleic acids were purified from blood samples via sedimentation. Because of a vacuum
battery and lung-like vacuum component with an optional waste reservoir, the fluid flow
inside the device could be easily manipulated without the bulky equipment, allowing
for the rapid and simple quantitative diagnosis of pathogens through the integration of
sample separation, digital RPA, and fluorescence detection using fluorescein. The total
assay time was approximately 30 min, including 10 min of sample preparation and 20 min
of nucleic acid amplification. The system quantitatively detected MRSA DNA from 10
to 10° copies/puL. Moreover, the system could screen HIV RNA spiked in human blood
in approximately 18 min. Figure 4 summarizes the features of the above-mentioned
isothermal nucleic acid amplification-based microfluidic devices. Some important aspects
of microfluidic devices that must be considered include types of sample used, methods for
extraction/amplification/detection, analysis time, and sensitivity, to mention a few; these
are summarized in Table 2.

Microfluidic
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system

Schematic images
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Figure 4. Examples of microfluidic devices used for isothermal nucleic acid amplification for pathogen
detection. Reproduced from [58,62,65].
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Table 2. Features of some nucleic acid amplification-based microfluidic devices.

Microfluidic Device Sample Type Extraction Amplification Detection Ope.ratlon Sensitivity Ref.
Type Time
3.0 x 10? for
Foldable all-in-one Gram—n'egatlve
point-of-care Chamber-type Colorimetric bacteria and
. . Clinical sample FTA card . Within 2 h 3.0 x 10° CFU [47]
molecular diagnostic PCR detection P
microdevice or
Gram-positive
bacteria
Integrated Virus precon- 100 TCID50
. L centration by o
microfluidic maenetic Chamber-type Gel (50% tissue
preconcentration and Saliva gnet yP . Within2 h culture [49]
. e nanoparticles RT-PCR electrophoresis . )
nucleic amplification : infective dose)
system conjugated in saliva
with antibody
DNA
. .. Off-chip Continuous- On-chip amplification
All-in-one Gingival . :
microfluidic device reticulgrvﬂuid sample flow capillary in 231" 125 CFU/uL (511
preparation PCR electrophoresis Detection in
3/43"
Continuous-flow, . .
microfluidic, Ebola virus L 2;?11115 Con;tllgvl\xlous- Fluorescence 30250 min 10 RNA copies 52]
qRT-PCR system for gene pe detection per microliter)
RNA virus detection preparation RT-PCR
2 copies of
plasmids
containing
Micro-pipette Bacteria cell Fluorescence Eboglzgérus
tlp-basedt:;clelc acid culture FTA card LAMP detection 90-160 min 8 CFU of [58]
Escherichia coli
carrying Ebola
virus-derived
plasmids
SARS-CoV-2 N gene of
. SARSCoV-2
point-of-care (POC)
- . full-length M
diagnosis based on ene, and the Off-chi Pregnancy test
commercial B extroction RT-LAMP gy Within 2 h 0.5 copy/uL [60]
pregnancy test strips p n £ th p
and a palm-size sequence of fhe
microfluidic device N gene of
SARS-CoV
Microfluidic-
integrated lateral Clinical r‘l}iact?elii\I aAc;[d Lateral test
flow recombinase 1 . RT-RPA . 30 min 1 copy/uL [65]
olvmerase samples extraction strip
powy device

amplification assay

4. Application for SARS-CoV-2 Diagnoses

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by the SARS-
CoV-2 virus. The COVID-19 pandemic is a persistent global challenge with high infectivity
through direct, human-to-human transmission [66]. Rapid screening of infected patients
is important for immediate treatment and efficient disease control. The gold standard
to detect COVID-19 is RT-PCR, ensuring high specificity and sensitivity. However, the
method has some limitations in on-site detection because it is time-consuming and laborious.
Moreover, it requires sophisticated diagnostic equipment. To solve these issues, nucleic
acid amplification-based tests have been integrated into microfluidic devices to realize
simple and sensitive screening of diseases in low-resource settings. On one platform, all
nucleic acid analysis processes which include nucleic acid extraction, amplification, and
detection can be fully integrated. Numerous microfluidic devices have been introduced and
applied for SARS-CoV-2 identification [67,68] since microfluidic platforms offer efficient,
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rapid, simple, and reliable diagnoses. In this section, we describe some studies for SARS-
CoV-2 diagnoses as well as commercial diagnostic kits which obtained the Food and Drug
Administration’s Emergency Use Authorization (FDA EUA) for SARS-CoV-2. These devices
detect SARS-CoV-2 based on nucleic acid amplification.

4.1. Studies for SARS-CoV-2 Detection

The full-length M gene and the partial sequence of the N gene of SARS-CoV-2 were
targeted for SARS-CoV-2 detection. A palm-sized microfluidic device was fabricated by
integrating nucleic acid amplification and colorimetric detection to enable rapid, sensitive,
and cost-effective screening for SARS-CoV-2 [60]. A clinical swab sample was used to prove
the validity of the microfluidic system. The device amplified SARS-CoV-2 RNA by the RT-
LAMP technique. A heat block was employed to provide constant heat for the amplification,
and a lateral flow test strip was integrated into the system for colorimetric detection of
the RT-LAMP product to realize an on-site detection of SARS-CoV-2. One control line
on the test strip indicated the presence of SARS-CoV-2 in the sample. The detection was
realized by the conjugation of RT-LAMP amplicons with hCG. The conjugation prevents
hCG from moving along the strip, so nothing appears on the test line. On the contrary, in
the absence of RTI-LAMP amplicons, hCG can freely migrate along the strip and interact
with the reagents in the test line, and therefore, the color signal appears on both control
and test lines. The phenomenon indicates that the sample contains no SARS-CoV-2. The
device analyzed the sample in less than 120 min, and the limit of detection of the test was
two copies per reaction. The device also showed high specificity for SARS-CoV-2 detection
in samples in the presence other types of pathogens.

A PMMA microfluidic device which integrated RT-RPA and lateral flow assay for
detection was fabricated for the detection of SARS-CoV-2 [65]. FAM-labeled forward and
biotin-labeled reverse RT-RPA primer set was employed for recognizing the nucleoprotein-
encoding gene of the virus and expressing a colorimetric signal for result read-out. A
throat swab preservation solution spiked with SARS-CoV-2-armored RNA particles was
employed. RNA was extracted from an equipment-free nucleic acid extraction device. A
heat block was used to supply a stable heat of 42 °C for 15 min for the amplification reaction.
The result was read using the lateral flow strip. The assay can detect SARS-CoV-2 RNA in
30 min with the limit of detection of 30 copies per sample. The device was also tested with
positive clinical samples. The performance of the device showed high sensitivity of 97%
and specificity of 100%.

Another study developed a point-of-care device for molecular testing of SARS-CoV-
2 [69]. The device featured RNA extraction, amplification, and naked-eye visualization.
The device is made of two black polystyrene sheets and a cover made of PCR tape so
that the device can be folded to transfer the sample. A nasopharyngeal swab was used
as a sample, and lysis buffer was employed to lyse the virus and release RNA. RNA was
captured on the extraction membrane, and washing reagents were used to wash away the
waste. Purified RNA was then eluted using buffer and made ready for amplification. To
perform RT-LAMDP, stable heat of 65 °C was maintained using a hot plate. Fluorescent DNA
intercalating dye, SYTO-82, was used for result read-out. The device analyzed the sample
in 20-60 min with the limit of detection of one copy per reaction.

A capture and improve LAMP (cap-iLAMP) assay was developed for point-of-care
testing of SARS-CoV-2 [70]. A total of 555 gargle lavage samples were collected from
hospitals and nursing homes to test for the presence of SARS-CoV-2. A rapid bead-capture
enrichment purification was employed, and RNA was isolated in 15 min. SYBR Green
I was used for visual detection of SARS-CoV-2, which changed the sample color from
orange to yellow. The color signal was quantified as numerical hue value and analyzed
using smartphone apps. The point-of-care assay analyzed the sample in 55 min with the
limit of detection of 100 copies per sample. This method offers simple, sensitive, accurate,
and low-cost detection of SARS-CoV-2. Table 3 summarizes some studies performed for
SARS-CoV-2 detection.
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Sample Nucleic Acid .
Platform Sample Type Preparation Amplification Gene Target Detection
SARS-CoV-2
point-of-care diagnosis Full-length M gene
based on commerc'lal N/A Off-chip extraction RT-LAMP and the partial Lateral ﬂow test
pregnancy test strips sequence of the N strip
and a palm-sized gene
microfluidic device
Microfluidic- Throat swab
integrated lateral flow preservation
recombinase solution spiked . . Lateral flow test
polymerase with SARS-CoV-2- Off-chip extraction RT-RPA N gene strip
amplification armored RNA
(MI-IF-RPA) assay particles
Virus lysis by lysis
Point-of-care buffer
molecular testing for Nasopharyngeal = RNA e)ftract} on by RT-LAMP RARP gene Fluorescence
swab functionalized
SARS-CoV-2
membrane and
washing buffer
Point-of-care bulk
testing for . .
Ampidtomin
combining Gargle lavage enrichrflent RT-LAMP Orfla gene, N gene Color
hybridization capture e
purification

with improved
colorimetric LAMP

4.2. Commercialized Test Kit for SARS-CoV-2 Detection
4.2.1. Lucira Check It COVID-19 Test Kit

The Lucira Check It COVID-19 Test kit is used under FDA EUA for the qualitative
molecular detection of SARS-CoV-2 causing COVID-19 [71]. The kit utilizes RT-LAMP for
RNA detection of the virus. The target gene is the nucleocapsid (N) gene of the virus. RNA
is extracted from the cell using elution buffer in a sample vial. After extraction, the treated
sample enters reaction chambers for RI-LAMP, which is initiated by the resolubilization
of lyophilized reagents in the reaction chamber. An internal electronic heating element
applies a heat source for the amplification reaction. A pH-based detection method is used
for downstream analysis. When the amplification is successful, the color of the pH indicator
changes. The signal is collected and analyzed using optical and electronic elements and an
onboard microprocessor. The result is displayed via LED indicators. Positive results are
obtained in approximately 11 min, whereas negative results appear in a longer time.

4.2.2. Xpert Xpress SARS-CoV-2

The Xpert Xpress SARS-CoV-2 test is used under FDA EUA for the qualitative molec-
ular detection of SARS-CoV-2 causing COVID-19 [72]. The test is based on the RT-PCR
method for SARS-CoV-2 detection and is conducted on GeneXpert Instrument Systems,
wherein sample preparation, amplification, and detection are integrated. The sample is
transferred to a single-use disposable cartridge for nucleic acid analysis and provides a
rapid result in approximately 45 min.

4.2.3. ID NOW COVID-19

The ID NOW COVID-19 kit is an instrument-based rapid test for qualitative molecular
diagnosis of SARS-CoV-2. The kit is in use under FDA EUA [73] and is based on the
isothermal amplification method, which utilizes nicking enzyme amplification reaction
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to detect SARS-CoV-2. The test, conducted on the ID NOW instrument, is designed to
target virus RNA, the unique region of the RARp segment. The sample was treated with
elution/lysis buffer for RNA extraction. To detect target amplicons, fluorescently labeled
molecular beacons are used. The assay delivers rapid detection in 13 min or less for positive
results.

4.2.4. Cue COVID-19 Test Kit

The Cue COVID-19 test is used under FDA EUA for the qualitative molecular detection
of SARS-CoV-2 [74] and uses isothermal nucleic acid amplification to detect the N gene
of the virus. The assay is automatically initiated upon inserting the Cue Sample Wand
with the sample into the cartridge and takes 20 min to deliver the final result. Table 4
summarizes the features of some test kits for SARS-CoV-2.

Table 4. Test kits available for nucleic acid amplification-based detection of SARS-CoV-2.

. Lucira Check It
Test Kit COVID-19 Test Kit Cue COVID-19 Test ID Now COVID-19 Xpert Xpress SARS-CoV-2
Company Lucira Health Cue Health Abbott Cepheid
Nasopharyngeal,
. Nasal, nasopharyngeal oropharyngeal, nasal or
Sample type Nasal swabs Anterior nasal swabs or throat swabs mid-turbinate swab or nasal
wash/aspirate

Sample . . . .
preparation Lysis Lysis Lysis Lysis
Nucleic acid RT-LAMP Isothermal NEAR RT-PCR
amplification amplification
Gene target Nucleocapsid gene Nucleocapsid gene RARP segment N2-nucleocapsid gene

E-enveloped protein gene

Detection

pH-based colorimetric ~ Colorimetric detection =~ Fluorescently labeled
method method molecular beacons

Fluorescence

5. Conclusions and Perspectives

In this review, we summarized microfluidic advances for nucleic acid amplification-
based detection of clinical microorganisms. First, we discussed the limitations of conven-
tional methods and the advantages of microfluidic application for pathogen detection.
Then, we described some nucleic acid amplification-based microfluidic platforms used for
clinical microbial detection, including PCR-based and isothermal amplification devices.
Finally, we introduced some commercialized systems for SARS-CoV-2 detection.

Nucleic acid amplification-based microfluidic devices have demonstrated promising
potential for rapid, simple, high-throughput, automatic, and accurate clinical microbial
detection. However, the issue of mass production remains a challenge before the devices
can be readily commercialized. Additionally, fully integrated platforms that include sample
preparation, nucleic acid amplification, and visual detection using clinical samples such as
blood and feces are still limited. Moreover, most developed forms of devices still provide
qualitative results. Although qualitative analyses can effectively identify the infection,
quantitative analyses are important for monitoring disease treatments. Another issue is that
the device sensitivity is limited when using real samples, unless the samples are not fully
purified. Therefore, an urgent need still exists for fully integrated, sample-in-answer-out
devices with the functionality of a quantitative result read-out.
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