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a b s t r a c t

PCR has been widely used in different fields including molecular biology, pathogen detection, medical
diagnosis, food detection and etc. However, the difficulty of promoting PCR in on-site point-of-care
testing reflects on challenges relative to its speed, convenience, complexity, and even cost. With the
emerging state-of-art of microfluidics, rapid PCR can be achieved with more flexible ways in micro-
reactors. PCR plays a critical role in the detection of SARS-CoV-2. Under this special background of
COVID-19 pandemic, this review focuses on the latest rapid microfluidic PCR. Rapid PCR is concluded in
two main features, including the reactor (type, size, material) and the implementation of thermal cycling.
Especially, the compromise between speed and sensitivity with microfluidic PCR is explored based on the
system ratio of (thermal cycling time)/(reactor size). Representative applications about the detection of
pathogens and SARS-CoV-2 viruses based on rapid PCR or other isothermal amplification are discussed as
well.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

As a critical molecular biological technology which was inven-
ted byMullis [1], polymerase chain reaction (PCR) is widely applied
in different fields, for example, pathogen detection [2,3], food and
water safety [4,5], forensics [6] and etc. PCR is performed with
repeated thermal cycling which provides the required tempera-
tures for different reaction stages (denaturation, annealing, and
extension) in one amplification cycle. Under different conditions,
PCR mix including primers, enzymes, targeted DNA templates and
specific buffers should be properly prepared and even optimized to
ensure efficient amplification [7].

Typically, conventional PCR is performed in a volume from 25 to
50 mL with 200 mL tubes in a normal PCR instrument [8], which
cannot achieve ultra-fast ramping rate because of both the big re-
action size and the large thermal resistance between the heating
block and the reaction tube (with high thermal capacity). Therefore,
even for the latest commercial PCR instruments with advanced
configuration, the ramping rate is normally limited to 4e6�C/s even
when thermoelectric modules with high quality are adopted [9].

Since the invention of PCR, many efforts have been made to
reduce the required amplification time. For example, instead of
using a typical 200 mL polypropylene tube, a thin capillary tube
with low thermal capacity is heated by hot air to achieve remark-
ably high ramping rates [10]. On the other side, microfluidics pro-
vide a potential solution to improve PCR speed since small or
elaborate PCR reactors can be properly fabricated. Different from
tube-based PCR, when the size of microfluidic PCR reactors is down
to a couple of mL, or even less than 1 mL, PCR can be performed with
ultra-high ramping rates due to low system thermal capacity. Or
alternatively, ultra-fast ramping rates can be achieved in elabo-
rately designed PCR reactors based on state-of-art of thermal
cycling implementation.

For successful commercialization and application, rapid PCR
with high sensitivity is especially preferred in the detection of in-
fectious diseases. In principle, sensitivity is directly affected by the
size of a PCR reactor, or the available nucleic acid templates. Nor-
mally, to achieve high sensitivity, the required amplification time
with a large reactor tends to be prolonged. As it is well known,
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there is always a compromise between speed and sensitivity with
microfluidic PCR in the detection of infectious diseases. Considering
this compromise, an evaluation parameter, e.g., the system ratio of
(thermal cycling time: min)/(reactor size: mL), g is defined for a
microfluidic PCR system.

As a hot topic in the field of nucleic acid diagnostics, various
PCR-related microfluidic systems have been systematically sum-
marized and reviewed from different aspects, e.g., microPCR and
isothermal systems based on microfluidics [11], diverse micro-
fluidic PCR devices with or without sample preparation [12], a brief
summarization of PCR technology from its past to present and to
future [13], and a broad review of POC miniature PCR devices
including field requirements, system characteristics, integration,
applications, and practical issues [14]. In this review, a more spe-
cifically focused topic, rapid PCR powered by microfluidics mostly
in the last 5 years has been summarized and discussed. A couple of
critical factors relative to rapid PCR, including both reactor and
implementation of thermal cycling, are discussed in details. The
characteristics (commercialization, application) of different
microfluidic PCR reactors can be more specifically illustrated with
the above predefined system ratio, g. Representative applications
about the detection of pathogens based on rapid PCR are discussed
as well. Especially, witnessing the global COVID-19 pandemic, this
review also emphasizes the key contribution of rapid PCR or
isothermal amplification to immediate detection of SARS-CoV-2.

According to WHO's (World Health Organization) laboratory
testing guidance, as a gold standard, real-time reverse-transcrip-
tion PCR (RT-PCR) is the routine confirmation test for COVID-19,
and the targeted viral genes include the ORF1ab/RdRp, E, N, and S
genes [15]. As a representative example, Fig. 1 shows the procedure
of the detection to SARS-CoV-2 or other pathogens with PCR.
2. Reactor of rapid PCR

As shown in Fig. 2, PCR reactor can be discussed from three
aspects, including reactor type, size and material. To satisfy
Fig. 1. Procedure of the detectio
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different applications, PCR reactor should be properly designed to
accommodate critical system performances including detection
time, sensitivity, specificity and even cost.

In principle, the reactor size and especially the system ratio g
(thermal cycling time: min)/(reactor size: mL) are critical parame-
ters which can be used to evaluate its adoptability to clinical
application for an existing PCR system. Obviously, it is difficult for a
rapid but tiny PCR reactor (e.g., size � 1 mL) to achieve desired
detection sensitivity due to insufficient involved nucleic acid tem-
plates in the detection of infectious diseases. Therefore, in this re-
view, the system ratio g is defined to demonstrate two dimensional
characteristics, e.g., the reactor size and the required thermal
cycling time from two different aspects to properly evaluate the
performance of a rapid PCR system.
2.1. Reactor type

In order to achieve rapid PCR, different types of microfluidic
reactors have been developed. As shown in Fig. 2, based on different
mechanisms of thermal cycling, three types of representative PCR
reactors have been invented respectively at different time. Type #1
is the stationary reactor [16], where PCR amplification is achieved
when the reagent inside the stationary chamber is heated to
different temperatures for thermal cycling. Type #2 is the forced
continuous-flow PCR [17], where PCR amplification is achieved
when the reagent is pushed through a long (often serpentine)
channel with distinct zones maintained at different temperatures
needed for melting, annealing, and extension, or alternatively,
pushed back and forth iteratively inside a short channel with
different heating temperatures. Type #3 is the free convection PCR
(CPCR) [18], where PCR amplification is achieved when a contin-
uous, sustained circulation of reactants between hot and cool zones
of the reaction is induced due to free thermal convection for
spatially separate and stable melting, annealing, and extension.
More details about working mechanisms of different reactors see
the below part ‘Implementation of thermal cycling’.
n to SARS-CoV-2 with PCR.



Fig. 2. A brief summarization of typical PCR reactors.
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2.2. Reactor size

Typically, with different fabrication technologies, the volume of
the PCR reactor can be shifted from mL to nL [19,20]. Smaller reactor
with less thermal capacity is able to achieve high ramping rates and
therefore reduce detection time. In contrast, larger reactor allows
more nucleic acid templates to be utilized and therefore improve
detection sensitivity. In this review, as shown in Fig. 2, three types of
reactors with different size ranges are defined as following: small-
size (�10 mL), medium-size (10e40 mL), and large-size (�40 mL).

To achieve ultra-fast thermal cycling, in most of existing rapid
PCR systems, the reactor size is normally not larger than 10 mL.With
lithography, the size of a stationary reactor can even be scaled
down to nL. For example, it just takes ~3.7 s for a tiny reactor
(~20 nL) to complete a single thermal cycle [19]. For this reactor, its
system ratio g is 108. However, since a tiny reactor can't accom-
modate enough nucleic acid templates, its detection sensitivity
especially to clinical samples, for example infectious diseases, can't
be guaranteed. Comparing to small-size reactor, medium-size
reactor is able to perform more sensitive detection with more
involved nucleic acid templates, which is normally achieved with
the sacrifice of longer detection time. A medium-size disc-type
reactor (25 mL) is able to perform 33-cycle thermal cycling in
relatively long time (76 min) [20]. For this reactor, its system ratio g
is 3.04. Large-size reactor can be fabricated for specific purposes, for
example, to increase the sensitivity of the detection to infectious
diseases, which should be reasonably designed based on highly
efficient thermal cycling format, for example, free thermal con-
vection to save the amplification time. Qiu et al. used a 19 mm-long
capillary tube reactor (40 mL) for the detection to influenza A
(H1N1) virus based on CPCR with a limit of detection of 1.0 TCID50=

mL within 30 min [21]. For this reactor, its system ratio g is 0.75.
2.3. Reactor material

Different materials can be adopted by PCR reactors for different
applications. Beside the heating efficiency of the thermal cycling
3

system itself, the system ramping rate also heavily depends on the
thermal capacity of the reactor material. As an example, thermal
capacity of four typical materials has been shown in Fig. 2. When
the PCR reactor is made frommaterial with lower thermal capacity,
e.g., silicon, higher ramping rate can be more easily achieved. For a
specific PCR reactor, the relationship among ‘material-fabrication-
size’ should be considered. Typically, when the PCR reactor is made
from silicon substratewith lithography and covered by silicon oil or
a glass plate, its size is normally not larger than 10 mL to achieve
rapid thermal cycling [22]. To reduce the cost of the reactor, the PCR
reactor can also be made from PDMS (polydimethylsiloxane) with
lithography, which is able to perform PCR with a large size range
(nL to tens of mL) [23]. However, gas permeability of PDMS will
cause sample loss in PCR amplification due to reagent evaporation.
A couple of methods have been developed to avoid liquid evapo-
ration with PDMS chip, for example, to insert a polyethylene (PE)
barrier layer [19], or to coat a Parylene-C film [24], which is helpful
to ensure smooth PCR amplification. Furthermore, to simplify the
fabrication procedure, the PCR reactor can be made from trans-
parent plastic substrate (PC(polycarbonate), PMMA (poly (methyl
methacrylate)), COC (cyclic olefin copolymer), and etc.) with CNC
machining or laser cutting, which is more suitable to fabricate re-
actors withmedium- or large-size [25]. For commercial application,
plastic substrate is preferred because it is compatible with
injection-molding-based mass-production.
3. Implementation of thermal cycling

From its invention, PCR can be implemented in two typical ways,
including space- and time-domain based thermal cycling [26]. At
the beginning of PCR application, space-domain based thermal
cycling was normally performed by manually switching a reaction
tube among three independent hot water sinks which were heated
at three different temperatures respectively for melting, annealing,
and extension. Time-domain based thermal cycling, which is nor-
mally perform in stationary reactors, has become popular after
thermoelectric modules were invented.
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3.1. Space-domain based thermal cycling

3.1.1. Continuous-flow PCR
Based on a long serpentine channel or a short straight channel,

forced continuous-flow PCR aims to achieve rapid PCR by actively
pushing reagent with an outside pump to different pre-heated
zones to avoid slow transition stage when different reaction tem-
peratures are switched [27]. To optimize the PCR performance, the
cross-section, the width-to-depth ratio, and the length ratio of
three temperature zones of the micro-channels and their effect to
thermal and flow distribution of fluid in reactor were systemati-
cally investigated with finite element analysis [28]. As shown in
Fig. 3(A), in a streamlined microfluidic ship, Li et al. combines
continuous-flow PCR (size: 25 mL) with electrophoresis to amplify
and detect treponema denticola totally in 6 min 14 s for 35 cycles
[29]. For this reactor, its system ratio g is 0.09. Alternatively, in a
bidirectional-flow micro-channel, Kopparthy et al. developed real-
time continuous-flow PCR (size: 10 mL) with melting curve analysis
to successfully detect specific targets with 25 cycles in 30 min [30].
For this reactor, its system ratio g is 3. To achieve consistent
continuous-flow PCR, reagent has to be elaborately driven with a
stable flow rate. Because of the extraordinarily high surface to
volume ratio of long micro-channels, PCR amplification efficiency
can be deteriorated due to surface inhibition. Because of both the
inconvenience to operation and the complicated procedure of
reactor pre-treatment, just few of continuous-flow PCR systems
have been recently applied in commercial applications.

3.1.2. Convection PCR
In the form of a capillary tube, a capillary loop, or even a thin

disk, CPCR is able to perform rapid nucleic acid amplification with
naturally-induced free thermal convection without any outside
pump. When the capillary tube is heated with one or two fixed
temperatures, its axial stable temperature field causes the differ-
ence in fluid density and induces spontaneous thermal convection.
Comparing to the low temperature area, the reagent density in the
high temperature area is relatively low, therefore the resulting
buoyancy forces the reagent to move from the high temperature
area to the low temperature area [31].

It has been found that the aspect ratio (h/d, h and d are height
and diameter of a cylindrical reactor, respectively) of a CPCR reactor
affects the temperature and velocity fields, and therefore decides
doubling time and amplification efficiency. Muddu et al. found that
ultra-fast CPCR amplification (~10 min) can be achieved when
chaotic advection is introduced in the reactor [32]. Smartphone-
based CPCR reactors have been developed to read the fluores-
cence signal from the capillary tube through the smartphone
camera and meanwhile analyze the signal with custom Java ap-
plications [33e35]. As shown in Fig. 3(B), an instrument-free CPCR
system has been developed by heating the reactor (size: 40 mL) with
a disposable chemical heater for 30 min and detecting the ampli-
cons with one-step nucleic acid dipstick assay [36]. For this reactor,
its system ratio g is 0.75. Beside vertical CPCR, a horizontal real-
time CPCR system is developed by the same group to heat the
capillary tube reactor at one end to achieve efficient thermal cycling
based on horizontal thermal convection [37]. With the disk-based
CPCR reactor (size: 25 mL), Khodakov et al. present the donut PCR
platform to perform high multiplexing, precise quantitative nucleic
acid detectionwith single nucleotide discrimination in 20 min [38].
For this reactor, its system ratio g is 0.8.

Comparing to continuous-flow PCR, ultra-fast thermal cycling
can be achieved in CPCR reactors based on free thermal convection
without any outside pump. Comparing to stationary PCR, sensitive
diagnosis can be achieved in large-size CPCR reactors with pseudo-
isothermal manner without sacrifice of detection time. Therefore,
4

CPCR can be regarded as a competitive, easy-to-operate nucleic acid
diagnosis platform especially in point-of-care testing.
3.1.3. Spatially-switched PCR
As shown in Fig. 3(C), Jung et al. proposed a rotary PCR genetic

analyzer to achieve multiple RT-PCR amplification by combining
the characteristics of the flow-through and stationary PCR [39].
Similar to the flow-through PCR, according to a predefined cycle,
the sample is spatially switched between the adjacent blocks which
are maintained at different temperatures needed for melting,
annealing, and extension. For each heating block, high ramping
rates are achieved due to the low thermal mass like the stationary
PCR system. Ultra-fast PCR amplification in a tiny reactor (1 mL) can
be achieved for totally 34 cycles within 25.5min. For this reactor, its
system ratio g is 25.5. It has to be pointed out that, with such a
small reactor (size down to 1 mL), it is difficult to achieve highly
sensitive pathogen detection especially for clinical samples of in-
fectious diseases. Or alternatively, more like benchtop, ultra-fast
PCR with a large sample volume (50 mL) can be achieved by
continually transporting a normal PCR tube between the heating
and cooling blocks with a complicated two dimensional moving
stage, which is able to complete 40 cycles in 13.8 min [40]. For this
reactor, its system ratio g is 0.276.
3.2. Time-domain based thermal cycling

In principle, a stationary microfluidic reactor for time-domain
based thermal cycling can be regarded as an updated version of
conventional tube-based PCR, and the former one normally has a
reduced reaction size to achieve significantly high ramping rates.
With contact heating, when the size of the micro-reactor is quite
small, ultra-fast thermal cycling can be achieved especially when
its substrate has good thermal conductivity, and on the other side,
with non-contact heating, ultra-fast thermal cycling can be ach-
ieved when more elaborate heating methods are adopted to ach-
ieve highly efficient energy conversion [41].
3.2.1. Contact heating
In contact heating, there have two different major strategies for

thermal cycling. One relies on popular thermoelectric modules, and
the other use the thin-film heater and the fan forced air respec-
tively for heating and cooling. Qiu et al. developed a large volume
(from 10 mL to 100 mL), portable, real-time PCR reactor by utilizing a
double-sided heater that features a master, thermoelectric element
and a thermal waveguide connected to a second thermoelectric
element for efficiently and uniformly heating [42]. Neuzil et al.
developed an ultra-fast PCR reactor (size: 100 nL) with a thin-film
heater, which is able to complete 40 cycles within 6 min with
remarkably high heating (175�C/s) and cooling rates (125�C/s) [43].
For this reactor, its system ratio g is 60. Jeong et al. applied dual
platinum thin-film heaters which respectively located on the bot-
tom and top of a PCR reactor (size: 8.5 mL) in a sandwiched structure
to complete 30 cycles within 50min [44]. For this reactor, its system
ratio g is 5.88. To heat the PCR reaction chamber (size: 6 mL) of a
TOPAS@ chip, in a concise version, Bu et al. developed a silicon
heater with integrated platinum thin film resistive heater and
temperature sensor patterned on the same bottom side, which is
able to complete 30 cycles within 20 min [45]. For this reactor, its
system ratio g is 3.33. For contact heating, its ramping rate is easily
to be limited because of the low efficiency of energy conversion and
heat conduction unless tiny PCR reactors with much-low thermal
capacity are adopted.



Fig. 3. (A) Continuous-flow chip including PCR and electrophoresis [29]. (B) Instrument-free CPCR [36]. (C) Rotary PCR system [39]. (D) Non-contact photonic heating to the PCR
reagent itself [47]. (E) Non-contact photonic heating to AuBPs mixed with PCR reagent [48]. (F) Microwave heating to PCR reagent [49].
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3.2.2. Non-contact heating
Comparing to contact heating, non-contact heating methods are

developed by reasonably combining energy conversion and heat
conduction together for highly efficient heating for PCR thermal
cycling. There have three typical strategies for non-contact heating
including induction heating [46], photonic heating [47,48], micro-
wave heating [49].

When a coil powered with an AC power supply is used to
generate the varying magnetic field, the eddy currents produced by
electromagnetic induction will cause heat generation inside the
metal plate, and accordingly, a microfluidic PCR reactor above this
metal plate can be heated for thermal cycling [41]. Bio Molecular
Systems developed a fast qPCR system to heat sample based on a
patented magnetic induction technology and fan forced air for
5

cooling, which is able to perform tube-based PCR (size: 5e30 mL)
with 35 cycles in under 25min [46]. For this reactor, its system ratio
g is 0.83e5. In photonic heating, the energy of light can be con-
verted into heat for thermal cycling. For direct photonic heating,
tungsten or halogen lamps with broad wavelengths are used to
heat PCR reagent itself. Accompanied cooling is achieved with fan
forced air. As shown in Fig. 3(D), the Landers group utilized a
tungsten or halogen lamp combined with a spatial filter made of
aluminum foil to heat PCR reagent directly, which is able to perform
ultra-fast PCR (size: 10 mL) for 30 cycles within 10 min [47]. For this
reactor, its system ratio g is 1. For indirect photonic heating, lasers
or light-emitting diodes (LEDs) with a specific wavelength are
adopted to heat nanoparticles in PCR reagent. As shown in Fig. 3(E),
Lee et al. developed a low-energy gold bipyramid nanoparticle
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(AuBP)-based PPT (plasmonic photothermal) real-time PCR device,
which is able to perform ultra-fast PCR (size: 10 mL) for 40 cycles
within 7.5 min [48]. For this reactor, its system ratio g is 0.75. Gold
bipyramid nanoparticles (AuBPs) mixed with the PCR reagent were
used to produce heat energy when activated with an IR LED
(wavelength: 846 nm). Since the spatially-distributed AuBPs are
able to absorb the photonic energy and heat the surrounded PCR
reagent immediately, highly efficient energy conversion and heat
transfer can be achieved with volumetric heating. Based on mi-
crowave signal, microwave heating is able to directly heat the PCR
solution with a high transmission efficiency (up to 95%) and a
uniform heating profile. As depicted in Fig. 3(F), Marchiarullo et al.
demonstrated an ultra-fast microfluidic PCR reactor (size: 1.3 mL)
based on microwave heating, which is able to perform 30 cycles
within 26.5 min [49]. For this reactor, its system ratio g is 20.38. To
achieve non-contact heating, elaborate physical mechanisms,
which are able to efficiently perform energy conversion and heat
transfer, have to be properly incorporated into PCR systems.

4. Applications and discussions

4.1. Pathogen detection

For immediate pathogen detection, elaborate, state-of-art of PCR
reactors have to be developed and adopted to facilitate fast thermal
cycling without sacrifice of sensitivity in point-of-care testing [50].
Detection to foodborne pathogens based on nucleic acid amplifi-
cation is a critical tool in food safety monitoring. Song et al. used a
CPCR reactor (size: 20 mL) to detect 1% adulteration in raw and
thermally processed meats in 24min [5]. For this reactor, its system
ratio g is 1.2. Rapid PCR is also widely used for pathogen detection
in diagnostics of infectious diseases. Liu et al. developed an ultra-
fast PCR reactor (size: 20 mL) based on photonic heating, which is
able to amplify HPV viruses with 30 cycles within 50 min, and the
nucleic acid amplicons are detected with a lateral flow strip [2]. For
this reactor, its system ratio g is 2.5. Qiu et al. used a CPCR reactor
(size: 40 mL) to detect influenza Aviruses with a limit of detection of
1.0 TCID50/ml within 30 min. Two different detection methods
including real-time fluorescence monitoring and dipstick assay are
analyzed and compared between each other [51]. For this reactor,
its system ratio g is 0.75.

4.2. SARS-CoV-2 detection

As an ultra-dangerous infectious disease, COVID-19 has already
caused a serious public health problem. Globally, there had 115,
289, 961 confirmed cases and 2,564,560 deaths due to COVID-19 by
March 5, 2021 (WHO) [52]. To efficiently control the COVID-19
pandemic, PCR or isothermal amplification has been widely used
for immediate detection to SARS-CoV-2 viruses. Especially, with
rapid PCR or isothermal amplification, the turnaround time after
sample loading can be significantly shortened to improve the
diagnosis and confirmation efficiency of COVID-19 [53].

A couple of commercialized devices for rapid detection to SARS-
CoV-2 viruses have been successfully developed based on PCR or
isothermal amplification, and each of them is able to perform rapid
nucleic acid amplification in a reactor with a size of tens of mL. As
shown in Fig. 4, Cepheid developed a ‘sample-to-answer’ PCR
system, Xpress SARS-CoV-2 based on their existing technologies.
With an integrated cartridge for liquid handling, the GeneXpert
system is able to perform SARS-CoV-2 detection in 45 min (30 min
for positive test) with sensitivity of 98% and specificity of 100% [54].
Similarly, BioFire developed another ‘sample-to-answer’ system,
BioFire COVID-19 based on their existing technologies with multi-
plexed nested PCR. With a disposable cassette integrated with
6

assay-specific ‘pouches’, the FilmArray system is able to perform
SARS-CoV-2 detection in 45 min with satisfied sensitivity and
specificity [55]. Abbott developed a ‘sample-to-answer’ system, ID
NOW COVID-19 based on their existing technologies with LAMP
(Loop-Mediated Isothermal Amplification). With three disposable
cartridge modules, the ID NOW system is able to perform SARS-
CoV-2 detection in 13 min (5 min for high positive test) with
sensitivity of 94.7% and specificity of 98.6% [56,57].

Especially, there have two representative devices which allow
for home-based SARS-CoV-2 test since they can be easily and
conveniently operated without any assisting devices or tools. As
shown in Fig. 4, Lucira developed an ‘all-in-one’ LAMP device,
Lucira COVID-19 based on their existing technologies. The Lucira
COVID-19 is able to perform SARS-CoV-2 detection in 30 min
(11 min for positive test) [58]. Visby Medical developed an ‘all-in-
one’ detection device, Visby Medical COVID-19 based on
continuous-flow PCR [59]. The Visby Medical COVID-19 is able to
perform SARS-CoV-2 detection in 30 min [60]. It is believed that
home-based POC SARS-CoV-2 test is able to implement more im-
mediate diagnosis and confirmation comparing to other typical
detection methods.

In principle, PCR normally has high sensitivity and specificity.
However, false-negative results will somehow occur due to vari-
ability or mismatches between the primers and probes and the
target sequences. To further improve the sensitivity and specificity
of PCR, multiple target gene amplification can be utilized to
simultaneously amplify multiple genomes from the same target
templatewithmultiple pairs of primers and probes. For example, in
the detection of SARS-CoV-2, two different genomes, N and human
RNAse P genes are simultaneously amplified in the same reaction to
achieve sensitive detection (limit of detection<5 copies/reaction)
[61]. Here, human RNAse P gene is amplified as an internal control
to confirm successful and smooth PCR amplification. Alternatively,
even three different genomes, N, E, and human ABL1 (internal
control) genes can be simultaneously amplified in the detection of
SARS-CoV-2 to ensure the detection specificity [62].

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) represents a family of nucleic acid sequences found in
prokaryotic organisms, such as bacteria. These sequences can be
recognized and cut by a set of bacterial enzymes, called CRISPR-
associated enzymes, exemplified by Cas9, Cas12, and Cas13.
Certain enzymes in the Cas12 and Cas13 families can be pro-
grammed to target and cut viral RNA sequences [56,63]. The
detection sensitivity and specificity can be further improved by
combining PCR with CRISPR. For example, Huang et al. utilized a
custom CRISPR Cas12a/gRNA complex and a fluorescent probe to
detect target amplicons produced by standard RT-PCR or
isothermal recombinase polymerase amplification (RPA), to allow
highly sensitive and specific detection of SARS-CoV-2 samples
(Limit of detection: 2 copies/sample) [64].

It should be noted that POC nucleic acid diagnosis has been
remarkably promoted because of the emerging technologies and
products for the detection to SARS-CoV-2. No matter for rapid PCR,
or isothermal amplification, an integrated ‘sample-to-answer’ sys-
tem with the function of sample processing will be one of impor-
tant directions with the development of nucleic acid diagnosis
technology.
4.3. Discussions

To better show the relationship among reactor size, thermal
cycling time and detection sensitivity, the system ratio and the
corresponding limit of detection of the mentioned devices in this
review have been summarized in Table 1.



Fig. 4. Representative commercialized devices for rapid detection to SARS-CoV-2 viruses.
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As shown in Table 1, it can be concluded that, when the system
ratio g is too large (for example, � 5.88 (min/mL)), e.g., rapid PCR
with small reactors (reactor size: not larger than 1.3 mL), the PCR
system is not suitable for detection of clinical samples with infec-
tious diseases due to limited nucleic acid templates. On the other
side, when the system ratio g is reasonably low (for example, � 1.2
(min/mL)), e.g., rapid PCR with large reactors (reactor size: not less
than 20 mL), rapid and sensitive PCR can be applied in clinical
diagnosis of infectious diseases because enough nucleic acid tem-
plates can be accommodated by the large reactor. Therefore, for the
rapid, large PCR reactor with a smaller system ratio g, it has higher
compatibility with clinical diagnosis of infectious diseases.

As one of hot divisions of PCR techniques, digital PCR is a plat-
form to perform PCR in an ultra-small volume, e.g., in a droplet with
a single nucleic acid template to facilitate absolute quantitative
analysis comparing to conventional PCR. For digital PCR, instead of
the efficiency of thermal cycling, uniformity and homogeneity of
multiple micro-PCR reactor units, e.g., droplets or micro-wells are
intensively studied topics. Since this review focuses on rapid PCR
based microfluidics, digital PCR is not included accordingly.
7

5. Conclusions and outlook

Since PCR was invented by Mullis, remarkable achievements
have been made to keep pushing PCR technology to a higher level.
Combined with BioMEMS or microfluidics, miniaturized micro-
fluidic PCR has become one of important directions of PCR tech-
nology. By utilizing the advantages of microfluidics, rapid PCR can
be performed in such a portable device with high convenience,
which is highly desired in POC diagnostics. Especially, many efforts
have been made to push the PCR technology toward the limit of
speed, which is helpful to save the total detection time in nucleic
acid analysis.

As described before, for different rapid PCR systems, the system
ratio g can be regarded as an important parameter to evaluate their
value to commercialization and applications. For a quite small PCR
reactor even with rapid thermal cycling (e.g., with a large g), its
detection sensitivity cannot be ensured due to limited nucleic acid
templates in the detection of infectious diseases. Considering its
compatibility with mostly used methods for nucleic acid extraction
and simple heating strategy, CPCR (g: 0.75e1.2, reactor size:



Table 1
The system ratio g and the corresponding limit of detection of different devices.

Category Characteristics Thermal cycling time (min) Reactor size (mL) System ratio g (min/mL) Limit of detection Reference

g � 5.88 Low compatibility with clinical
diagnosis of infectious diseases

~ 2.16 ~ 0.02 108 75 copies/single well [19]
6 0.1 60 NA [43]
26.5 1.3 20.38 0.1 ng/mL [49]
25.5 1 25.5 12 ag (~2 copy number) [39]
50 8.5 5.88 80 ng/mL [44]

g < 5.88 High compatibility with clinical
diagnosis of infectious diseases

24 20 1.2 1 pg [5]
10 10 1 1 ng/mL [47]
30 40 0.75 1.0 TCID50/mL [36]
20 25 0.8 10 copies [38]
7.5 10 0.75 1 pg/mL [48]
30 40 0.75 1.0 TCID50/mL [51]
30 40 0.75 1.0 TCID50/mL [21]
6.14 25 0.09 125 cfu/mL [29]
13.8 50 0.276 10�3 ng/mL [40]
20 6 3.33 NA [45]
30 10 3 108 copies/mL [30]
76 25 3.04 NA [20]
50 20 2.5 NA [2]

Commercialization 25 5e30 0.83e5 200 copies/mL [46]
30 25e50 0.75 1112 copies/mL [60]
�11 (positive)
�30 (negative)

25e50 0.22e1.2 900 copies/mL [58]

~ 30 (positive)
�45 (negative)

25e50 0.6e1.8 0.0200 PFU/mL [54]

�5 (positive)
�13 (negative)

25e50 0.1e0.52 125 genome equivalents/mL [57]

~ 45 25e50 0.9e1.8 Heat-inactivated virus ATCC
VR-1986HK 500 copies/mL
Infectious virus 160 copies/mL

[53,55]
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20e40 mL) can be regarded as one of competitive rapid PCR plat-
forms in point-of-care testing due to its ultra-high efficiency of
thermal cycling with a reasonably large reactor.

As it is expected, important achievements with rapid PCR are
beneficial to not only the fully integrated, ‘sample-to-answer’
nucleic acid diagnostic system, but also the multiplexed nucleic
acid analysis system. For example, with rapid PCR, the time to result
in the detection to SARS-CoV-2 viruses can be significantly reduced,
which is quite helpful to efficiently control the COVID-19 pandemic.
In principle, for a commercialized POCT system, its reliance on a
large reactor could be relieved by more efficient and sensitive
nucleic acid amplification methods based on PCR or isothermal
amplification, which will in return further improve the speed of
detection due to a size-decreased reactor.
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