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Abstract: Nucleic acid (DNA and RNA) detection and quantification methods play vital roles in molecular biology. With the development of molecular biology, isothermal amplification of DNA/RNA, as a new molecular biology technology, can be amplified under isothermal condition, it has the advantages of high sensitivity, high specificity, and high efficiency, and has been applied in various fields of biotechnology, including disease diagnosis, pathogen detection, food hygiene and safety detection and so on. This paper introduces the progress of isothermal amplification technology, including rolling circle amplification (RCA), nucleic acid sequence-dependent amplification (NASBA), strand displacement amplification (SDA), loop-mediated isothermal amplification (LAMP), helicase-dependent amplification (HDA), recombinase polymerase amplification (RPA), cross-priming amplification (CPA), and its principle, advantages and disadvantages, and application development are briefly summarized.
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Introduction

Nucleic acid amplification technology is an important modern tool in biotechnology. With the advancements in molecular biology research, diagnostic methods based on nucleic acid detection have been widely used in medicine, agriculture, environmental monitoring, and other fields (Zhao et al., 2014). At present, the commonly used amplification approach is still polymerase chain reaction (PCR) amplification technology, which requires expensive and large-scale equipment, greatly limiting its application in some studies (Aryan et al., 2010; Bachmann et al., 2009). This limitation however becomes an advantage in the development of isothermal amplification methods, which can be performed at a constant temperature without the need for a thermal cycler device (Zanoli and Spoto, 2013). Isothermal amplification technology is an in vitro nucleic acid amplification technology where the reaction process is continuously maintained at a constant temperature by adding enzymes with different activities and their respective appropriate primers to achieve the rapid amplification of nucleic acids. Compared with other nucleic acid amplification technologies, isothermal amplification has the advantages of being rapid, efficient, and specific and does not require special equipment. Further, isothermal amplification does not require a thermal cycler making it cost-effective and easy to use. Additionally, it is more tolerant to inhibitory components from crude samples in most cases compared to PCR and shows equal or greater sensitivity and reliability (Chow et al., 2008). Isothermal amplification technology is an in vitro nucleic acid amplification technology where the reaction process is continuously maintained at a constant temperature by adding enzymes with different activities and their respective appropriate primers to achieve the rapid amplification of nucleic acids. The RCA technology can rapidly amplifies long single-stranded DNA obtained from tandem template complementary sequences under isothermal conditions; NASBA was designed to amplify single-stranded RNA sequences by simulating retroviral replication; SDA is a chemically modified restriction enzyme recognition sequence is placed on both ends of the target DNA, and the endonuclease opens the strand DNA at its recognition site, which in turn extends the 3′ end of the notch and replaces the next DNA strand; LAMP reaction is usually carried out at 60°C~65°C, the target to be tested is amplified more than 109 times within 1 h, It has good amplification effect; HDA technology using helicase to unwind the double-stranded DNA at a constant temperature. The DNA single-strand binding protein then stabilizes the unsolved single strand to provide a template for primers and DNA polymerase synthesizes complementary double strands, repetition of this cyclic amplification process finally achieves exponential amplification of the target sequence; RPA amplification was performed at 37°C–42°C, which mainly depended on the recombinant enzyme Uvs X, the single-stranded binding protein Gp32 and the strand replacement DNA polymerase Bsu; CPA is performed by stranded displacement of DNA polymerase and does not require an initial denaturation step or addition of nickase, this technique can be divided into single crossing CPA and double crossing CPA. Isothermal amplification techniques are now commonly used in different biotechnological fields due to their rapidity, efficiency, and non-requirement of professional or special equipment. This paper briefly summarizes the reaction principles, advantages and disadvantages, the development and applications of isothermal amplification technologies. It additionally looks at the future development trend of isothermal amplification technology to promote the development of related research fields.

Isothermal Amplification Technology Approaches

Rolling circle amplification technology

The RCA technology, first reported in 1989 (Blanco et al., 1989), is a simple and efficient in vitro nucleic acid amplification technique that rapidly amplifies long single-stranded DNA obtained from tandem template complementary sequences under isothermal conditions (Fire and Xu, 1995; Liu et al., 1996). RCA is an efficient enzymatic isothermal reaction that uses a loop probe as a template to produce long-stranded tandem single-stranded DNA or RNA products in the presence of short-stranded DNA or RNA primers (Xu et al., 2021) (Fig. 1). RCA technology has become an attractive tool for bioassays and analysis given its excellent efficiency, simplicity, and versatility (Mohsen and Kool, 2016; Baner et al., 1998). For example, a DNA fragment construct obtained by target-induced roll loop amplification is complementary to self-cleaving deoxyribozyme (DNAzyme) and releases fluorescent biomolecules. This sensing method can cause multiple signal amplifications with detection limits as low as 0.49 pmol L−1, providing a simple, highly sensitive, and selective low-cost detection platform (Liu et al., 2020). Furthermore, RCA can be combined with other technologies. For example, n recent years, a hybrid method combining RCA and LAMP (RCA-LAMP) was developed to quantify very small amounts of different types of RNAs, such as miRNAs (Hasegawa et al., 2021). An innovative approach entailed an increasingly branched rolling circle amplification (IB-RCA) containing a padlock probe (PP) and a structurally tailored molecular beacon (MB) that was developed for highly sensitive detection of the Kras gene codon 12. This sensing method demonstrates a new concept of IB-RCA amplification albeit in a simple way to efficiently transduce the fluorescence signal to accomplish the highly sensitive and selective detection of oncogenes (Li et al., 2016).
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Figure 1: Schematic of the rolling circle amplification (RCA) technique.

Nucleic acid sequence-based amplification

NASBA is an isothermal amplification technique based on a transcription-dependent amplification system and was developed in 1991 (Compton, 1991). NASBA was designed to amplify single-stranded RNA sequences by simulating retroviral replication. The basic principle of NASBA is that the template RNA is recognized by antisense primers and forms complementary DNA strands under the RNA-dependent DNA polymerase activity of reverse transcriptase. The RNA‒DNA complex is then treated by ribonuclease H (RNase H) so that the original RNA strand is degraded. Subsequently, by the DNA-dependent DNA polymerase activity of reverse transcriptase, specific primers containing the T7 promoter recognize the newly synthesized single-stranded DNA strands to form a double-stranded DNA structure containing the T7 promoter, which can be used as a substrate for subsequent cyclic amplification. T7 RNA polymerase enables DNA strands with T7 promoters to serve as templates to synthesize new RNA strands that resemble the original RNA strands (Fig. 2). Usually, NABSA can be carried out at 41°C, and template RNA can be amplified 109 times after 1.5~2 h of amplification with a sensitivity that is comparable to that of RT‒PCR. The end products of NASBA can be detected by gel electrophoresis, real-time fluorescence, colorimetry, and electrochemiluminescence (Cook et al., 2002). For example, real-time isothermal NASBA (RT-NASBA) was applied in the detection of Mycoplasma pneumoniae in one report. The sensitivity of the RT-NASBA and the conventional NASBA assays corresponded to 5 color-changing units (CCU) of M. pneumoniae. These results indicate that the sensitivity of detection of M. pneumoniae by RT-NASBA in respiratory samples might be slightly reduced compared to that detected by conventional NASBA (Loens et al., 2003). In another study, NASBA was employed in the detection of Salmonella enterica cells in liquid whole eggs (Cook et al., 2002). Further, a real-time nucleic acid sequence amplification (RT-NASBA) method was developed for the rapid detection of Japanese encephalitis virus (JEV) that showed stable signals and high specificity within 10 min (Zhou et al., 2021). It was also demonstrated that the sensitivity of NASBA could be substantially increased to 1.5 RNA molecules per microliter by nesting NASBA primers and modifying NASBA internal primers to encode RNA Mango inducer sequences. Since this isothermal nucleic acid detection scheme directly generates a fluorescent reporter, it provides an inexpensive, simple, and specific method for the rapid detection of single molecular weight pathogenic RNAs (Abdolahzadeh et al., 2019).
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Figure 2: Schematic of the nucleic acid sequence-dependent amplification (NASBA) technology.

Strand displacement amplification technology

SDA is a new in vitro DNA isothermal amplification technique based on an enzymatic reaction first proposed by American scholar (Walker et al., 1992). SDA is an enzymatic in vitro isothermal amplification method for DNA developed in recent years. A chemically modified restriction enzyme recognition sequence is placed on both ends of the target DNA, and the endonuclease opens the strand DNA at its recognition site, which in turn extends the 3′ end of the notch and replaces the next DNA strand (Gill and Ghaemi, 2008; Hellyer and Nadeau, 2014).

The replaced DNA single strand binds to primers and is extended into double strands by DNA polymerase. This process is repeated repeatedly, allowing the target sequence to be amplified efficiently (Fig. 3). An example is that SDA can be used to detect HIV-1 RNA (Mehrpouyan et al., 1997).
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Figure 3: Schematic of strand displacement amplification (SDA) technology.

Loop-mediated isothermal amplification

Notomi et al. (2000) first reported the LAMP technology in 2000. LAMP entails the designing of external primers, the forward external primer (F3) (Wang et al., 2013) and the backward external primer (B3), and a pair of internal primers forward inner primer (FIP) and backward inner primer (BIP) for the target to be tested (Notomi et al., 2000). Due to the strand displacement activity of DNA polymerase, the primer extends along the template and the strand displacement reaction produces target repeat fragments of different lengths. The reaction is usually carried out at 60°C~65°C, the target to be tested is amplified more than 109 times within 1 h, and the sensitivity can reach the detection of 10 copies of the target to be tested. Further, the introduction of an additional pair of ring primers significantly improved the detection sensitivity and reduced the reaction time to less than 30 min (Eboigbodin, 2019).

LAMP is divided into two stages, namely, the initiator synthesis stage and the cyclic amplification stage. The initiator synthesis stage culminates in the formation of stem circular DNA, which serves as a template for the cyclic amplification phase. In the cyclic amplification stage, the displacement reaction occurs under the guidance of the inner primer and Bst DNA synthetase to form stemloop structures of different lengths. The final amplification product is a mixture of stem ring DNA and cauliflower-like DNA, and the product needs to be detected after amplification (Fig. 4). At present, there are three methods for detecting LAMP products. The first is agarose gel electrophoresis detection, the results of which are multiple bands in the shape of ladder bands (Wong et al., 2018). The second method is real-time turbidity detection, the white precipitate generated by amplification has a linear relationship with the amount of DNA. As the whole amplification process is monitored in real-time, it is more efficient and more accurate than endpoint detection methods such as agarose gel electrophoresis. However, this method is suitable for the laboratory and not suitable for on-site detection. The third method is fluorescence colorimetric detection by adding hydroxynaphthol blue to the reaction system. You can directly determine whether the target gene is successfully amplified by observing the color of the LAMP product (Petrusha and Faizuloev, 2020; Goto et al., 2009).

[image: images]

Figure 4: Schematic of the loop-mediated isothermal amplification (LAMP) technique.

In a study in dandelion, based on the nucleotide sequence of nuclear ribosomal DNA (nrDNA), LAMP amplification could be successfully performed by adding purified Taraxacum formosanum (TF) genomic DNA within 45 min under isothermal conditions (Lai et al., 2015). Yuan et al. (2018) developed a method to detect multiple DNA of foodborne pathogens by encapsulating emulsion droplets for LAMP analysis. DNA from different pathogens can be detected by directly observing and analyzing the fluorescence intensity of the resulting droplets, with a detection limit 500 times lower than the bulk phase LAMP. This further demonstrates the ability to quantify bacterial concentrations by detecting bacterial DNA in actual samples and shows great potential in monitoring water resources and assess the pathogenic contamination in samples. Hence, LAMP technology represents a fast, robust, and reliable diagnostic platform for point-of-care testing (Anupama et al., 2019).

Helicase-dependent amplification technology

First proposed in 2004, HDA technology uses helicase to unwind DNA double strands under isothermal conditions, unlike PCR, which requires variable temperatures (Vincent et al., 2004). This technology mimics the natural process of DNA replication in vivo, using helicase to unwind the double-stranded DNA at a constant temperature. The DNA single-strand binding protein (SSB) then stabilizes the unsolved single strand to provide a template for primers and DNA polymerase synthesizes complementary double strands (Yasukawa et al., 2020). Repetition of this cyclic amplification process finally achieves exponential amplification of the target sequence. The difference between HDA technology and traditional PCR is mainly that HDA entails the cyclic production of single-stranded templates by adding helicase and single-stranded binding proteins under isothermal conditions (Fig. 5). This overcomes the shortcomings of traditional PCR that relies on repeated heating and temperature lowering of instruments to obtain single-stranded templates. This HDA technique is simple and efficient and is slightly different from RPA reactions, which support simultaneous amplification reactions in the same tube (Chen et al., 2015).
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Figure 5: Schematic of the helicase-dependent amplification (HDA) technique.

An example is the reverse transcription-HDA (RT-HDA) technology, which can be used for immediate detection of COVID-19 by combining the power of isothermal amplification and dipstick technology. The RT-HDA coupled dipstick correctly identified all positive and negative specimens, and the results can be visually interpreted using dipstick technology without any specialized equipment. In addition, the RT-HDA coupling test paper can be completed in a short time of approximately 2 h (Shanmugakani and Wu, 2022). Further, the development and optimization of a Si-coated magnetic nanoparticle (Si-MNP) based Si-MNP thermophilic decarboxylase-dependent isothermal amplification (tHDA) method using SYBR Green I for the detection of Staphylococcus aureus-specific DNA fragments has been reported. With a whole detection time of less than 2 h, the approach has good application prospects (Chen et al., 2015).

Recombinase polymerase amplification technology

Piepenburg et al. (2006) developed a new isothermal amplification technology, RPA (Piepenburg et al., 2006). By simulating in vivo amplification of DNA, the fragment of interest was generated within 10 min under isothermal conditions of 37°C~42°C. This technique relies heavily on the recombinant enzyme Uvs X, the single-stranded binding protein Gp32, and the strand-displacing DNA polymerase Bsu. In addition, there is a helper protein Uvs Y in this system. Among these molecules, Uvs X and Uvs Y are encoded by T4 bacteriophages.

The RPA amplification process is similar to the in vivo recombination of simulated DNA (Xu et al., 2014) and is mainly divided into the following four basic steps (Li and Macdonald, 2015): (i) recombinant protease Uvs X forms an enzyme-primer complex with the upstream and downstream primers of oligonucleotides with the assistance of cofactor Uvs Y; (ii) the complex binds to the homologous target sequence and finds and binds to the specific binding site of the target sequence; (iii) the recombinase-oligonucleotide primer complex unwinds the double strand, and the single-stranded binding protein (SSB) binds to the replaced parent chain to prevent further replacement; (iv) under the synergistic effect of strand displacement of the DNA polymerase, the amplification process of specific fragments is initiated. The target sequence can be amplified to the order of 1012 within 30 min, and the amplification product can fully reach the detection level (Singpanomchai et al., 2019) (Fig. 6). Different target molecules have been amplified in a variety of organisms and samples (Lobato and O’Sullivan, 2018).
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Figure 6: Schematic of the recombinase polymerase amplification (RPA) technique.

RPA technology has the advantages of high sensitivity, specificity, and efficiency and has been widely used in various fields (Zaghloul and El-Shahat, 2014). For instance, Wang et al. (2020) developed real-time RPA and lateral flow strip (LFS)-RPA assays to provide attractive and promising tools for the rapid, convenient, and reliable detection of M. ovipneumoniae in sheep. In another report, Wang et al. (2017) developed and evaluated a rapid real-time reverse transcription recombinase polymerase amplification (RT-RPA) assay for the detection of coxsackievirus A6 (CV-A6). The sensitivity of this assay was 202 copies/reaction and the specificity was 100%. Furthermore, this assay yielded consistent results comparable with a commercial qRT‒PCR diagnostic kit. This approach is therefore potentially useful for the surveillance of CV-A6 infections and its outbreak control. Taking an application in plants, Wang et al. (2020) combined the advantages of RPA and fluorescence detection to establish a rapid, sensitive, specific, and simple detection platform for on-site detection of MON863 maize. Test samples were added directly to the platform after simple pretreatment with the DNA extraction-free method. These results were obtained by real-time monitoring with a portable instrument, which facilitates its use in field sampling. The entire detection process, including sample preparation, RPA, and the identification of amplification results, was accomplished in approximately 10 min. Furthermore, detection was achieved with a simple and inexpensive portable device.

Cross-primer amplification technique

CPA technology developed by Hangzhou Ustar Biologics is the first in vitro nucleic acid amplification technology with independent intellectual property rights in China (Fang et al., 2009; Xu et al., 2012). Depending on the number of cross-primers in the system, this technique can be divided into single crossing CPA and double crossing CPA (Yulong et al., 2010).

Double cross-primer amplification uses two cross-primers and two peel primers. The two cross-primers complementarily bind to the template strand and are extended. The stripping primers then peel off the newly synthesized single strands due to the action of Bst DNA polymerase. Finally, the last two cross-primers synthesize a large number of target fragments due to the action of Bst DNA polymerase using the nascent single strands as templates (Zheng et al., 2020) (Fig. 7).
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Figure 7: Schematic of the double cross-priming amplification (CPA) technique.

Single cross-primer amplification uses one cross-primer, two peeling primers, and two normal primers. First, the cross-primer binds to the template strand and is extended into a double strand, while the peeling primer separates the new strand from the template due to the action of Bst DNA polymerase. Subsequently, the ordinary primers use the new strand as a template to synthesize two single-stranded DNAs of different lengths (Fig. 8). Finally, these two single strands are used as templates with the cross-primers and ordinary primers being used as primer pairs to form an amplification cycle (Xu et al., 2012).
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Figure 8: Schematic of a single cross-priming amplification (CPA) technology.

CPA is a class of isothermal nucleic acid amplification reactions that utilize multiple primers and probes, one or more of which is a cross primer (Fang et al., 2009). CPA is performed by stranded displacement of DNA polymerase and does not require an initial denaturation step or addition of nickase. At an assay temperature of 63°C, a high concentration of primers relative to template DNA favors the formation of primer-template hybrids at transient spontaneous denaturation bubbles in the DNA template, rather than reannealing of template strands. Strand displacement is facilitated by the annealing of cross-primers with 5′ ends that are not complementary to the template strand and the binding of displacement primers upstream of the cross-primer (Xu et al., 2012). Compared with LAMP, cross-primed isothermal amplification does not have the limitation of expensive instruments and avoids the generation of harmful substances such as EB generated during ring-mediated isothermal amplification. It also circumvents the high false-positive rate caused by aerosol contamination problems. It is simple to operate, and a large number of single and double-stranded products can be obtained in a water bath at about 63°C for 1 h. Moreover, the results can be obtained quickly by combining CPA with the lateral cross-flow test strip technique (Zhang et al., 2015).

The technique can be used for a variety of tests. For example, cattle, sheep, Arctic fox, and pork samples were identified by CPA combined with colloid gold nucleic acid strips. A simple primer for distinguishing multiple samples was designed using the general single-label CPA primer system, and the species-specific primers of four detection levels were analyzed by the colloidal gold test strip method. This provides a promising tool for detecting the species of different types of meat using a constant temperature amplification technology (Loens et al., 2003). Additionally, a rapid reverse transcription-cross-primer amplification (RT-CPA) combined with lateral flow test strips (LFD) diagnostic method was developed to detect bean pod mottle virus (BPMV) (Yang et al., 2022). The results showed a significantly better performance in detecting field samples of BPMV-infested soybean seeds where the RT-CPA-LFD method was more efficient, simple, and intuitive. In another study, a CPA-based method for the terminator of Agrobacterium tumefaciens nopaline synthase terminator (T-Nos) was established (Zhang et al., 2014). The results showed that the approach could detect rice genomic DNA within 40 min. Further, real-time fluorescence CPA documented comparable sensitivity to conventional real-time PCR and takes less time. As its sensitivity is sufficient to monitor the marker system it provides an attractive method for transgene detection.

Advantages and Disadvantages of Isothermal Amplification Technology

In recent years, the development of isothermal amplification techniques for nucleic acids has replaced traditional PCR amplification techniques (Craw and Balachandran, 2012). The major advantage of these methods is that nucleic acid amplification can be performed at a constant temperature without periodic temperature changes. However, there are some disadvantages, such as annealing of primers at low temperatures without thermal cycling during amplification increases the risk of primer dimer formation. Further, the reaction products are prone to false positive results and there are other issues, which need to be addressed, and further optimized. Some isothermal methods like LAMP have been standardized in molecular biology, while several other methods still need developments for future advances to be applicable. In conclusion, each isothermal amplification method has its advantages and disadvantages. Table 1 below shows the advantages and disadvantages of each method and its application scope. Although the limitations of isothermal methods are less prominent compared to amplification based on non-isothermal PCR, isothermal amplification is expected to have more advantages and minimal limitations to be able to justify itself as an alternative to long-established PCR methods (Asadi and Mollasalehi, 2021).
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Conclusion

Polymerase chain reaction (PCR) is one of the most widely used nucleic acid amplification technologies, with high specificity and sensitivity, but this technology relies on expensive thermal cycling apparatus and professional technicians, and is not suitable for on-the-spot detection, Isothermal DNA amplification is emerging as an alternative to PCR-based amplification for point-of-care diagnosis (Kim and Easley, 2011). In recent years, with the rapid development of molecular biology technology techniques, diagnostic methods based on nucleic acid detection have been established and widely used in laboratory testing of human diseases. Deriving benefits from rapid advances in biotechnology, chemistry, and nanotechnology, these isothermal DNA amplification methods have been expanded to detect targets ranging from DNA and RNA to cells, proteins, small molecules, and even ions (Zhao et al., 2015). Isothermal amplification technology is a nucleic acid in vitro amplification technology. The reaction process is always maintained at a constant temperature, and the purpose of rapid amplification of nucleic acids is achieved by adding enzymes with different activities and their specific primers (Qi et al., 2018). Isothermal amplification of nucleic acid is a simple process that can expand the copy number of a specific DNA or RNA fragment at a constant temperature and accumulate nucleic acid sequences quickly and effectively. The ultimate purpose of the establishment of diagnostic testing methods is to apply them to actual testing. Isothermal amplification technology neither requires complex instruments nor does it require thermal denaturation and temperature cycling. Given its advantages of simplicity, speed, high sensitivity, and strong specificity, its development and use are highly expected (Gill and Ghaemi, 2008; Kumar, 2020). It is mainly used in the fields of biological substance detection, biological engineering, medical diagnosis and so on. Isothermal amplification can detect pathogens, toxins and other harmful substances in food, providing a basis for food safety detection; In the aspect of bioengineering, it can be used to detect and screen new genes, DNA synthesis and gene editing: applied in the field of medical diagnosis, such as the detection and diagnosis of viruses and infectious diseases, to provide a basis for clinical diagnosis, etc. In addition, isothermal amplification technology will have greater space for development in the future.

Outlook and Challenges

The current nucleic acid isothermal amplification technology has certain advantages over PCR technology in terms of the rapidity in amplification detection (Moore, 2005), instrument miniaturization, reagent cost, visual interpretation results, etc. It is emerging as more promising for wide use at grassroot levels and on-site detection. However, a few issues remain to be addressed. Firstly, the LAMP (Nagamine et al., 2001; Suzuki et al., 2010), HDA (Vincent et al., 2004; Dean et al., 2002), SDA, RCA (Liu et al., 1996) and CPA (Kumar, 2020) methods necessitate more primers and have higher requirements for primer design, which limits their application. Secondly, achieving the detection of multiple or multitarget isothermal amplification under single-tube and closed-tube conditions with high sensitivity and specificity is also a technical problem. This needs to be addressed urgently, otherwise, it will limit the application scope of isothermal amplification technology. Although isothermal amplification technology has advantages that ordinary PCR amplification cannot overcome, it also has some of these mentioned disadvantages. However, with further research, the understanding of the field of molecular biology is getting clearer, and it is believed that more and more perfect new constant temperature amplification technologies will emerge shortly. Compared with traditional PCR approaches, isothermal amplification provides faster and more convenient nucleic acid detection using a simple heating device and efficient amplification at a constant reaction temperature. When isothermal amplification is combined with microfluidics, a more efficient detection platform can be built (Kim and Easley, 2011).
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TABLE 1

Advantages and disadvantages of isothermal amplification technologies

Isothermal
amplification
technique

Commonality Advantages

Disadvantages

Scope of application

Rolling circle
amplification
(RCA)

Nucleic acid
sequence-
dependent
amplification
(NASBA)

Strand
displacement
amplification
(SDA)

Loop-mediated
isothermal
amplification
(LAMP)

Helicase-
dependent
amplification
(HDA)

Recombinase
polymerase
amplification
(RPA)
Cross-priming
amplification
(CPA)

Isothermal
specific,
sensitive,
responsive

Reproducibility, wide dynamic
range, minimized product

contamination, and easy handling

(Wang, 2016)

A low number of cycles, suitable
for a wide range of test samples

No pre-denaturation required

Visually observable (Spargo et al.,

1996)

Anti-interference, easy to identify,

stable results

The reaction mechanism is simple

and has a wide range of
applications

Multiplex reactions and rapid
detection of multiple samples
simultaneously

No complex equipment is required
to avoid secondary contamination are cumbersome and complex

of products

The target sequence is
denatured at high
temperatures and the
template selection is limited

Results are prone to false
positives or negatives
(Honsvall and Robertson,
2017)

Slow doubling time,
inefficiency in long-sequence
amplification (Walker, 1993)

Primer design is demanding
and complex

The target sequence is heated
and denatured, and the
reaction time is long

Amplification products need
to be purified

Primer screening and testing

Small molecules, nucleic acids,
proteins, and cells (Zhu et al.,
2016)

Pathogens, RNA (Zhao et al.,
2012) viruses (Zhai et al., 2019)

Protein detection, pathogens,
bacteria, microRNA (Shi et al.,
2014)

Pathogens, bacteria (Seo ef al.,
2017), parasites (Lannutti et al.,
2020; Zhu et al., 2016)

Pathogens (Ao et al., 2012),
miRNA

Pathogens, agricultural pests,
and diseases (Lobato and
O’Sullivan, 2018)

Agricultural pests and diseases,
genetically modified crops
(Yang et al., 2022), pathogenic
bacteria
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