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Abstract

In recent years, the point-of-care testing (POCT) device for nucleic
acid detection has received extensive attention. POCT device
provides rapid, high sensitivity and accuracy of on-site diagnosis
and can quantify the nucleic acid in clinical samples in real time. The
integration of microfluidics ensures accurate fluid control, minimizes
sample volume, and improves detection efficiency. In addition, POCT
devices can conduct multichannel analysis, facilitate continuous
monitoring, and provide comprehensive quantitative data. Due to
its portability, cost-effectiveness, and ease of use, POCT device
represents a promising solution for extensive, reliable, and timely
nucleic acid detection in various medical environments. This review
summarizes the research and development of nucleic acid detection
POCT devices based on microfluidic technology in recent years, and
the development trend of the device has prospected.
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l. Introduction

Nucleic acid testing can directly identify the genetic
material of pathogens and analyze it using molec-
ular biology techniques to detect the presence or
absence of specific pathogens or genes. This preci-
sion is crucial in quickly identifying infectious diseases
such as viral infections. During the peak period of the
epidemic, nucleic acid testing can provide results
within a few hours, providing doctors with timely and
accurate negative and positive judgments. Nucleic
acid testing, through accurate and rapid detection
methods, has been applied in various aspects such
as primary healthcare, epidemic prevention and con-
trol, animal and food safety, infectious disease moni-
toring, etc. [1], providing indispensable support for us
to build a safe and healthy living environment.
Point-of-care testing (POCT) refers to a real-time
testing method conducted near or at the patient’s
location, also known as proximity testing or bed-
side testing. POCT can provide nucleic acid test
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results in a short period of time, enabling doctors to
quickly make diagnostic and treatment decisions.
Additionally, due to its simple operation and lack of
specialized laboratory facilities, it can be used in a
wider range of scenarios. The application of POCT
devices for nucleic acid testing is very important in
harsh environments such as emergency depart-
ments, intensive care units, rural rescue stations,
and even in the wild [2]. Compared with traditional
nucleic acid detection methods, POCT devices may
have incomplete extraction of nucleic acid from bio-
logical samples containing complex impurities, which
may reduce the detection sensitivity and specificity.
In the nucleic acid amplification process, due to the
small size of microfluidic chip and the small reagent
and sample system, there may be uneven mixing
of samples and actual samples, resulting in incom-
plete amplification reaction. In the microfluidic POCT
device, due to the limited available space and fluid
control, primer efficiency and reaction conditions may
be limited. There will also be surface adsorption in
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Figure 1: Steps and methods of nucleic acid testing using POCT device. dPCR, digital PCR;

POCT, point-of-care testing.

the chip, which may cause some nucleic acid mole-
cules to fail to participate in the amplification reaction
effectively, thereby reducing the amount of ampilifica-
tion products or affecting their quality [3]. However,
the POCT device is especially suitable for applica-
tions requiring rapid diagnosis and low resources,
such as clinical emergencies, remote mountainous
areas, field hospitals, etc. In these scenarios, tradi-
tional nucleic acid detection methods cannot provide
rapid detection results because of the need for com-
plex equipment, long-time reaction, sample transpor-
tation, and other factors. POCT device can detect
on-site and provide nucleic acid detection results
within a few minutes to an hour, enabling doctors and
medical personnel to make treatment decisions in
time, especially for the rapid screening of infectious
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diseases. The commonly used nucleic acid testing
steps and methods for POCT devices are shown in
Figure 1. Through integrated and automated design,
POCT device greatly reduces the manual interven-
tion, reagent consumption, and operation complex-
ity in traditional nucleic acid detection, thus reducing
the detection cost [4]. Although microfluidic POCT
devices still have some limitations compared with
traditional nucleic acid detection methods in sensitiv-
ity and specificity, these devices have great applica-
tion potential, especially in the field of field detection,
resource limited environment, and rapid diagnosis.
With the continuous progress of technology, POCT
device will overcome the existing challenges and
become an indispensable part of the modern medical
and public health system.
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Microfluidic technology integrates basic opera-
tional units such as sample separation, reaction, and
detection in biological, chemical, and medical analy-
sis processes into chips that are several centimeters
square by controlling high-throughput and microvol-
ume fluids. It has the advantages of requiring smaller
volume of liquid sample for detection, rapid reaction,
and the ability to process multiple samples in paral-
lel in large quantities [5,6]. The nucleic acid detection
POCT device based on microfluidic technology is not
only convenient and fast to use, with a wide range of
applicable scenarios, but also integrates the advan-
tages of high specificity and parallel processing of
large amounts of samples of microfluidic chip detec-
tion technology. With the continuous development of
microfluidic technology, the microfluidic POCT device
will be a necessary step to improve the quality of
medical services and also the key to global health
and disease control.

This article reviews the latest research progress
of nucleic acid detection POCT devices based on
microfluidic technology. The next three sections will
review the three steps of nucleic acid detection using
POCT devices: on-chip sample preparation, nucleic
acid amplification, and signal output. The final section
outlines the development trend of POCT devices for
nucleic acid detection.

Il. On-Chip Sample Preparation

Nucleic acid purification is the initial and critical step
in nucleic acid testing. The purity and integrity of the
purified nucleic acids significantly impact the accu-
racy of subsequent testing results [7]. Traditional
liquid-phase purification methods require complex
procedures, extensive reagents, and time, with the
added risk of nucleic acid contamination from toxic
agents [8-10]. In contrast, the solid-phase purifica-
tion method showed strong affinity and adsorption
capacity for nucleic acids in the purification pro-
cess [11]. This results in greater efficiency and time
savings, addressing inherent issues in liquid-phase
methods. Consequently, solid-phase purification
methods are extensively employed in automated
nucleic acid purification equipment [12]. In nucleic
acid detection POCT devices, nucleic acid purifica-
tion commonly employs silicon-based solid-phase
and magnetic bead-based methods. In nucleic acid
POCT devices, various silica structures such as sili-
con microcolumns [13], monolithic silicas [14], sol-gel
coated hybrid silica beads [15], and organic polymer
monoliths have been utilized for nucleic acid purifi-
cation. Additionally, silica-coated magnetic particles

are utilized in microfluidic chips for nucleic acid
purification and detection [16]. However, due to the
unigue characteristics of magnetic beads such as
large specific surface area, ability to modify various
active groups, and ease of being guided by exter-
nal magnetic fields, magnetic bead-based nucleic
acid purification methods are more widely used in
microfluidic nucleic acid real-time detection POCT
devices [17-19]. However, in POCT devices, the sim-
plicity and rapidity of on-site nucleic acid extraction
are at the expense of the potential limitations of the
detection mechanism, which may introduce errors
affecting the sensitivity and specificity of the detec-
tion results. The subsequent review will focus solely
on POCT devices that utilize magnetic bead-based
nucleic acid purification methods for on-chip sample
preparation.

The integration of magnetic bead-based sol-
id-phase nucleic acid purification technology with
microfluidic technology offers a highly promising
approach for on-chip sample preparation in POCT
devices. Wu et al. [20] developed a droplet-based
magnetically controlled microfluidic chip that inte-
grates nucleic acid extraction, purification, and ampli-
fication, using permanent magnets as the driving
mechanism. The chip encapsulates reagents within
oil to create droplets, which then direct the move-
ment of magnetic beads between these droplets
using permanent magnets, facilitating the nucleic acid
purification steps. This chip is capable of automati-
cally extracting nucleic acid from multiple samples in
<20 min. The chip structure is shown in Figure 2A.
However, in the process of nucleic acid purifica-
tion, nucleic acid capture is often incomplete or lost,
especially when using magnetic beads with poor
optimized magnetic field strength or poor surface
properties. Shen et al. [21] designed and developed
a highly integrated microfluidic chip. The nucleic acid
extraction efficiency reached 93%, comparable to
that of commercially available kits. The chip features
a microporous array structure at the bottom, which
utilizes the inherent gravity of the magnetic beads
and the magnetic force of a permanent magnet to
capture the beads post-elution, thus ensuring that
the beads do not interfere with subsequent nucleic
acid amplification and detection. When used in con-
junction with the developed POCT devices, it enables
a complete sample-answer detection process. Li et
al. [22] designed an integrated microfluidic chip that
synergistically combines micropillar structure with a
bubble capture array. This design allows for thorough
mixing of reagents and magnetic beads within the
chip under acoustic streaming. This not only ensures
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Figure 2: Sample preparation of nucleic acids in POCT. (A) Schematic diagram of the operation
process of nucleic acid extraction and purification using MBs in one assay unit and the image of
the chip [20]. (B) 3D Helmholtz coil active magnetic capture nucleic acid chip and device
explosion diagram [24]. (C) A centrifugal microfluidic chip and its supporting automation platform
[30]. (D) Chitosan and polydopamine modified magnetic beads and corresponding chip [31].
LAMP, Loop mediated adiabatic amplification; POCT, point-of-care testing.

effective mixing of the magnetic beads but also
enhances their capture efficiency for nucleic acids.
While these devices provide the benefits of enhanced
automation, they also introduce the complexity asso-
ciated with device miniaturization and reagent dis-
tribution uniformity. The variation of flow rate or fluid
dynamics in the microfluidic channel will lead to
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incomplete mixing of magnetic beads and reagents,
which will lead to unsatisfactory nucleic acid capture
and extraction [23]. In addition, external factors such
as temperature fluctuations or electrostatic interfer-
ence may affect the behavior of magnetic beads,
thus affecting the efficiency and repeatability of the
purification process.
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Zhang et al. [24] introduced a novel biological
detection strategy. They employed a three-dimen-
sional Helmholtz coil to facilitate the active magnetic
capture of nucleic acids by magnetic beads. In con-
trast to traditional hybrid capture methods, active
magnetic capture significantly enhances capture
efficiency via automated magnetic manipulation. The
chip design concept and chip structure are shown in
Figure 2B. Li et al. [25] developed a fully integrated
POCT device employing magnetic rods for the manip-
ulation of magnetic beads. Every step of nucleic acid
purification was optimized, achieving a magnetic
bead recovery efficiency of 94.98% and a nucleic
acid extraction efficiency of 91.83%. The nucleic acid
extraction efficiency reached 93%, comparable to that
of commercially available test kits [26]. Although mag-
netic beads provide a large surface area for nucleic
acid binding, the inconsistency of magnetic bead
coating or the binding ratio between magnetic beads
and nucleic acid may lead to incomplete recovery of
nucleic acid, which directly affects the sensitivity of
detection. If the magnetic field intensity is not ideal,
whether it is too weak or too strong, it will lead to the
reduction of capture efficiency and further affect the
repeatability of detection and the specificity of nucleic
acid detection [27]. Pearlman et al. [28] examined the
high gradient magnetic separation (hgms) extrac-
tion technique. They investigated the impact of sur-
face magnetic field, fluid flow rate, and viscosity on
the nucleic acid extraction efficiency using magnetic
beads. Before attaining the necessary magnetic field
strength for external field saturation, the capture effi-
ciency of magnetic beads rises with increasing field
strength. However, once the requisite magnetic field
strength for external field saturation is reached, fur-
ther increases in field strength paradoxically leading
to a decline in the capture efficiency of the magnetic
beads. Besides employing permanent magnets to
regulate the movement of magnetic beads within the
chip, these beads also demonstrate effective perfor-
mance in microfluidic chips powered by centrifugal
force. Sciuto et al. [29] employed variable rotational
speeds to regulate the release of preloaded reagents
within the chips, utilizing the magnetic field from per-
manent magnets to extract and purify nucleic acids.
Moreover, they designed a complementary POCT
device to facilitate a seamless sample-answer detec-
tion process.

Li et al. [30] segmented the chip’s functional areas
and integrated the section dedicated to nucleic acid
purification onto the centrifuge functional disk. The
structure of the central functional disk is shown in
Figure 2C. Additionally, the chip incorporates various

control valves for regulating the release of reagents
and the activation or deactivation of microchannels.
They even employ magnetic valves for swift control
of magnetic bead aggregation and dispersion. The
chip achieves automatic nucleic acid purification
within 30 min after adding the sample, which boosts
the efficiency of nucleic acid extraction by an order
of magnitude compared to traditional manual meth-
ods. Additionally, the device can automatically per-
form subsequent nucleic acid testing steps. Zhao
et al. [31] developed a microfluidic device for whole
process nucleic acid detection. The chip structure is
shown in Figure 2D. To prevent reagent contamina-
tion of the nucleic acids and its adverse impact on
subsequent amplification and detection, they opti-
mized the nucleic acid purification process on a cen-
trifugal microfluidic chip. They decorated magnetic
beads with chitosan and polydopamine, enabling the
adsorption and desorption of nucleic acids via mag-
netic beads through electrostatic interactions and pH
control of reagents. Additionally, Chelex-100 Sigma-
Aldrich (St Louis, MO, USA) particles are incorporated
to aid thermal cracking, which removes certain impu-
rities. The efficiency of nucleic acid extraction is mar-
ginally higher than that of commercially available test
kits. However, in practical applications, more com-
plex environmental conditions are usually encoun-
tered, such as magnetic field interference and sample
matrix interference, which will affect the performance
of POCT devices. Or, under the condition of magnetic
field, due to pollutants generated by environmental
exposure, the integrity of nucleic acid capture may
be affected, which may not be fully considered in the
laboratory environment.

Although the nucleic acid purification method
based on magnetic beads in POCT devices has sig-
nificant advantages in efficiency and time saving,
there are still some technical and operational chal-
lenges. In low viral load samples, nucleic acid puri-
fication may not be able to effectively concentrate
or separate enough target nucleic acids, which may
lead to false negative. In addition, cross contami-
nation during sample processing may be a prob-
lem of special concern in manual or semiautomatic
POCT devices, which may lead to false positive,
thus affecting specificity. Magnetic beads are vul-
nerable to residual contamination from one sample
to another, especially when the washing steps are
not optimized, which may lead to false positive in
subsequent tests [32,33]. In addition, the reuse and
recycling of magnetic beads and microfluidic chips
are still the key issues of environmentally sustainable
POCT solutions. At present, many POCT devices use
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disposable magnetic beads and disposable microflu-
idic chips, which will lead to a large amount of waste.
After the purification of nucleic acid, the magnetic
beads may retain nucleic acid or pollutants, mak-
ing it unable to be reused in subsequent cycles [34].
Incomplete recovery of nucleic acid or accumulation
of pollutants will reduce the performance of purifi-
cation process, which may lead to false negative or
false positive in future detection.

In the future development, efforts can be made to
optimize the surface chemical composition of mag-
netic beads to enhance their ability to be cleaned
and reused without loss of binding load. People can
develop self-cleaning magnetic beads or modify anti-
fouling coatings or develop automatic magnetic bead
cleaning solutions and integrate them into POCT
devices to reduce the detection cost [35,36]. The
development of reusable microfluidic chips made of
durable and easy to clean materials can significantly
reduce waste. For example, the use of sterilized and
reusable silicon-based chips or biodegradable poly-
mers can help make these devices more sustainable.
From the standpoint of POCT devices, the degree of
integration and automation for the cell lysis to nucleic
acid elution processes leaves much to be desired.
The high integration of these systems provides a
promising method for simplifying nucleic acid detec-
tion, but it must be recognized that hardware limita-
tions and user errors are the potential factors of failure
in POCT applications. Improper handling may lead to
significant deviations from the expected results. In the
future, we can focus on more stable magnetic bead
formula, optimizing the miniaturization and modu-
larization of sample preparation scheme and equip-
ment. Ultrasonic module [37], oscillation module [31]
or other equipment used for pathogen lysis can be
integrated into POCT system. This will minimize these
limitations and improve the performance of POCT
devices in clinical diagnosis.

lll. Nucleic Acid Amplification

Amplifying the target gene sequence is a crucial
step in the nucleic acid testing process for POCT
devices. Nucleic acid amplification technology can
significantly replicate minute quantities of the target
gene sequence, thereby enhancing the sensitivity of
POCT devices. This enables the nucleic acid detec-
tion POCT device to detect a smaller number of tar-
get nucleic acid sequences in the sample. Common
amplification techniques are categorized into iso-
thermal and nonisothermal amplification technolo-
gies. With the advancements in nonisothermal and
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isothermal ampilification technologies, nucleic acid
detection POCT device integrated with nucleic acid
amplification module came into being.

a. Nonisothermal ampilification

Nonisothermal amplification technology involves
nucleic acid amplification steps at different temper-
atures during the reaction process. The most exten-
sively applied nonisothermal amplification technique
is the polymerase chain reaction (PCR) [38]. PCR
technology mimics the natural process of DNA
self-replication and amplification. The PCR process
involves repeated cycles of DNA/RNA through three
stages: denaturation (93-94°C), annealing (40-60°C),
and extension (70-75°C). Each cycle of denaturation,
annealing, and extension exponentially amplifies the
target sequence. Thus, PCR is an efficient technology
that amplifies nucleic acids exponentially. In genetic
disease and infectious disease testing, PCR is widely
considered the gold standard for detecting target
DNA and RNA [39,40]. Performing PCR ampilification
on a microfluidic chip can enhance various aspects of
PCR performance, including amplification efficiency,
reducing reaction time, simplifying the procedure,
and lowering costs [41]. Temperature control is criti-
cal for PCR amplification, as precise thermal cycling
is required for the denaturation, annealing, and exten-
sion of target sequences. POCT devices, due to their
compact nature, often face challenges in maintaining
stable and uniform temperatures, leading to potential
thermal fluctuations [42]. Inconsistent heating or cool-
ing can result in incomplete denaturation, inefficient
primer binding, or suboptimal extension, all of which
could decrease amplification efficiency and compro-
mise specificity, leading to false negatives or false
positives. Additionally, several POCT devices have
been developed and designed [43].

PCR modules incorporated into POCT devices for
nucleic acid detection can be broadly classified into
fixed microchamber and flow-through types [44]. The
PCR module with fixed microchamber usually seals
the samples and reagents in the specific chamber of
the microfluidic chip and uses the temperature con-
trol module with rapid temperature rise and fall func-
tion to provide different temperatures required in the
PCR reaction process. The PCR module with a fixed
microchamber can be heated using various meth-
ods, including contact heating devices such as film
resistive heaters [45], box heaters [46], hot plates [47],
and printed circuit heaters [48], as well as noncontact
methods such as infrared heating [49], microwavable
[50], wireless induction heating [51]. The flow-through



INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS

PCR module achieves the desired temperature con-
ditions by managing the reagents’ passage through
various constant temperature zones within the
microchannel of the reaction chamber [52]. In addi-
tion, there is a thermal convection PCR technology
[63] that creates a stable temperature gradient within
the capillary by applying heat to one end. This tem-
perature gradient will induce the reaction reagent to
circulate spontaneously between the cold and hot
regions in the capillary and accomplish nucleic acid
amplification.

When the target sequence is short (<300 bp), the
annealing and extension processes in PCR amplifi-
cation can be conducted concurrently. For target
sequences shorter than 100 bp, the extension time
can be reduced to 0s [54]. The PCR amplification
process has been simplified, requiring only two tem-
peratures for target sequence amplification, resulting
in a significant reduction in PCR amplification time.
Scientists have conducted research on and opti-
mized the temperature differential between the tem-
perature control module and the reaction reagents,
the thermal resistance of materials, and the heat
capacity of both the microfluidic chip and the reac-
tion reagents. Consequently, some devices capable
of performing ultrafast PCR have been developed.
Nouwairi et al. [55] designed a nucleic acid amplifi-
cation device that facilitates ultrafast thermal cycling.
The traditional 50-min reverse transcription-poly-
merase chain reaction (RT-PCR) amplification pro-
cess was compressed to under 10 min using two
thermo-electric Peltier devices. An et al. [56] intro-
duced a temperature control strategy that signifi-
cantly enhances the temperature ramping rate of the
solution by widening the temperature gap between
the heating plate and the solution. Within a spe-
cific range, the temperature rise rate of the solution
is linearly related to the temperature difference, the
greater the temperature gap, the more rapidly the
rise rate. The maximum heating and cooling ramp
rates for a 25 pL solution reached 24.12°Cs™" and
25.28°Cs™, respectively, which is 6-8 times faster
than that of conventional commercial PCR devices.
The PCR amplifier designed using this method can
complete 45 PCR cycles in just 9 min. Trauba et al.
[67] employed a two-step PCR to amplify the target
sequence, configuring the temperature control mod-
ule with two distinct temperature zones at 90°C and
65°C. In total, 35 temperature cycles were executed
within 52 s. Yeom et al. [58] developed an ultrafast
PCR ampilification device using inexpensive thin
glass chips and thermal resistors. This device can
heat the reaction reagents at a maximum rate of

28.8°Cs™, achieving ultrafast PCR amplification while
reducing the manufacturing cost of the device. These
devices with fast thermal cycling show promise by
significantly accelerating the temperature ramp, but
the problem of temperature uniformity in the heating
region is still a huge challenge, especially in small
sample sizes [59]. Moreover, these ultrafast thermal
cycling techniques may affect the accuracy of ampli-
fication, especially when dealing with highly complex
or low abundance targets. Rapid cycling may also
increase the possibility of nonspecific amplification
or primer dimer formation, thereby reducing speci-
ficity. Salman et al. [60] introduced a comprehensive
system comprising a PCR chip, thermal cycler, and
fluorescence detector. Following nucleic acid ampli-
fication, the products can be fluorescently detected
to vyield results. The system has a heating rate of
1.8°Cs™ and a cooling rate of 2°Cs™". This repre-
sents a significant reduction in heating and cooling
rates compared to the real-time PCR system devel-
oped by Petralia et al. [61], which boasts a heating
rate of 15°Cs™" and a cooling rate of 8°Cs™". Analysis
of the two devices suggests that the primary cause
of this difference may be the varying sizes of the
heating elements and microfluidic chips. The thinner
the microfluidic chip, the smaller the reaction rea-
gent volume, resulting in faster temperature ramps.
However, too little reagent volume may also lead to
unsatisfactory reagent concentration or insufficient
reagent mixing, thus reducing the sensitivity. In addi-
tion, reducing the volume of reagent may damage
the efficiency of downstream detection steps [62].
Excessive miniaturization may also increase the risk
of evaporation, especially in closed systems, which
may affect the consistency and reproducibility of the
reaction, resulting in changes in amplification yield.
The thermal cycling required for PCR constrains
the further miniaturization of microfluidic devices in
POCT. Huang et al. [44] developed an ultrafast and
highly sensitive real-time PCR system that inte-
grates the best features of microchamber and flow-
through ampilification systems. This system includes
a microfluidic chip optimized for rapid heat transfer
and an amplification device with five temperature
zones, complemented by a fluorescence detec-
tion module for quantitative nucleic acid assays. It
addresses the previous dilemma of achieving both
rapid temperature rates and flexibility in amplifica-
tion modules [63]. The system minimizes mechanical
complexity, enabling rapid temperature fluctuations
while significantly controlling manufacturing costs.
Additionally, the team compared the performance
of their real-time PCR system with commercial PCR
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devices, finding that the results of biological sample
tests were in agreement with those from commer-
cial devices, despite reducing the total testing time
from 1 h to 15 min. Utilizing the real-time PCR sys-
tem for nucleic acid testing not only ensures sensi-
tivity but also significantly reduces testing time, offer-
ing a promising solution for ultrafast real-time PCR.
The preceding text introduced various schemes and
structures, and Figure 3 illustrates several represent-
ative schemes among them.

To sum up, now there are many POCT devices
that can achieve rapid PCR amplification, which
greatly improves the efficiency of nucleic acid ampli-
fication. However, there are still challenges in detect-
ing low copy target sequences. As shown in Table 1,
compared with other PCR techniques, digital PCR
(dPCR) technology has extremely high sensitivity and
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reaction; RTDs, resistance temperature detectors.

absolute quantification advantages. In the future, as
dPCR technology becomes more economical and
compact, integrating it into POCT system can com-
pletely change the sensitivity by allowing absolute
quantification of target sequences, even at very low
concentrations [64]. Developing rapid heating and
cooling devices with good temperature uniformity
using new materials can help reduce thermal cycling
errors [65]. Developing integrated temperature sen-
sors and more powerful thermal control modules will
improve sensitivity and specificity. Integrating and
optimizing existing on-chip sample preparation tech-
nologies, such as automatic nucleic acid purification
or improved inhibitor removal methods, will help to
eliminate sample interference and reduce false neg-
ative effects caused by PCR inhibition. POCT devices
shall be designed with built-in pollution prevention
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Table 1: PCR techniques applied in POCT devices

Method Advantage

PCR Low cost; complete standards;
and the product is recyclable

gPCR High specificity and sensitivity;
quantitative analysis

RT-PCR and Widely applicable and can be

RT-gPCR used for all types of RNA

dPCR

high sensitivity and specificity

Disadvantage
The operation is cumbersome; low specificity and sensitivity; easy
to be contaminated; and cannot perform quantitative analysis

High cost, nonrecyclable product; fluorescent probe or dye
required

RNA is easily degraded; additional reverse transcription steps
are required

Absolute quantification; extremely Expensive cost; complex operation; and long-time consuming

dPCR, digital PCR; PCR, polymerase chain reaction; POCT, point-of-care testing; RT-PCR, reverse

transcription-polymerase chain reaction.

function, such as closed disposable reaction cham-
ber, which will reduce cross contamination and
improve the specificity of results.

b. Isothermal amplification

Compared to PCR amplification technology, the
advent of isothermal amplification technology pro-
vides a bright strategy to the challenge of further
reducing the size of POCT devices, which was previ-
ously impossible due to the necessity of temperature
control modules in nonisothermal ampilification
devices [66]. Common isothermal amplification tech-
niques include Loop mediated adiabatic amplification
(LAMP), recombinant polymerase amplification (RPA),
and nucleic acid sequence-based amplification
(NASBA). The subsequent review will solely concen-
trate on POCT devices for nucleic acid amplification
employing LAMP technology.

Since its invention by Hase et al. in 2000, LAMP
technology has been a primary focus in the develop-
ment of POCT, owing to its simplicity, high sensitiv-
ity, and speed. LAMP is carried out at 60-65°C and
can amplify DNA to 10°-10'° times within 15-60 min.
The LAMP reaction generates >50 times the num-
ber of amplicons compared to any other PCR-based
amplification technique. LAMP also has the potential
to amplify target DNA of various sizes ranging from
130 bp to 300 bp, which can be used for multiplex
amplification of pathogens [67,68]. Compared to other
isothermal amplification techniques, LAMP employs
4-6 primers that offer superior specificity and can
amplify both DNA and RNA. But if the primer design
is unsatisfactory, it will increase the possibility of non-
specific binding. Improper primer selection or unsat-
isfactory primer concentration will lead to the forma-
tion of primer dimer, which competes with the target

amplification and reduces the reaction efficiency. In
addition, if the primers are combined with unexpected
sequences, nonspecific amplification may occur,
resulting in false positive. LAMP is a one-step ampli-
fication technique that requires no additional sample
processing, utilizes a single DNA polymerase, and
demonstrates outstanding resistance to polymerase
inhibitors [69]. Therefore, LAMP is currently the most
prevalent isothermal amplification technology in the
field of POCT. Jiang et al. [70] developed a microflu-
idic chip for rapid nucleic acid detection using LAMP,
achieving a detection limit of 102 copies uL". Xiao et
al. [71] leveraged microfluidic technology to develop
a handheld microfluidic lamp colorimetric chip. This
chip enables direct DNA extraction from meat sam-
ples using microneedles and swiftly transfers the
samples to the microfluidic chip for LAMP ampilifica-
tion. El Tholoth et al. [72] used LAMP to realize real-
time detection of multichannel pathogens, which can
detect multiple different virus samples at the same
time. Loo et al. [73] developed a highly integrated
nucleic acid detection platform based on LAMP, uti-
lizing a disk platform to provide a sample-answer
solution. A silicon membrane is employed for on-chip
solid-phase extraction and purification of bacterial
DNA; centrifugal force drives the movement of rea-
gents within the chip, and SYTO-9 (New England
Biolabs) fluorescent dye is used for real-time fluores-
cence detection. This microfluidic platform can com-
plete the entire nucleic acid detection process within
2 hr, analyzing multiple samples simultaneously. Liu
et al. [74] developed a fully automated centrifuge chip
that can simultaneously detect five different bacte-
ria and designed a corresponding automated sup-
ply platform. Nucleic acid testing can be completed
within 70 min, with a detection limit of 10 copies uL™
at the limit of detection. LAMP is qualitative in nature,
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which means that although it has high sensitivity, it
cannot provide absolute quantification of target mol-
ecules. For applications requiring accurate quantifica-
tion, such as viral load measurement or therapeutic
effect monitoring, the lack of quantitative accuracy
may be a major limitation. Since the introduction of
the digital LAMP (d-LAMP) method by Gansen et al.
[75], it has been extensively applied for precise quan-
tification of nucleic acids. Rane et al. [76] developed a
microfluidic device leveraging d-LAMP technology to
perform all the steps required for digital nucleic acid
detection. The device can produce 1 million droplets
every 110 min, with an average droplet size of 10 pL.
Following amplification, fluorescence detection was
conducted, achieving a detection limit of 600 cop-
ies uL='. Although d-LAMP improves the accuracy of
quantification, it still faces challenges related to the
consistency of droplet formation and potential cross
contamination between droplets. The detection limit
of d-LAMP also depends on the sensitivity of the sys-
tem. Suboptimal droplet size distribution or incom-
plete droplet sealing may affect the sensitivity and
specificity. In addition, the integration of d-LAMP into
compact POCT devices will bring additional complex-
ity, which may increase the cost and require more
complex fluid control. Xie et al. [77] developed a sim-
ple and cost-effective nucleic acid detection platform
using colorimetric LAMP technology. Simple on-site
disease diagnosis can be directly performed by vis-
ually discriminating colors with the naked eye. The
detection limit stands at 101 copies uL=". The preced-
ing text introduced multiple cases, and Figure 4 pre-
sents several representative ones among them.

The characteristic of LAMP constant tempera-
ture ampilification is beneficial for making nucleic acid
detection POCT devices more compact and conven-
ient. As shown in Table 2, applying LAMP technology
to nucleic acid detection POCT devices eliminates the
need for cumbersome temperature control devices
and has higher sensitivity and specificity compared to
PCR, which helps to construct smaller POCT devices
in resource limited environments. However, due to
the high difficulty of primer design for LAMP and the
expensive reagents used, the cost of POCT devices
using LAMP technology is also higher, and their pop-
ularity in rural and remote areas is not as good as
POCT devices using PCR technology.

Although these rapid amplification systems using
PCR and lamp technology show great prospects, the
current research lacks the actual performance veri-
fication in outdoor environment. GeneXper™ system
is manufactured by Cepheid using PCR ampilifica-
tion and ID NOW™ platform is produced by Abbott
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Laboratories using isothermal amplification have
been tested and validated in remote areas such as
Uganda and South Africa and have shown good per-
formance during the pandemic [78,79]. The accuracy
and efficiency of POCT devices that have not been
tested in practical application scenarios under on-site
conditions (such as rural clinics, disaster areas, and
emergency response situations) have not been fully
determined. It is very important to test these systems
in the environment with changeable temperature and
humidity to ensure their reliability and adaptability in
practical applications. The ability to maintain high
sensitivity and specificity outside the laboratory envi-
ronment remains a major challenge. To improve the
performance of POCT device in the actual scene,
efforts should be made to develop devices that can
handle rapid temperature changes while maintaining
temperature uniformity. The integrated temperature
sensor and powerful thermal control module will help
to reduce the thermal cycle error and improve the
sensitivity and specificity of the results.

IV. Embedded Circuits for Signal
Processing

In nucleic acid detection POCT devices, nucleic acid
detection results can be outputted through various
methods [80,81], including colorimetry, fluorescence,
electrochemistry, magnetism, and others. Nucleic
acid information can be captured and analyzed
by professional signal conversion devices, such
as the naked eye, mobile phone cameras, optical
microscopes, and industrial cameras. Colorimetric
reaction involves the specific binding of colorimet-
ric probes (such as fluorescent dyes [82], nano-
particles [83], or other pigment compounds) with
amplification products. As the target nucleic acid
increases, the colorimetric probe triggers a change
in the solution’s color, enabling the interpretation of
test results. Compared to other methods, the cost
of utilizing colorimetric reactions for nucleic acid
detection is relatively lower. However, colorimetry is
highly dependent on the precise design of the probe.
Nonspecific binding or cross reactivity with similar
nucleic acid sequences can lead to false positives.
The presidential colored substance or other com-
plex matrix in the sample may interfere with the sig-
nal, resulting in inaccurate results. This is particularly
problematic in biological samples that may contain
blood, food particles, or other compounds that may
alter the colorimetric output [84]. The fluorescence
method is employed to detect nucleic acid signals
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by utilizing fluorescent probes as reagents during
the amplification process. These probes enable
the amplified nucleic acid to exhibit a fluorescence
reaction upon exposure to excitation light sources
of specific wavelengths. Compared to other optical
detection techniques, fluorescence detection excels
in terms of sensitivity, specificity, and accuracy. Its
high sensitivity enables the detection of nucleic
acids at extremely low concentrations, facilitating
precise quantitative analysis without being hindered
by electromagnetic interference, pressure, or tem-
perature fluctuations, thus ensuring high stability.

Furthermore, it is well-suited for the simultaneous
detection of multiple samples [85]. On the contrary,
electrochemical methods leverage the interaction
between the nucleic acid molecules under investiga-
tion and the electrode surface. By closely monitoring
changes in current, impedance, or potential associ-
ated with the electrochemical reaction involving the
target nucleic acid, we can analyze the presence
and concentration of the target nucleic acid within
the sample. The electrochemical method offers
simplicity in operating electrochemical sensors,
facilitating the realization of portable detection [86].
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Table 2: LAMP and PCR techniques in POCT devices

LAMP

Equipment

Reaction process One-step amplification
Ampilification
temperature

Reaction time 15-40 min

Primer design
Sensitivity

Constant temperature equipment

Constant temperature (60-65°C)

4-6 primers, high design difficulty
Higher sensitivity, but prone to

PCR

PCR amplifier, thermal cycler

Cyclic amplification

Denaturation (95°C), annealing
(50-60°C), polymerization (72°C)
Depends on the temperature control rate
of the thermal cycler

2 primers, easy to design

High sensitivity and strong specificity

false positives and more expensive

Reagent prices

Higher sensitivity, but prone to

Cheap

false positives and more expensive

LAMP, loop-mediated adiabatic amplification; PCR, polymerase chain reaction; POCT, point-of-care testing.

Nevertheless, overall technology remains immature
and is still undergoing improvements. Factors such
as ionic strength and pH of the sample can poten-
tially interfere with detection outcomes. Additionally,
certain electrochemical sensors exhibit sensitivity to
environmental conditions, including temperature and
humidity, thus limiting their applicability in various
scenarios. The subsequent review will solely con-
centrate on POCT devices for nucleic acid detection
via fluorescence detection approaches.

During the fluorescence detection process, the
establishment of an optical system is paramount.
Parameters such as wavelength selection, fluores-
cence emission efficiency, optical path efficiency,
imaging quality, reproducibility, and stability have a
direct impact on the accuracy and sensitivity of test
results. Inaccurate optical alignment or inefficient
optical elements will significantly reduce the sensitiv-
ity and reproducibility of the results, and the probe will
degrade over time or be quenched by environmental
factors (such as pH or ionic strength variants). These
may lead to false negatives. When using multiple
probes in multiple detection, signal crosstalk or spec-
tral overlap may lead to interference, thus affecting the
sensitivity and specificity of both. The use of probes
with different spectra and advanced filters is essential
for separating signals from different fluorophores. In
addition, the dual emission proportional fluorescence
strategy with two independent emission channels
can minimize the spectral overlap and improve the
detection accuracy [87]. Typically, the optical sys-
tem utilized for fluorescence detection comprises a
light source, focusing lens, filter, dichroic mirror, and
photoelectric sensor [88]. Selecting the appropriate
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excitation light based on the specific target is crucial.
Commonly used excitation light sources include
xenon lamps, mercury lamps, lasers, and high-power
light-emitting diode (LED). Each type of light source
possesses unique characteristics, thereby dictating
their respective application scenarios. For instance,
xenon lamps [89] and mercury lamps possess high
luminous intensity, rendering them suitable for high-
power analysis systems. However, their bulky size
poses a challenge for integration. Lasers [90], on the
contrary, exhibit high brightness and excellent mon-
ochromaticity but come at a hefty price. In contrast
to these three light sources, LEDs are a more viable
option for POCT devices, offering a wide color gamut,
low cost, compact size, energy efficiency, and long
service life [91]. In terms of photoelectric sensors, the
mainstream photodetectors include avalanche pho-
todiodes (APDs), charge-coupled devices (CCDs),
photomultiplier tubes (PMTs), and photodiodes (PDs).
APDs have the advantage of high gain and high
quantum efficiency but narrow spectral response
range; CCDs can scan all fluorescence signals simul-
taneously but with low sensitivity; and PMTs have the
fast response and low noise regardless of the price
advantages, and it is a good choice [92]. In contrast,
PD with high sensitivity, high signal-to-noise, and low
cost is more suitable for POCT devices.

Fang et al. [93] and Wang et al. [94] designed a cur-
rent-optical dual negative feedback LED driver circuit
and developed two sets of highly integrated nucleic
acid detection devices using one set and two sets of
LEDs with different wavelengths, respectively, which
integrated nucleic acid extraction, purification, ampli-
fication, and detection processes. The coefficient of
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determination (R?) of the two devices is >0.99, and
the sensitivity of the assay is comparable to that of
a commercially available real-time PCR instrument
(Step One Plus), even with better stability. The PNAD
device uses two excitation light sources with different
wavelengths and uses optical shielding principle and
filter to build optical path to isolate excitation wave-
length and emission wavelength. In addition, the use
of time-resolved fluorescent or pulsed light sources
helps to distinguish fluorescent signals from ambient
light. Based on the principle of confocal optical path,
two different wavelength excitation and emission
optical paths are integrated into a single fluorescence
detection module. Compared with the single wave-
length emission, the dual emission proportional fluo-
rescence strategy has a unique built-in self-calibration
function, which can effectively avoid the interference
of instrument parameters, fluctuation of light interfer-
ence, uneven distribution of fluorescent substances,

and fluctuation of the microenvironment around the
fluorescent source, improve the detection accuracy,
expand the dynamic analysis range, and perform
well in the field work outside the laboratory [95]. The
two types of optical paths and circuits are shown in
Figure 5. However, the optical path loss in the opti-
cal path will reduce the overall signal strength and
affect the sensitivity and accuracy of detection. Using
optical fiber can alleviate some of these problems by
reducing path loss, but it will appropriately increase
the complexity and cost of the system.

V. Conclusion and Prospect

Microfluidic technology has important application
prospects in real-time nucleic acid detection devices.
The rapid development of POCT devices for nucleic
acid detection based on microfluidic technology has
made it possible to perform nucleic acid detection in
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resource limited environments. Microfluidic technol-
ogy integrates basic operational units such as sam-
ple separation, reaction, and detection into a cen-
timeter scale chip. On-chip nucleic acid amplification
can increase the sensitivity of nucleic acid detection
POCT devices. After amplification, the quantity infor-
mation of nucleic acid can be converted into a series
of physical signals such as optical signals and elec-
trochemical signals. These signals are processed
by POCT devices and output as results. In addition,
microfluidic chips can perform multichannel and mul-
tisample monitoring [96], providing a feasible strategy
for POCT devices to save more resources and time in
resource limited environments. But there are still some
challenges in its development and implementation.

a. Sensitivity and specificity

The microfluidic platforms can effectively extract
and amplify nucleic acids, but it is still challenging
to ensure that these POCT devices can detect low
concentrations of nucleic acids in complex clinical
samples (such as blood and sputum). The presence
of inhibitors (such as proteins, salts, or metabolites)
in the sample will interfere with nucleic acid extrac-
tion or PCR ampilification, resulting in false negative
or reduced detection accuracy [97]. It is essential to
develop robust systems that can overcome these
challenges while maintaining high robustness.

b. Integration

The POCT device for nucleic acid detection usually
needs to integrate multiple steps of the detection pro-
cess in a single, compact platform, including sample
collection, nucleic acid extraction, amplification, and
detection. This inevitably involves trade-offs between
device size, function, and performance. As the size of
the devices shrinks, the physical space required for
reagent storage, thermal management (PCR or other
amplification technologies), and necessary compo-
nents such as sensors or detectors may be limited.
Although miniaturization enhances portability, it also
limits the ability to incorporate other functions or
effectively execute certain programs [98]. Designing
a system that is compact and capable of performing
all necessary tasks without sacrificing performance is
a major challenge. In addition, most POCT devices
used for nucleic acid detection require external com-
ponent power supply, data analysis, or connection
(such as smart phones or computers). It is difficult
to integrate these components into a single device
without making the system too large or complex.
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Powering devices in remote or resource limited set-
tings can be challenging, especially for devices that
need to work in an energy-scarce environment.

c. Cost in POCT device

The microfluidic system, micro electromechani-
cal system (MEMS), and optical detection compo-
nents need to be integrated into a compact portable
system. These processes will significantly increase
the production cost of POCT device. Moreover, the
demand for high-quality components that can oper-
ate reliably in different environments and reagents
that perform well in different environments further
increases the total cost. General POCT devices
are often customized for specific diseases, sample
types, or certain specific environmental conditions.
Customization of these POCT devices may require
energy conversion components or reagents to obtain
the best performance. In addition, the overall material
sustainability of POCT devices should also be con-
sidered [99]. Adding environmentally friendly materi-
als, such as biodegradable plastics or recycled pol-
ymers, to the construction of POCT devices will help
reduce the impact on the environment. In the future,
the waste management system can be integrated into
the devices, such as the automatic treatment proto-
col of used components, which can help guide users
to correctly and effectively dispose of materials. To
sum up, manufacturers will face great challenges in
developing and producing economical, efficient, and
universal POCT devices that can be applied to a vari-
ety of scenarios.

d. User friendliness

For POCT device, ensuring user friendliness is a key
factor for successful adoption, especially in clinics,
remote areas, and even home-based nonlaboratory
environments. POCT devices must be easy to use,
require minimal training, and provide clear and reli-
able results. POCT devices for nucleic acid detec-
tion usually involve complex multistep processes,
including sample processing, nucleic acid extraction,
amplification (such as PCR), and detection. For users
without technical background, it is a major challenge
to have a simple and clear operation interface and
as few operation steps as possible. Many devices
require precise control of fluid flow, temperature, and
reaction conditions, which may be difficult to manage
manually. Ensuring that users can handle these tasks
without advanced training while maintaining high
performance and accuracy requires careful system
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design and automation. Simplifying the interface and
reducing the number of steps that users need to
perform is critical to creating a user-friendly system.
An intuitive user interface is essential to ensure that
healthcare providers and even patients with minimal
technical expertise can operate the device effec-
tively. The human-computer interaction interface shall
clearly guide the user to complete each step of the
test process, from example to result interpretation.
Designing a human-computer interaction interface
that provides clear instructions, visual feedback,
and easy to understand results is very important to
improve the user experience [100]. In addition, the
devices should include mechanisms such as visual or
audible alarms to notify users of problems (e.g., insuf-
ficient sample size, incorrect reagent use, or device
failure).

e. Filed work performance

At present, POCT devices have made significant pro-
gress in the laboratory environment, but there are
stil many challenges to ensure that these devices
can perform well in real application scenarios. In real
application scenarios, especially in outdoor or remote
areas, there will be many uncertain factors interfer-
ing with POCT performance. The collection of on-site
samples may have different sources and have a
high degree of complexity, so that the samples may
contain impurities that affect the subsequent ampli-
fication and detection. There are huge temperature
fluctuations and humidity changes, which will affect
the stability of the devices and lead to inconsistent
thermal cycle accuracy, thus affecting the amplifica-
tion efficiency and sensitivity. In the detection pro-
cess, interference signals generated by strong light,
ultraviolet light, or other environmental light sources
in the outdoor environment will affect the precision of
the optical detection system of the devices, resulting
in the decline of sensitivity [101]. There are still many
challenges to improve the sample adaptability, ampli-
fication stability, and anti-interference ability of equip-
ment in complex field environments.

In conclusion, although POCT nucleic acid detec-
tion device has broad development prospects, it still
faces many challenges. This requires continuous
research, innovation, and collaboration of multidisci-
plinary integration, and focus on improving the port-
ability and intelligence of devices in combination with
current new technologies.

Future POCT devices should be committed to
making greater breakthroughs in ease of operation
and automation. Many existing devices still require

operators to have certain professional knowledge,
and the links of sample processing and data analy-
sis are relatively complex. Future POCT devices must
pay more attention to user friendliness, adopt more
intuitive human-computer interaction interface, use
less manual operation, and realize “fool type” oper-
ation. In addition, with the integration of artificial intel-
ligence (Al) and machine learning technology, the
devices should actively integrate with these technol-
ogies and strive to automate a series of processes
such as sample collection, processing, and analysis,
so as to further reduce the operation complexity and
human error.

Real-time data monitoring and remote diagno-
sis: with the popularity of 5G and Internet of things
(IoT) technology, future POCT devices will be able
to transmit detection data in real time and connect
with telemedicine platforms. This means that doc-
tors or professionals can remotely monitor the detec-
tion process, timely obtain the detection results, and
make rapid diagnosis and treatment decisions based
on the data. This function is especially suitable for
remote areas or emergency situations and can realize
rapid disease screening and emergency response.
However, this combination also has potential security
and privacy issues, especially in clinical and sensitive
environments involving patient data. Sensitive patient
data may be intercepted or tampered with during
transmission, which may result in personal health
information being exposed to unauthorized third par-
ties or altered diagnostic data, leading to incorrect
diagnostic results [102]. These issues must be care-
fully addressed, and only through rigorous security
testing and regular software updates to patch vul-
nerabilities can patient information be guaranteed.
In addition, the device should be equipped with a
secure boot process and authentication mechanism
to ensure that the potential advantages of POCT-
loT integration are achieved without compromising
patient safety, confidentiality, and trust.

These technologies have been applied to the
rapid diagnosis of pathogens, gene mutation frag-
ments, and cancer markers in POCT devices. To
further improve the performance of nucleic acid
detection POCT devices, the future development
direction should focus on the complete automation
of hardware control by the main control chip [103],
the high integration of microfluidic modules in POCT
devices [104], and the high intelligence of combining
with smartphone software to perform nucleic acid
analysis, provide results without the upper computer
[105], and even try to combine with loT technology to
upload data to the cloud to form a data network [106].
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By analyzing and processing uploaded data, disease
monitoring and early warning can be achieved.
POCT devices have enormous potential to revo-
lutionize healthcare services, especially in low- and
middle-income countries. For example, during the
COVID-19 pandemic, the necessity of POCT device
research has been highlighted. These devices pro-
vide fast, cost-effective, and user-friendly diagnostic
solutions that can be deployed in resource limited
environments. However, due to the significant cost
investment required for the early development of
POCT devices, it is necessary for local governments
and international organizations to work together
to provide subsidies or financial assistance for the
research and development of POCT devices [107]. In
the early stages of development, it is possible to sim-
plify the design of the flow channel structure, reduce
manufacturing complexity, and use inexpensive but
functionally reliable materials to replace traditional
expensive materials, thereby reducing manufactur-
ing and research and development costs. The driving
force for the development of POCT devices comes
from the commercialization of POCT devices devel-
oped by relevant research and development devices.
Commercial POCT devices should be simpler and
more efficient to use and provide accurate and relia-
ble detection results. Enable clinical doctors to easily
access diagnostic information at a glance. In addition,
before commercialization, the devices must comply
with international regulatory standards for diagnostic
tools, which is extremely important for ensuring the
quality and performance of the devices and ensur-
ing the confidentiality of patient privacy. This requires
developers to comply with the ISO 13485 standard
when researching and designing, ensuring that the
device can meet user needs and regulatory require-
ments throughout its entire lifecycle. Develop clear
devices specifications and implement risk manage-
ment processes in accordance with ISO 14971 to
identify, assess, and mitigate potential risks, particu-
larly those related to patient safety, misdiagnosis, or
devices failure. Devices related to loT technology also
need to ensure encryption of information transmission
to ensure compliance with global data protection reg-
ulations [108]. Before commercialization, it is essential
to conduct validation in actual application scenarios
to ensure that the device can function properly in dif-
ferent scenarios. When quantifying production, rele-
vant standards should be strictly followed to ensure
consistent devices quality. Even after actual circula-
tion in the market, it is necessary to actively collect
adverse event reports and user feedback, regularly
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reevaluate the performance of the devices to ensure
that it can continue to comply.
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