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Abstract

:

Infectious diseases and tumors have become the biggest medical challenges in the 21st century. They are driven by multiple factors such as population growth, aging, climate change, genetic predispositions and more. Nucleic acid amplification technologies (NAATs) are used for rapid and accurate diagnostic testing, providing critical information in order to facilitate better follow-up treatment and prognosis. NAATs are widely used due their high sensitivity, specificity, rapid amplification and detection. It should be noted that different NAATs can be selected according to different environments and research fields; for example, isothermal amplification with a simple operation can be preferred in developing countries or resource-poor areas. In the field of translational medicine, CRISPR has shown great prospects. The core component of NAAT lies in the activity of different enzymes. As the most critical material of nucleic acid amplification, the key role of the enzyme is self-evident, playing the upmost important role in molecular diagnosis. In this review, several common enzymes used in NAATs are compared and described in detail. Furthermore, we summarize both the advances and common issues of NAATs in clinical application.
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1. Introduction


Nucleic acid is an essential substance for life. Deoxyribonucleic acid (DNA) carries genetic information and is responsible for encoding amino acid sequences. Ribonucleic acid (RNA) is responsible for the regulation of gene expression. Additionally, nucleic acids are used as important biomarkers for medical diagnostics [1]. Nucleic acid amplification technologies (NAATs) have been proved to be the most effective way to detect these biomarkers. As the developments of NAATs are increasingly updated, they have been incorporated into every field of medical research, even our daily life [2,3,4]. In 2016, the World Health Organization (WHO) found that 3 of the top 10 causes of death globally were related to infectious diseases, with lower respiratory infections remaining the most deadly communicable diseases, killing 3 million people worldwide in 2016 [5]. With early detection and treatment, the global death toll can be reduced. NAATs play a significant role in early detection. For example, during 2010–2017, HIV-related death rates decreased by 48.4% (from 9.1 to 4.7) in America, and the rates of death decreased by 36.6% overall in 2010–2018. This is thought to be the result of early diagnosis and prompt treatment and remains necessary for continuing reductions in HIV-related deaths [6]. The most critical component of these technologies is enzymes. It is with the action of enzymes that NAAT can continue to be developed and utilized in the medical field for early disease detection.



NAATs primarily consist of polymerase chain reaction (PCR) and isothermal amplification. Mullis proposed PCR in 1983, which has become the gold standard of the molecular diagnostics industry [7]. This technique has become the most valuable in molecular biology, diagnostics and other fields [8,9]. Due to the professional operation and thermal cycling instruments that PCR requires, it is not suitable for clinical diagnosis in areas with limited resources or outside laboratories. Isothermal amplification technology (IAT) is a nucleic acid amplification technology comparable to PCR. It does not rely on the change in temperature, nor does it need expensive instruments, such as thermal cyclers, to amplify nucleic acids [10,11,12]. More recently, clustered regularly interspaced short palindromic repeats (CRISPR) have become the research focus of molecular diagnosis due to their convenience, rapidness and high accuracy. They have been used in combination with a variety of NAATs and have been successfully applied in the clinical market. Commonly used IAT methods include Loop-mediated isothermal amplification (LAMP), Recombinase polymerase amplification (RPA), Rolling circle amplification (RCA), Strand displacement amplification (SDA) and Nucleic acid sequence-based amplification (NASBA).



Enzymes are proteins or RNA with highly specific catalytic activity produced by living cells. The essence of life is to produce chemical reactions, and this is the most critical step of enzymes. In molecular diagnosis, the activity of enzymes can directly determine the efficiency of detection. In this study, we introduce the principle of PCR, five isothermal amplification technologies (LAMP, RPA, RCA, SDA, NASBA) and CRISPR, along with the core enzymes that are required for each.




2. Nucleic Acid Amplification Technologies


The emergence of PCR has had a huge impact on molecular biology and diagnostics, and this technique can quickly amplify a large number of copies with a small number of DNA templates [13]. The invention of PCR technology is a revolutionary initiative and a milestone in the biomedical field. Compared with traditional PCR, isothermal amplification does not require changes in temperature, is fast and has a high specificity, so it has become a research hotspot in molecular diagnosis. IAT is on par with PCR in terms of amplification efficiency, even surpassing it. A comparison of PCR and five different isothermal amplification techniques is provided in Table 1.



2.1. Polymerase Chain Reaction


2.1.1. Enzymes


Taq polymerase is a thermostable DNA polymerase that is derived from Thermus aquaticus and is capable of growth at 70–75 °C; it is the most widely used PCR enzyme [25,26]. Taq has a high thermal stability and can withstand higher thermal denaturation steps of PCR. Studies have shown that this enzyme can be activated at 95 °C for a long period of time, even at 95 °C for half an hour; it still retains more than 50% activity [27]. Taq is one of the few DNA polymerases that contain a polymerization of 5′–3′, which is highly sensitive to temperature, so the reaction can stop amplification at lower temperatures [28]. This property is also an important part of the specific detection of PCR products. Holland et al. excised the radiolabeled DNA probe at the 5′ end of the Taq DNA polymerase by using the 5′–3′ exonucleation activity to realize the specific detection of the PCR product through the change in the radioactive signal [14]. However, it lacks 3′–5′ exonuclease activity and correction, which reduces its fidelity in PCR amplification. Of course, in addition to Taq polymerase, double-stranded DNA fragments are linked specifically by DNA ligase, with the final target of interest amplified exponentially, also known as ligase chain reaction (LCR), which is mainly used in the study of point mutation. The common Taq polymerase is used in conventional PCR but is prone to non-specific amplification caused by mismatches and produces primer-dimers. Hot-start enzymes are an ideal choice for higher-specificity amplification. After modification, it is usually heated at 95 °C for 5–10 min before the active center is exposed to produce polymerization, and it does not exert enzyme activity before 72 °C, so the template mismatch at low temperatures can be effectively avoided, and dimers and non-specific amplification can be avoided. Hot-start enzymes such as ReliaTM HS effectively prevent non-specific PCR products, thus allowing for the amplification of troublesome samples such as single copy gene amplification, multiplex PCR and ultra-long fragments.




2.1.2. Reaction Principle and Improved Methods


Under the catalysis of the DNA polymerase, PCR amplification technology takes the DNA parental strand as a template and specific primers as an extension starting point. The strand is replicated through denaturation, annealing and extension steps [29]. However, the specificity of traditional PCR is lower for fragments with a high GC content. Sarkar et al. proposed that formamide could eliminate most of the non-specific products of GC-rich segments, improving the amplification efficiency and specificity [30]. Until recently, there were three PCR systems: end-point PCR, qualitative or real-time PCR (qPCR) and digital PCR (dPCR) (Figure 1). The conventional PCR should be analyzed by gel electrophoresis at the end of the reaction and detected after fluorescence staining. Heid et al. reported adding fluorescent groups into the qPCR system, quantifying unknown templates according to the Cq value of the fluorescence curve [31]. dPCR, introduced in 1999, can directly count target molecules without relying on any external markers [32]. dPCR is based on a microfluidic chip and microdroplet method. qPCR and dPCR use the same amplification reagents and fluorescent labeling systems, but the key difference between them is the strategy of measuring the number of target sequences. In qPCR, quantification is based on the analysis of the fluorescence signal in the exponential phase, and the response is monitored throughout the process. In contrast, dPCR calculates the target concentration in reverse by collecting the fluorescence signal at the end of the reaction and using the number of total positive segments [33]. In addition, Hamberlain proposed Multiplex PCR (MPCR) for the prenatal and postnatal diagnosis of Duchenne muscular dystrophy [34]. This method can amplify multiple targets with a single PCR reaction, which is another important milestone in the development of PCR. At present, MPCR technology has been widely used in scientific research, disease diagnosis and other fields, including next-generation sequencing (NGS) of the whole genome database [35].





2.2. Loop-Mediated Isothermal Amplification


2.2.1. Enzymes


In 2000, Notomi and colleagues invented Loop-mediated isothermal amplification (LAMP), and this became the gold standard for point-of-care (POC) amplification methods as soon as it was published. By using a special primer design method and chain replacement enzyme, a small number of target DNA can be amplified to millions in 60 min [16]. In the LAMP, the most critical component is the use of the Bst DNA Polymerase. It has natural reverse transcriptase activity and is a multifunctional enzyme with strong chain replacement activity. The Bst DNA Polymerase is derived from the thermophilic Bacillus species, which has an optimal reaction temperature of 60–65 °C. In addition, it has a 5′–3′ polymerase fragment but lacks the 5′–3′ exonuclease activity [36]. As a result, compared with other polymerases, the Bst DNA polymerase has stronger thermal stability, chain replacement activity and polymerase activity, so it is more suitable for isothermal amplification. It is also preferred for the synthesis of DNA chains with a high GC content for DNA sequencing [37,38]. It is worth noting that the use of the Bst DNA polymerase should not exceed 70 °C and cannot be used for thermal cycle sequencing or PCR. With the development of molecular biology technology, the Bst 2.0 DNA polymerase has been upgraded to the Bst 3.0 DNA polymerase. Compared with the wild Bst DNA polymerase, these improved enzymes can effectively improve the amplification speed, yield, salt tolerance and thermal stability [39,40].




2.2.2. Reaction Principle and Improved Methods


LAMP is widely used in the field of molecular diagnosis. In this method, four specific primers are designed for six regions of target genes. Under the action of the Bst DNA polymerase, the gene template, primers and chain replacement, DNA were amplified at a constant temperature of 60–65 °C (Figure 2). The final products can be detected by both real-time assays and end-point methods [41].



As mentioned above, LAMP alone is far from enough, so several LAMP-based nucleic acid amplification methods are extended. Reverse transcription-loop-mediated isothermal amplification (RT-LAMP) reaction can occur under the action of the Bst 3.0 DNA/RNA polymerase to specifically amplify RNA pathogens. Kashir has successfully used LAMP to detect COVID-19 [42]. Teoh et al. used nine primers with RT-LAMP to detect all four DENV serotypes and their different genotypes [43]. They used a primer combination for the highly conserved region of DENV 3′UTR to detect 11 different strains of DENV genotypes; the detection limitation was at least 100 copies.



The conventional LAMP can only detect nucleic acid qualitatively, not quantificationally. In order to solve this problem, digital LAMP (dLAMP) is proposed [44,45]. According to the equipment used in the compartmentalization process, the dLAMP technologies can be divided into three categories, including chamber-based microfluidic dLAMP, droplet microfluidic dLAMP and other types of dLAMP by which compartmentalization is achieved without utilizing microfluidics [46]. dLAMP can not only quantify absolute nucleic acid concentration but also inherits the advantages of LAMP technology, such as the low instrumentation complexity, high specificity and strong tolerance to inhibitors, and it even increases the detection limit [47]. However, LAMP requires four or six primers, so it has a high requirement on primers. Secondly, LAMP has a strong sensitivity and it is particularly easy for it to form aerosols, resulting in a false-positive influence on detection results. It is worth mentioning that the amplified products cannot be used for cloning sequencing but can only be used for judgment.





2.3. Recombinase Polymerase Amplification


2.3.1. Enzymes


RPA was developed by Piepenburg et al. in 2006 [48]. Since it was first reported, RPA has been recognized as a unique technology and has been patented by TwistDx in the UK. It is a revolutionary innovation in the field of DNA diagnosis. The core of recombinase polymerase amplification (RPA) technology lies in the use of three enzymes: the recombinase (T4 UvsX), the ssDNA binding protein (SSB), named gp32, and the Bsu DNA polymerase. UvsX is the RecA/Rad51 ortholog [49]. RecA/Rad51 plays an important role in double-stranded DNA repair and homologous recombination. UvsX and other DNA-binding proteins or cofactors can form nucleic acid-protein complexes with single-stranded DNA. The complex hybridizes with the complementary region of the target DNA to further complete the strand replacement reaction [50]. In addition, UvsY is a recombinant regulatory protein of T4 phage. The UvsY recombination mediator protein is used as a recombinase loading factor to catalyze the T4 UvsX activities [51]. The molecular weight of the UvsY protein is 16 KDa, which can enhance the activity of the DNA-dependent ATPase of the UvsX protein, thus promoting chain replacement [48]. T4 gp32 is an SSB which is necessary for DNA replication and repair [52]. More importantly, the optimum reaction temperature of the protein is 37 °C, which matches the RPA reaction temperature. T4 gb32 also plays an important role in the chain transfer of T4 UvsX [53,54]. The Bsu DNA polymerase is a DNA isothermal amplification polymerase with strand replacement activity. The polymerase retains the 5′–3′ polymerase activity of Bsu I but lacks the 5′–3′ exonuclease domain, which can be used for recombinant enzyme amplification due to the 3′–5′ exonuclease activity. The interaction between T4 gb32 and the Bsu DNA polymerase can amplify a discrete product of thousands of bases with a pair of specific primers [55]. Because T4 phage is not readily available, recombinant enzymes from bacteria or fungus, such as SC-recA, BS-recA and Rad51, are now used, which are called RAA [56].




2.3.2. Reaction Principle and Improved Methods


RPA is an isothermal amplification method that can be combined with fluorescent probes for real-time detection [48]. RPA’s reaction temperature is between 37 °C and 42 °C. In the presence of adenosine triphosphate (ATP), the recombinase combines with primers to form a protein–DNA complex. The complex then looks for the homologous sequence in dsDNA. Once the homologous sequence is determined by the primer, the complex will carry out strand exchange at the homologous site. The replaced chain is combined with SSB to prevent further replacement. Finally, the recombinase disintegrates, and the 3′terminal of the primer is replaced by the chain and binds to the Bsu DNA polymerase; finally, the primer is extended to synthesize DNA (Figure 3A).



The primers for RPA are relatively long, usually 30–38 bp. If the primers are not restricted, non-specific amplification can occur when detecting a large amount of background DNA. Luo et al. reported a new RPA method called betaine-assisted RPA (B-RPA) [57]. The addition of betaine in an RPA reaction significantly improves the specificity of RPA and reduces non-specific amplification. Specifically, the addition of 0.8 M betaine can significantly enhance the specificity and efficiency of RPA. In addition, when RPA is combined with a CRISPR-Cas system, it can improve the specificity and sensitivity. Feng et al. successfully integrated RT-RPA and CRISPR-Cas into a single test tube at one temperature (40 °C), which can specifically detect more than 200 S-gene sequences of SARS-CoV-2 within 5–30 min [58]. Xiong et al. reported a CRISPR/Cas9-mediated triple-line lateral flow assay (TL-LFA) combined with multiplex RT-RPA for the rapid and simultaneous dual-gene detection of SARS-CoV-2 in a single strip test [59]. However, without the thermal cycle of PCR to avoid binding between primers, it is difficult to avoid partial non-specific amplification at a constant temperature. In addition, agarose gel electrophoresis cannot be performed directly, and product purification is required before detection.
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Figure 3. (A) RPA reaction mechanism. A recombinase enzyme binds to primers to form complexes that search for homologous sequences in the dsDNA target template and undergo strand displacement, in which single-stranded binding proteins (SSBs) bind to replaced DNA strands to prevent chain recombination, and Bsu polymerase amplifies the template. Reprinted with permission from Ref. [48]. Copyright 2006 Piepenburg et al. (B) Schematics of HRCA mechanisms. In vitro isothermal linear amplification of the circular DNA template was achieved by the chain displacement synthesis of a primer and circular DNA template under the action of a DNA polymerase with chain displacement activity. Reprinted with permission from Ref. [60]. Copyright 2014, Yan et al. 
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2.4. Rolling Circle Amplification


2.4.1. Enzymes


Salas and colleagues developed RCA in 1989; it is one of the earliest IATs, based on the principle of rolling circle replication [61,62,63]. RCA was initially inspired by the natural rolling transcription of circular plasmids and virus genomes, producing an amplicon around cyclic DNA molecule templates, and this is now used in more and more diagnostic fields. The whole reaction is circular amplification, and the core enzyme used is the phi29 DNA polymerase. The phi29 polymerase is a small DNA-dependent polymerase that belongs to eukaryotic B-type DNA polymerases and is derived from Bacillus subtilis. The phi29 polymerase is often used in rolling circle amplification (RCA) due to its ability to produce linear single-stranded DNA amplifiers and to it having a reaction temperature of 35–40 °C. Furthermore, it has a remarkable replication processivity and nucleotide incorporation rate, and it is equipped with efficient strand displacement activity, which can be synthesized to exceed the length of 70 kb [61,64,65]. In addition, the phi29 DNA polymerase has a 3′–5′ exonuclease activity, which provides a high replication fidelity. When long-stranded gDNA are applied to ultrasonication, they break down into small DNA fragments that are then hybridized with the linear padlock probes to trigger the formation of circular RCA templates. The tails protruding from the 3′-end of the target DNA sequences are then digested by the 3′→5′ exonuclease activity of the phi29 DNA polymerase, even if they are double-stranded [62,66]. Lagunavicius used the phi29 DNA polymerase to transform target RNA into a primer, and the padlock probe can directly target the internal RNA sequence [67].




2.4.2. Reaction Principle and Improved Methods


RCA is divided into linear RCA and exponential RCA. In linear RCA, also known as single-primer RCA, the whole reaction is extended along the ring by a primer binding to the circular DNA template. The polymerase uses dNTPs to add nucleotides in the direction of 5′ to 3′, and the product is a tandem repeat copy that is thousands of times the length of the single ring (Figure 3B). The biggest advantage of linear RCA is that the signal is easily fixed, because the amplification product is always linked to the initial primer, so it is also very suitable for amplification detection on microarrays [68]. Exponential RCA is also known as hyperbranching RCA (HRCA). In HRCA, one primer amplifies the RCA product, and the second primer hybridizes with the RCA product and extends, replacing the extension strands of the reverse primers that had been bound to the RCA product. It is repeatedly extended and replaced to produce a dendritic RCA product and can be directly sequenced after phosphorylation (Figure 3B). However, RCA’s lock probe is usually close to 100 bp, creating a background interference in signal detection.



RCA has a high amplification efficiency and wide application but lacks a high sensitivity. Therefore, in order to improve the sensitivity of detection, Zhang et al. reported the use of stem-loop primers (SLP) to detect nucleic acids. The linear or exponential amplification (SLP-lRCA and SLP-eRCA) can detect the target DNA in liquid and solid phases [69]. This technique has been validated by detecting the presence of six different types of human papillomaviruses (HPVs). In addition, Zhang et al. reported a method of combining RCA and the CRISPR/Cas system, which achieved a high sensitivity of 34.7 fM due to the bi-specificity recognition of the RCA response initiated by the miRNA-padlock and specific cleavage of CRISPR-Cas12a [70]. Moreover, Lu proposed a fishhook probe-based RCA amplification technique (FP-RCA) that does not require total RNA extraction and can directly obtain targeted miRNAs from samples, reducing non-specific amplification [71].





2.5. Strand Displacement Amplification


2.5.1. Enzymes


Strand displacement amplification, which was proposed by Walker in 1992, is one of the earliest isothermal amplification techniques. The SDA originally proposed an initial denaturation step at 95 °C, so at first, it was not considered to be a real isothermal amplification technique, but with the development of technology, additional “bumper” primers were added to the system to complete denaturation and achieve real isothermal amplification. The core enzymes of SDA reaction include the restriction endonuclease and a DNA polymerase with strand replacement activity. The restriction endonuclease is a bacterium that recognizes a specific base sequence in DNA and then cuts the DNA double strand. Moreover, restriction endonucleases cut only foreign DNA, not their own DNA molecules. Restriction enzymes used in cutting sires of restriction endonuclease need to be highly specific. The sensitivity to the hemiphosphorothioate recognition site can be rapidly dissociated to allow for DNA polymerase access after opening the gap. Many restriction endonucleases can effectively recognize the cutting site, such as HincII, a commonly used restriction enzyme in SDA that identifies restriction sites and cleaves DNA chains [72]. Exo-Klenow is a large segment of E. coli DNA polymerase I and is a DNA polymerase commonly used in SDA. Exo-Klenow lacks exonuclease activity due to the primer degradation from the 3′–5′ exonuclease activity during the reaction.




2.5.2. Reaction Principle and Improved Methods


SDA is an isothermal amplification method dependent on the DNA polymerase, with the whole reaction temperature being around 37 °C. The reaction process consists of three stages: the preparation of a single-stranded DNA template, the generation of a target DNA fragment with restriction sites at both ends and SDA. This method consists of two sets of primers: one located laterally (P1) and the second set, with 5′ restriction sites located medially (P2); P1 and P2 both contain endonuclease recognition sequences. At the beginning of the reaction, P1 and P2 are complementary to the template chain and extended into double chains under the catalysis of the polymerase. The endonuclease then recognizes the restriction sites at both ends of the double chain and cuts to form sticky ends. The second pair of primers bind to the end of the template chain, and a single chain is substituted by the polymerase to synthesize a new chain (Figure 4A) [72]. At present, SDA is extensively used in infectious disease detection.



Due to the uneven product fragment of SDA, a trailing phenomenon inevitably occurs during electrophoresis detection. In addition, SDA is too dependent on restriction enzymes, which can only cut at specific sites, and the two ends of the product carry the recognition sequence of restriction enzymes. Therefore, SDA products cannot be directly used for cloning and have no advantages in genetic engineering. Walker combined SDA with fluorescence polarization to detect the specific DNA sequence of Mycobacterium tuberculosis [73]. This method not only solves the problem of electrophoresis trailing but also allows for a more rapid and sensitive detection. Spargo reported an SDA reaction system in which BsoBI replaces HincII’s 5′–3′ exonuclease activity with exo-Bca instead of exo-Klenow [21]. This system can increase the reaction temperature to 60 °C and also shorten the reaction time to 15 min, thus reducing non-specific amplification and increasing the amplification efficiency by 100 times. Liu improved the efficiency of the hairpin probe and increased the sensitivity of the detection target, miR-21, by five times through altering the primers′ hybridization location, known as the “invading stacking primer” (IS-Primer)” [74]. Furthermore, Zhou proposed a fluorescence method for detecting miRNAs based on SDA and RCA, which has been successfully applied for detecting miRNA-21 in the serum of healthy and breast cancer patients, with a detection limit as low as 1.0 fM [75].





2.6. Nucleic Acid Sequence-Based Amplification


2.6.1. Enzymes


Compton invented NASBA by the isothermal amplification of ssRNA in vitro in 1991 [23]. It mimics the replication of retrovirus RNA and produces ssRNA products, which has led to its popularity in the detection of single-stranded virus RNA or endogenous RNA, such as mRNA and miRNA detection. The enzymes that are critical to the reaction are Avian myeloblastosis virus (AMV) reverse transcriptase, ribonuclease H and the T7 RNA polymerase. AMV reverse transcriptase is the most commonly used enzyme in molecular biology. AMV is an alpha retrovirus that induces myeoloblastosis in chicken [76,77]. AMV RT consists of α and β subunits, with α subunits providing reverse transcriptase and RNaseH activity. RNaseH can catalyze RNA chains, synthesize cDNA chains and specifically degrade RNA residues in nucleic acids [78,79,80]. RNaseH can also remove both the RNA probe from the previous hybridization and the poly A tail from the mRNAs’ 3′ end [81]. The T7 RNA polymerase is the main product of the T7 bacteriophage. It is a DNA-dependent 5′–3′ RNA polymerase that specifically recognizes the sequence of the T7 promoter. It is a highly promoter-specific polymerase and only transcribes DNA downstream of the T7 promoter [82,83]. Moreover, it can recognize the modified NTP and can be used for the synthesis of various marker RNA. The T7 RNA polymerase has been widely used in industrial biotechnology, eukaryotic environment expression, synthetic gene circuits and RNA editing [84].




2.6.2. Reaction Principle and Improved Methods


NASBA reaction is divided into two parts to detect the ssRNA virus: acyclic and cyclic (Figure 4B). In the reaction, the forward primer binds to the RNA chain, which is catalyzed by the AMV enzyme to form a DNA-RNA double chain. RNaseH digests the RNA in the double-strand hybridization while retaining the single strand of DNA. Under the action of reverse primers and the AMV enzyme, the DNA double-strand-containing T7 promoter sequence is formed. Foreign double-stranded DNA does not contain a T7 promoter sequence and cannot be amplified, thus giving NASBA a high specificity and sensitivity. The transcription process is completed under the action of the T7 RNA polymerase, with a large number of RNA targets produced. The amplified products of NASBA can be detected by agarose gel electrophoresis, electrochemiluminescence (ECL) and real-time fluorescence [85,86,87].



NASBA is mainly used for RNA detection; thus, RNA enzyme inhibitors are needed to prevent RNA degradation during the reaction. Moreover, an initial heating step is required before the reaction begins, prohibiting the amplification of dsDNA [88]. Real-time NASBA (QT-NASBA) has been successfully integrated into microfluidic systems. Dimov et al. used QT-NASBA to produce pathogen-specific responses from the chip-purified RNA of 100 lytic bacteria in less than 3 min [89]. Both techniques show a significant correlation with microscopic parasite counts, and the quantification results of the two real-time assays are significantly correlated for in vitro as well as in vivo samples. However, in comparison to QT-PCR, the results of QT-NASBA can be obtained 12 h earlier, with relatively easy RNA extraction and the use of finger prick blood samples [90]. NASBA also has inevitable disadvantages; its reaction components require three enzymes, which increases the cost, and, more importantly, it is not suitable for the detection of DNA viruses.






3. Enzymes-CRISPR


Clustered regularly interspaced short palindromic repeats (CRISPR) is a technology for editing genomes, allowing researchers to alter DNA sequences and modify gene function. The technology was adapted from a virus defense mechanism formed by bacteria and archaea in the process of biological evolution. Zinc-finger nucleases (ZFN) and transcription activator-like effector nucleases (TALEN) were the first genome editing nucleases to hit the market. CRISPR-Cas is the preferred gene-editing method currently, as it offers many advantages over ZFN and TALEN. These advantages consist of the target design simplicity due to it relying on the ribonucleotide complex rather than protein/DNA recognition, the higher efficiency due to it eliminating the need for transfection and, finally, the ability to multiplex genes together. The CRISPR-Cas system first integrates the foreign nucleic acid fragments into the palindromic repeat sequence. When these foreign nucleic acids invade the body again, the CRISPR RNA (crRNA) expressed by the cell binds to the Cas protein and quickly cleaves the foreign nucleic acid [91,92]. CRISPR-Cas systems are categorized into two classes: Class 1 and Class 2, which are further subdivided into types and subtypes [93]. Class 1 is more common in bacteria and archaea, but its composition is more complex and less studied [94]. Class 2 is more widely known due to it requiring only one Cas protein to cut the target sequence. Class 2 is a commonly used gene editing tool which has become a hot spot in molecular diagnostics (Figure 5) [95]. Below, we will focus on four different Cas effector proteins: Cas9, Cas12, Cas13 and Cas14.



3.1. Cas9


Cas9 (class 2, type II) is an RNA-mediated endonuclease, which is primarily used to cleave dsDNA and is thought to be the sole protein responsible for CRISPR RNA (crRNA)-guided silencing of foreign DNA. DNA recognition by Cas9 enzymes requires a protospacer adjacent motif (PAM) next to the target site. With the use of the RNA-guided PAM, Cas9 is able to cleave both ssDNA and ssRNA. crRNA and trans-activating crRNA (tracrRNA) form a two-RNA structure that guides Cas9 to introduce double-stranded breaks in target DNA [97]. Importantly, the connection between crRNA and tracrRNA may have been artificially modified to form a single guide RNA(gRNA) [98]. Cas9 can be cut at a specific position of the target DNA under the guidance of gRNA (Figure 6A). Cas9 has HNH and RuvC cutting domains, which cut both the complementary and non-complementary DNA strands.




3.2. Cas12


Cas12 is a large diagnostic protein in the CRISPR system. Here, we introduce the commonly used Cas12a, previously known as Cpf1. Cas12a (class 2, type V) is an RNA-mediated DNA endonuclease similar to Cas9. Cas12a cleaves pre-crRNA and generates intermediate crRNAs that are processed further, leading to mature crRNAs. Cas12a initiates DNA cutting by forming an R-loop where gRNA displaces one strand of a DNA substrate, positioning the site for first-strand cleavage (Figure 6B). Compared to Cas9, Cas12a only needs the crRNA and does not need the tracrRNA, and it is also involved in the maturation process of pre-crRNA. Another advantage to Cas9 is that Cas12a is smaller and is thus more easily transferred to cells [100,101]. Cas12a contains the RuvC domain but lacks a detectable second endonuclease domain, whereas Cas9 uses the HNH and RuvC endonuclease domains to cleave the target and non-target DNA strands, respectively. Together, these observations imply major differences in the target DNA recognition and cleavage mechanisms between Cas9 and Cas12a [98,101,102]. In addition, the cleavage site of Cas12a is far from its recognition site, so it can be edited many times in succession [103].




3.3. Cas13


Cas13 (class 2, type VI) is dependent on RNA-mediated RNA endonuclease, which is used to specifically target ssRNA (Figure 6C). Cas13, formerly known as C2c2, is a single protein composed of multiple domains, recognizing crRNA and cleaving both RNA and pre-crRNA [104,105]. The cleavage activity of Cas13 depends on two higher eukaryotes and prokaryotes nucleotide-binding (HEPN) domains. These domains form a ribonuclease active site, allowing it to act as an RNA-guided RNA endonuclease. The type VI family also includes CRISPR arrays. A CRISPR array is a repeating genomic sequence that contains multiple copies of a short segment of DNA alternating between repeat and spacer sequences. CRISPR arrays transcribe to form pre-crRNA, which is then processed by Cas proteins to form mature crRNA. Cas13 binds to the crRNA to form a binary complex. The crRNA is responsible for the specific recognition of the substrate. Once recognition occurs, it will form a Cas13-crRNA-target ternary complex, and Cas13 can be activated to cleave the substrate. Cas13a has been used to detect viruses, virus resistance mutations and clinically relevant virus single-nucleotide polymorphisms (SNPs) in body fluids.




3.4. Cas14


Cas14 (class 2, type V) is the smallest diagnostic protein, with a range of 400–700 amino acids in length, half the size of previous class 2 proteins [106]. There are 24 different gene variants in Cas14, which are divided into three subgroups: Cas14a, Cas14b and Cas14c. All of these variants have the RuvC nuclease domain, which is characteristic of the CRISPR-Cas enzyme. However, unlike other Cas enzymes, Cas14 does not exist in the bacterial genome, only in the archaea genome [107]. Interestingly, and unlike other class 2 proteins, researchers could not detect a PAM binding requirement for Cas14. Cas14 can only cleave ssDNA and not dsDNA nor ssRNA (Figure 6C). Cas14 is also highly susceptible to mismatches. Therefore, Cas14 has the advantage of sequence detection, specifically distinguishing SNPs (Cas14-DETECTR) [106]. Cas14-DETECTR can be used for the rapid and simple real-time detection of a small amount of DNA in clinical samples, and it is suitable for the diagnosis of cancer and infectious diseases.



Although CRISPR has been used in labs around the world for scientific research, its drawbacks are clear. CRISPR is not sensitive enough on its own and needs to be combined with other amplification techniques to complete the whole amplification reaction, such as RPA and LAMP. For example, Zhang et al. proposed using CRISPR-LAMP to detect the SARS-CoV-2 Delta and Omicron variants [108]. Qin et al. reported on the detection of African swine fever virus using CRISPR-RPA [109]. In addition, the dependence of the PAM sequence also limits its application, which can cause the non-specific cutting and mutation of non-targeted sites in the genome, resulting in an off-target phenomenon and affecting the editing efficiency. Therefore, increasing the specificity and reducing the off-target effect is a critical step for future CRISPR applications.





4. Advances in Clinical Application


Thanks to the simple operation and high amplification efficiency, NAATs have become a major component in clinical diagnosis. With the developments in molecular biology and the continuous optimization of nuclease enzymes and reaction conditions, the advancement of rapid diagnostic methods is continuously growing, especially in infectious diseases, tumors, chronic diseases and individualized treatment. In this section, we will summarize the application of NAATs in clinical diagnosis.



4.1. Infectious Disease


Infectious diseases are still one of the biggest threats to human health and safety. Improving the rapid detection of pathogens has a significant effect on the treatment of infectious diseases [110,111]. Traditional NAATs have a lower efficiency and specificity, which means they struggle to meet the needs of the clinical market. Newer NAATs such as isothermal amplification can detect microbial pathogens causing infectious diseases and can quantitatively detect the reproduction or replication of pathogens in the body [2].



The highly contagious and pathogenic 2019 coronavirus, known as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), which began to appear in Wuhan, China at the end of 2019 and has since spread worldwide, is constantly mutating [112,113,114,115,116]. Therefore, rapid and highly sensitive detection is of the upmost importance. The global outbreak has dramatically increased the number of cases; thus, RT-PCR is not suitable for on-site diagnosis. Therefore, rapid and simple amplification detection techniques are in high demand. Lau et al. proposed a rapid and sensitive RT-LAMP method for detecting SARS-CoV-2, which detected one copy of SARS-CoV-2 RNA in 30 min [117]. Lu et al. proposed a sensitive RT-LAMP detection method with a limit of detection (LOD) of 118.6 copies of SARS-CoV-2 per 25 ul reaction [118]. Shelite et al. developed the first isothermal amplification test based on RPA and side stream pairing, which can be used for the rapid detection of SARS-CoV-2 with an LOD of 35.4 viral cDNA nucleocapsid (N) gene copies/μL [119]. Zhang’s team combined Cas13a with RPA to establish a diagnostic method based on CRISPR, termed Specific High-Sensitivity Enzymatic Reporter Unlocking (SHERLOCK). SHERLOCK can successfully detect specific strains of the Zika virus and Dengue virus, distinguish pathogenic bacteria and human genotype DNA and identify mutations in acellular tumor DNA [120]. Zhang used an improved SHERLOCK to detect SARS-CoV-2 within an hour [121]. In addition, Patchsung et al. also reported using the SHERLOCK assay to detect SARS-CoV-2 using the enzyme Cas13a, with a comparable result to that of Qpcr [122]. These detection methods are suitable for on-site diagnosis and areas where resources are scarce. Magro et al. used reverse transcriptase polymerase amplification (RT-RPA) and a paper microfluidic device to amplify and detect the synthetic RNA of the Ebola virus within minutes [123]. Zhou et al. developed an amplification technology based on real-time nucleic acid sequence-based amplification (RT-NASBA) for the rapid detection of Japanese encephalitis virus (JEV), with an LOD of six copies per reaction [124]. Zhao and co-workers developed a lateral-flow biosensor based on magnetic beads and strand displacement amplification to detect hemorrhagic fever virus, with an LOD of 10 fM [125]. Doudna’s team combined Cas12a with isothermal amplification, known as DNA endonuclease-targeted CRISPR trans reporter (DETECTR), to establish a diagnostic method for rapid and specific detection [126].



The most valuable aspect of PCR in medical testing is the diagnosis of infectious diseases, such as hepatitis B virus (HBV). Huang found that the HBV copy number was positively correlated with the liver cancer grade and tumor lymph node metastasis using ddPCR [127]. Interestingly, ddPCR only needs 0.54–0.594 copies of covalently closed circular DNA (cccDNA) to detect HBV and can directly quantify nucleic acids at the single molecular level [127,128]. Furthermore, Zhang and colleagues developed a lateral flow test strip combined with a recombinant polymerase amplification assay for the rapid detection of HBV. This method takes about 70 min from nucleic acid extraction to endpoint detection, can detect as few as 10 copies/reaction of HBV and has no cross reaction with other common pathogens [129]. Pathogen quantifications are correlated with the severity, infectivity and treatment effect of infectious diseases. In recent years, NAAT has continuously improved and innovated its specificity, sensitivity and repeatability; therefore, its application in the field of clinical diagnosis has become more and more extensive.




4.2. Tumor Diagnosis


Over time, cancer cells develop from a mutated cell to a visible tumor. Improving the LOD and early diagnosis of cancer is helpful for the choice of treatment and can also improve the survival rate of cancer patients. Pathogens are inextricably linked to human health, such as Helicobacter pylori and gastric cancer [130,131,132]. RCA is used for the electrochemical detection of circulating tumor cells (CTCs). Shelite et al. showed that, when combining RCA, magnetic nanospheres and the electrochemical current generated by DNA, efficient magnetic capture and the hypersensitive detection of CTCs can be achieved [133]. Lv et al. used a rapid and sensitive CRISPR-Cas12a system to detect CTCs, with an LOD of 26 cells mL−1. This method can also directly detect CTCs in human blood, which has great potential in liquid biopsy [134]. MicroRNAs (miRNAs) are short non-coding RNAs, which play an important role in the regulation of gene expression, cell development, differentiation and function [135,136,137]. The dysfunction of miRNAs can also interfere with the expression of carcinogenic or tumor suppressor target genes [138,139,140]. Therefore, miRNAs are considered to be an important biomarker in clinical applications. Tian et al. combined RCA with LAMP to establish a rapid and sensitive method for detecting miRNAs [141]. Zhao et al. proposed a microfluidic surface-enhanced Raman scattering (SERS) sensor based on RCA and a tyramine signal amplification (TSA) strategy for detecting exosomal miRNA. The SERS significantly improved the sensitivity of exosomal miRNA analysis, and the detection limit was as low as 1 pmol/L. It was successfully applied to the analysis of exocrine secreted by breast tumor cells [142]. Mader et al. proposed an NASBA detection method for the simultaneous expansion of miRNAs and mRNA sequences in 2012 [143]. Wang et al. also successfully reported an RCA-assisted CRISPR-Cas9 method for detecting miRNAs [144]. In addition to using Cas9 and Cas12a, Cas13 is also commonly used in the detection of miRNAs. Cui proposed a method of combining the CRISPR-Cas13 system with catalytic hairpin assembly (CHA) to detect miRNAs. This method has a high sensitivity, with an LOD of 2.6 fM, and thus has great applications in early clinical diagnosis [145]. Chen et al. proposed a label-free and enzyme-free fluorescence strategy based on SDA, using sulfhydryl functionalized CD (CDs-SH) as a probe for the highly sensitive detection of miRNA, with an LOD of 0.03 pM [146]. Moreover, the detection and imaging of miRNA in living cancer cells by a decomposing plasma core satellite probe and SDA have also been proposed, with an miRNA LOD of 2 pM [147]. Chang et al. reported a novel photoelectrochemical (PEC) miRNAs biosensor based on SDA reaction for analyzing miRNA-21 and let-7a in breast cancer. This PEC biosensor can detect miRNA-21 and let-7a simultaneously with a high sensitivity and detection limits of 6.6 fmol/L and 15.4 fmol/L based on 3σ [148]. Wang et al. proposed a hypersensitive miRNA detection method combining asymmetric polymerase chain reaction (A-PCR) and LAMP. The detection can be completed in 90 min, and the detection limit is as low as 10 amol/L [149]. All these methods improve the ability of achieving early cancer diagnostics.



In addition to the early diagnosis of a tumor, the expression of drug-resistant genes in tumor chemotherapy is also an important issue. Claudia used RT-PCR and qRT-PCR to detect drug pump expression and found that the combination of low-dose conventional chemotherapy and an M2 dual steric agonist may be a new pharmacological approach to reducing the Glioblastoma Stem Cells (GSCs) resistance in Glioblastoma multiforme (GBM) therapy [150]. PCR allows for the faster detection of tuberculosis (TB) and drug susceptibility testing (DST) for key drugs such as rifampin (RIF) and isoniazid (INH), allowing doctors to diagnose faster and offer a more effective treatment [151,152,153]. In addition, Gliddon developed a targeted RPA-nanopore sequencing workflow for the rapid prediction of the drug resistance of TB isolates [154]. Early detection and early treatment are the keys to patient survival.




4.3. Human Genetic Diseases


NAAT can also be used for the diagnosis of human genetic diseases. The most effective way to prevent the occurrence of genetic diseases is prenatal diagnosis and pre-symptomatic diagnosis. NAAT has a higher sensitivity and is faster than traditional methods of disease diagnosis [155,156]. For example, traditional prenatal diagnoses include amniocentesis, villus extraction, amniotic fluid or cord blood, all of which carry a risk of miscarriage. NAAT allows for non-invasive prenatal diagnosis to determine chromosomal abnormalities. Tan et al. reported a method based on multiplex ddPCR that can detect fetal aneuploidy before birth. This method can not only simplify the detection process but also improve the reusability and practicability [157]. Almasi et al. proposed an SRY gene to identify the sex determination of embryos in pregnant women at 8 weeks of pregnancy by LAMP [158]. Prenatal diagnosis has made a significant contribution to prioritizing prenatal care, and prenatal screening has become an important choice for most pregnant women.



The gene mapping of human genetic diseases is based on genealogical linkage analysis, but linkage analysis has been unable to meet all research needs. SNP is the simplest form of DNA variation among individuals. It is widely distributed in the human genome, and a large part of it has a direct impact on human diseases [159,160]. A genotyping method of SNPs for the rapid detection of multiple sample types is proposed [161]. Dhar et al. used CRISPR-Cas for the detection of SNPs [162]. In addition, Chen et al. proposed a CRISPR-Cas12a high-fidelity microfluidic chip detection of SNPs, which completes in 20 min, and the typing results are consistent with the sequencing results [163]. Ding et al. proposed a novel SNP typing method based on probe-enhanced LAMP (PE-LAMP) [164].



NAAT has many advantages in cases of highly genetic diseases or age-related diseases with a genetic predisposition. Xue reported a Taqman-MGB probe qPCR method that can be used for the qualitative and quantitative analysis of three major Leber hereditary optic neuropathy (LHON) mitochondrial DNA (mtDNA) mutations, providing a promising method for the genetic screening and detection of LHON mutations [165]. Sequence changes of Duchenne muscular dystrophy were detected by qPCR and sequencing, allowing for an early treatment and a better prognosis [166]. Chen et al. proposed nested PCR and multiplex ligation-dependent probe amplification (MLPA) for accurately diagnosing the genotype of HKαα carriers in patients with thalassemia [167]. The early screening of human genetic diseases plays an important role in preventing diseases and in the prognosis of the disease.




4.4. Chronic Disease


Elderly individuals are more prone to chronic diseases; thus, a global trend of researching the relationship between age and chronic diseases has become a hot topic. Chronic diseases are long-term, almost incurable non-communicable diseases affected by genetic, physiological, environmental and behavioral factors. These include cardiovascular and cerebrovascular diseases, diabetes, mental illness, rheumatoid arthritis and so on [168,169]. The proprotein convertase subtilisin/kexin type 9 (PCSK9) gene can bind to the low-density lipoproteins receptor (LDLR) domain, resulting in an increase in the level of circulating LDL-C and a higher level of LDL-C, allowing for an increased incidence of cardiovascular disease [170]. Musunuru et al. used CRISPR technology and lipid nanoparticles to accurately and effectively reduce the level of PCSK9 in the liver by about 90%, and it remained stable within 8 months after a single dose of treatment [171]. The ratio of plasma Aβ42 to Aβ40 can be used as an accurate index for the diagnosis of Alzheimer’s disease. Wang et al. established a chemiluminescence immunoassay based on RCA (RCA-CLIA) for quantifying Aβ in plasma. The sensitivity of this method is higher than that of the traditional CLIA method, and there is no loss of specificity [172]. Chlamydia pneumoniae is closely related to coronary heart disease. Coombes et al. was able to detect C. pneumoniae ompA mRNA transcripts with NASBA and an aequorin bioluminescent hybridization assay. This method has an LOD of 0.2 IFU, and its sensitivity is at least 10 times higher than that of Northern blot detection [173].




4.5. Personalized Medicine


Individualized treatment is based on each patient’s disease information to determine the treatment policy so as to carry out the most appropriate drug therapy. Targeted medicine is the main application of NAAT in individualized diagnosis and therapy. At present, there are many tumor molecular targets in clinical targeted therapy, including EGFR, KRAS, HER-2 and more [174,175]. Xue reported a Taqman-MGB nanoPCR system for detecting EGFR and improving the specificity for single-base mutation detection. They demonstrated an improvement in specificity across a wide concentration range from 10−9 μM to 10 μM and detected a mutation abundance as low as 0.95% in spiked samples, which is lower than that of existing PCR methods [176]. RT-PCR and Sanger sequencing were used to detect KRAS mutations. This is useful in identifying patients with a poor prognosis for further interventions [177]. In addition, multiplex picodroplet digital PCR was also used to detect KRAS [178]. Human copper transporter 1 (hCTR1) was detected by RT-LAMP within 45 min, which can be used for the diagnosis of cisplatin sensitivity in cervical cancer [179]. With the ability to detect multiple target systems for tumors, doctors can tailor treatment plans for each patient, improving efficacy and patient survival.





5. Conclusions


The development of molecular biology technology has provided a powerful tool for researchers in exploring the unknown aspects of diseases. The continuous development in science and technology has allowed newer and more improved NAATs to emerge. Even though PCR is the gold standard in the industry, due to its equipment requirements and high cost, it is not suitable in resource-poor areas. Isothermal amplification has the advantage of a lower cost and a more user-friendly interface. Furthermore, it does not require equipment dependence and is therefore well suited for field testing. In this review, we summarized the amplification technologies of infectious microorganisms, tumor etiology and diagnosis, human genetic disease diagnosis and the application of personalized therapeutics. The core component of these amplification technologies is the enzyme, and it is because of the clever combination of these enzymes that the various NAATs are achieved.



Although NAAT is a widely used method in clinical applications and fundamental research, it also has limitations such as false-positives and false-negatives. The future development direction of NAATs is simplification, automation and multiplex target amplification. As a new type of reaction and detection carrier, microfluidic chips can be combined with NAATs to develop a small and portable real-time detection platform. Moreover, microfluidic chips can also integrate multiple reactions to realize the simultaneous detection of multiple targets. In addition to the realization of multiplex target amplification under the condition of a single closed tube, a high sensitivity and specificity should also be achieved, which is also an urgent technical problem to be solved. It has been mentioned above that enzymes are the core of NAATs, so the performance improvement or optimization of them is also a big difficulty for future NAATs. The improved performance of the enzymes can also greatly improve the efficiency of NAATs and better meet the growing needs of healthcare diagnosis. With the continuous development of science, NAATs will gradually become the main means of clinical diagnosis, with their incomparable strong advantages.







Author Contributions


Conceptualization, S.L.; methodology, M.W. and H.L.; validation, M.W. and H.L.; investigation, J.R.; resources, Y.H.; writing—original draft preparation, Y.D.; writing—review and editing, Y.L.; visualization, Z.C.; supervision, F.W.-N.C.; project administration, P.H.-M.L.; funding acquisition, S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key R&D Program of China (No. 2021YFE0191400, 2021YFE0200400, 2019YFE0191000), the National Natural Science Foundation of China (No. 61971187, 61871180), the Hunan Provincial Natural Science Foundation of China (No. 2019JJ50122) and the Hunan Key R&D Projects (No. 2021SK2003, 2022SK2115).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We acknowledge the extensive contribution of all the authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhao, Y.; Chen, F.; Li, Q.; Wang, L.; Fan, C. Isothermal Amplification of Nucleic Acids. Chem. Rev. 2015, 115, 12491–12545. [Google Scholar] [CrossRef]

	



Lee, S.H.; Park, S.-M.; Kim, B.N.; Kwon, O.S.; Rho, W.-Y.; Jun, B.-H. Emerging ultrafast nucleic acid amplification technologies for next-generation molecular diagnostics. Biosens. Bioelectron. 2019, 141, 111448. [Google Scholar] [CrossRef]

	



Craw, P.; Balachandran, W. Isothermal nucleic acid amplification technologies for point-of-care diagnostics: A critical review. Lab A Chip 2012, 12, 2469–2486. [Google Scholar] [CrossRef] [PubMed]

	



Abramson, R.D.; Myers, T.W. Nucleic acid amplification technologies. Curr. Opin. Biotechnol. 1993, 4, 41–47. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Global Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by Region, 2000–2016; World Health Organization: Geneva, Switzerland, 2018. [Google Scholar]

	



Bosh, K.A.; Johnson, A.S.; Hernandez, A.L.; Prejean, J.; Taylor, J.; Wingard, R.; Valleroy, L.A.; Hall, H.I. Vital Signs: Deaths Among Persons with Diagnosed HIV Infection, United States, 2010–2018. MMWR. Morb. Mortal. Wkly. Rep. 2020, 69, 1717–1724. [Google Scholar] [CrossRef]

	



Mullis, K.; Faloona, F.; Scharf, S.; Saiki, R.; Horn, G.; Erlich, H. Specific Enzymatic Amplification of DNA In Vitro: The Polymerase Chain Reaction, Cold Spring Harbor Symposia on Quantitative Biology; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 1986; pp. 263–273. [Google Scholar]

	



Kubista, M.; Andrade, J.M.; Bengtsson, M.; Forootan, A.; Jonák, J.; Lind, K.; Sindelka, R.; Sjöback, R.; Sjögreen, B.; Strömbom, L.; et al. The real-time polymerase chain reaction. Mol. Asp. Med. 2006, 27, 95–125. [Google Scholar] [CrossRef]

	



Zhu, H.; Zhang, H.; Xu, Y.; Laššáková, S.; Korabečná, M.; Neužil, P. PCR past, present and future. Biotechniques 2020, 69, 317–325. [Google Scholar] [CrossRef] [PubMed]

	



Pumford, E.A.; Lu, J.; Spaczai, I.; Prasetyo, M.E.; Zheng, E.M.; Zhang, H.; Kamei, D.T. Developments in integrating nucleic acid isothermal amplification and detection systems for point-of-care diagnostics. Biosens. Bioelectron. 2020, 170, 112674. [Google Scholar] [CrossRef]

	



Obande, G.A.; Singh, K.K.B. Current and Future Perspectives on Isothermal Nucleic Acid Amplification Technologies for Diagnosing Infections. Infect. Drug Resist. 2020, 13, 455–483. [Google Scholar] [CrossRef] [PubMed]

	



Eboigbodin, K.E. Application of Loop-Mediated Isothermal Amplification Assay for the Detection of Chlamydia trachomatis and Neisseria gonorrhoeae. Methods Mol. Biol. 2019, 2042, 19–25. [Google Scholar] [CrossRef]

	



White, T.J.; Arnheim, N.; Erlich, H.A. The polymerase chain reaction. Trends Genet. 1989, 5, 185–189. [Google Scholar] [CrossRef]

	



Holland, P.M.; Abramson, R.D.; Watson, R.; Gelfand, D.H. Detection of specific polymerase chain reaction product by utilizing the 5′—3′ exonuclease activity of Thermus aquaticus DNA polymerase. Proc. Natl. Acad. Sci. USA 1991, 88, 7276–7280. [Google Scholar] [CrossRef] [PubMed]

	



Wong, Y.-P.; Othman, S.; Lau, Y.-L.; Radu, S.; Chee, H.-Y. Loop Mediated Isothermal Amplification (LAMP): A Versatile Technique for Detection of Microorganisms. J. Appl. Microbiol. 2018, 124, 626–643. [Google Scholar] [CrossRef] [PubMed]

	



Notomi, T.; Okayama, H.; Masubuchi, H.; Yonekawa, T.; Watanabe, K.; Amino, N.; Hase, T. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. 2000, 28, E63. [Google Scholar] [CrossRef] [PubMed]

	



Lobato, I.M.; O’Sullivan, C.K. Recombinase polymerase amplification: Basics, applications and recent advances. TrAC Trends Anal. Chem. 2018, 98, 19–35. [Google Scholar] [CrossRef]

	



Gao, F.; Jiang, J.-Z.; Wang, J.-Y.; Wei, H.-Y. Real-time quantitative isothermal detection of Ostreid herpesvirus-1 DNA in Scapharca subcrenata using recombinase polymerase amplification. J. Virol. Methods 2018, 255, 71–75. [Google Scholar] [CrossRef] [PubMed]

	



Lizardi, P.M.; Huang, X.; Zhu, Z.; Bray-Ward, P.; Thomas, D.C.; Ward, D.C. Mutation detection and single-molecule counting using isothermal rolling-circle amplification. Nat. Genet. 1998, 19, 225–232. [Google Scholar] [CrossRef] [PubMed]

	



Boss, M.; Arenz, C. A Fast and Easy Method for Specific Detection of Circular RNA by Rolling-Circle Amplification. Chembiochem 2020, 21, 793–796. [Google Scholar] [CrossRef]

	



Spargo, C.; Fraiser, M.; Van Cleve, M.; Wright, D.; Nycz, C.; Spears, P.; Walker, G. Detection ofM. tuberculosisDNA using Thermophilic Strand Displacement Amplification. Mol. Cell Probes 1996, 10, 247–256. [Google Scholar] [CrossRef] [PubMed]

	



Walker, G.T.; Fraiser, M.S.; Schram, J.L.; Little, M.C.; Nadeau, J.G.; Malinowski, D.P. Strand displacement amplification—An isothermal, in vitro DNA amplification technique. Nucleic Acids Res. 1992, 20, 1691–1696. [Google Scholar] [CrossRef]

	



Compton, J. Nucleic acid sequence-based amplification. Nature 1991, 350, 91–92. [Google Scholar] [CrossRef] [PubMed]

	



Romano, J.W.; Williams, K.G.; Shurtliff, R.N.; Ginocchio, C.; Kaplan, M. Nasba Technology: Isothermal RNA Amplification in Qualitative and Quantitative Diagnostics. Immunol. Investig. 1997, 26, 15–28. [Google Scholar] [CrossRef] [PubMed]

	



Saiki, R.K.; Gelfand, D.H.; Stoffel, S.; Scharf, S.J.; Higuchi, R.; Horn, G.T.; Mullis, K.B.; Erlich, H.A. Primer-Directed Enzymatic Amplification of DNA with a Thermostable DNA Polymerase. Science 1988, 239, 487–491. [Google Scholar] [CrossRef] [PubMed]

	



Brock, T.D.; Freeze, H. Thermus aquaticus gen. n. and sp. n., a Nonsporulating Extreme Thermophile. J. Bacteriol. 1969, 98, 289–297. [Google Scholar] [CrossRef] [PubMed]

	



Graham, D.W.; Bender, M.L.; Williams, D.F.; Keigwin, L.D. Strontium-calcium ratios in Cenozoic planktonic foraminifera. Geochim. Cosmochim. Acta 1982, 46, 1281–1292. [Google Scholar] [CrossRef]

	



Innis, M.A.; Myambo, K.B.; Gelfand, D.H.; Brow, M.A. DNA sequencing with Thermus aquaticus DNA polymerase and direct sequencing of polymerase chain reaction-amplified DNA. Proc. Natl. Acad. Sci. USA 1988, 85, 9436–9440. [Google Scholar] [CrossRef]

	



Schochetman, G.; Ou, C.-Y.; Jones, W.K. Polymerase chain reaction. J. Infect. Dis. 1988, 158, 1154–1157. [Google Scholar] [CrossRef]

	



Sarkar, G.; Kapelner, S.; Sommer, S.S. Formamide can dramatically improve the specificity of PCR. Nucleic Acids Res. 1990, 18, 7465. [Google Scholar] [CrossRef] [PubMed]

	



Heid, C.A.; Stevens, J.; Livak, K.J.; Williams, P.M. Real time quantitative PCR. Genome Res. 1996, 6, 986–994. [Google Scholar] [CrossRef]

	



Vogelstein, B.; Kinzler, K.W. Digital PCR. Proc. Natl. Acad. Sci. USA 1999, 96, 9236–9241. [Google Scholar] [CrossRef]

	



Quan, P.-L.; Sauzade, M.; Brouzes, E. dPCR: A Technology Review. Sensors 2018, 18, 1271. [Google Scholar] [CrossRef] [PubMed]

	



Chamberlain, J.S.; Gibbs, R.A.; Rainer, J.E.; Nguyen, P.N.; Thomas, C. Deletion screening of the Duchenne muscular dystrophy locus via multiplex DNA amplification. Nucleic Acids Res. 1988, 16, 11141–11156. [Google Scholar] [CrossRef]

	



Ståhlberg, A.; Krzyzanowski, P.; Egyud, M.; Filges, S.; Stein, L.; Godfrey, T.E. Simple multiplexed PCR-based barcoding of DNA for ultrasensitive mutation detection by next-generation sequencing. Nat. Protoc. 2017, 12, 664–682. [Google Scholar] [CrossRef] [PubMed]

	



Aliotta, J.M.; Pelletier, J.J.; Ware, J.L.; Moran, L.S.; Benner, J.S.; Kong, H. Thermostable Bst DNA polymerase I lacks a 3′ → 5′ proofreading exonuclease activity. Genet. Anal. Biomol. Eng. 1996, 12, 185–195. [Google Scholar] [CrossRef]

	



Riggs, M.G.; Tudor, S.; Sivaram, M.; McDonough, S.H. Construction of single amino acid substitution mutants of cloned Bacillus stearothermophilus DNA polymerase I which lack 5′ → 3′ exonuclease activity. Biochim. Et Biophys. Acta (BBA)-Gene Struct. Expr. 1996, 1307, 178–186. [Google Scholar] [CrossRef]

	



McClary, J.; Ye, S.Y.; Hong, G.F.; Witney, F. Sequencing with the large fragment of DNA polymerase I from Bacillus stearothermophilus. DNA Seq. 1991, 1, 173–180. [Google Scholar] [CrossRef]

	



Tanner, N.A.; Zhang, Y.; Evans, T.C., Jr. Simultaneous multiple target detection in real-time loop-mediated isothermal amplification. BioTechniques 2012, 53, 81–89. [Google Scholar] [CrossRef]

	



Ghaith, D.M.; Abu Ghazaleh, R. Carboxamide and N-alkylcarboxamide additives can greatly reduce non specific amplification in Loop-Mediated Isothermal Amplification for Foot-and-Mouth disease Virus (FMDV) using Bst 3.0 polymerase. J. Virol. Methods 2021, 298, 114284. [Google Scholar] [CrossRef]

	



Zhang, X.; Lowe, S.B.; Gooding, J.J. Brief review of monitoring methods for loop-mediated isothermal amplification (LAMP). Biosens. Bioelectron. 2014, 61, 491–499. [Google Scholar] [CrossRef]

	



Kashir, J.; Yaqinuddin, A. Loop mediated isothermal amplification (LAMP) assays as a rapid diagnostic for COVID-19. Med. Hypotheses 2020, 141, 109786. [Google Scholar] [CrossRef]

	



Teoh, B.-T.; Sam, S.-S.; Tan, K.-K.; Johari, J.; Danlami, M.B.; Hooi, P.-S.; Md-Esa, R.; AbuBakar, S. Detection of dengue viruses using reverse transcription-loop-mediated isothermal amplification. BMC Infect. Dis. 2013, 13, 387. [Google Scholar] [CrossRef]

	



Gansen, A.; Herrick, A.M.; Dimov, I.K.; Lee, L.P.; Chiu, D.T. Digital LAMP in a sample self-digitization (SD) chip. Lab A Chip 2012, 12, 2247–2254. [Google Scholar] [CrossRef]

	



Schuler, F.; Siber, C.; Hin, S.; Wadle, S.; Paust, N.; Zengerle, R.; von Stetten, F. Digital droplet LAMP as a microfluidic app on standard laboratory devices. Anal. Methods 2016, 8, 2750–2755. [Google Scholar] [CrossRef]

	



Yuan, H.; Chao, Y.; Shum, H.C. Droplet and Microchamber-Based Digital Loop-Mediated Isothermal Amplification (dLAMP). Small 2020, 16, e1904469. [Google Scholar] [CrossRef] [PubMed]

	



Giuffrida, M.C.; Spoto, G. Integration of isothermal amplification methods in microfluidic devices: Recent advances. Biosens. Bioelectron. 2017, 90, 174–186. [Google Scholar] [CrossRef] [PubMed]

	



Piepenburg, O.; Williams, C.H.; Stemple, D.; Armes, N.A. DNA Detection Using Recombination Proteins. PLoS Biol. 2006, 4, e204. [Google Scholar] [CrossRef] [PubMed]

	



Kojima, K.; Juma, K.M.; Akagi, S.; Hayashi, K.; Takita, T.; O’Sullivan, C.K.; Fujiwara, S.; Nakura, Y.; Yanagihara, I.; Yasukawa, K. Solvent engineering studies on recombinase polymerase amplification. J. Biosci. Bioeng. 2021, 131, 219–224. [Google Scholar] [CrossRef] [PubMed]

	



Kodadek, T.; Wong, M.L.; Alberts, B.M. The mechanism of homologous DNA strand exchange catalyzed by the bacteriophage T4 uvsX and gene 32 proteins. J. Biol. Chem. 1988, 263, 9427–9436. [Google Scholar] [CrossRef]

	



Xu, H.; Beernink, H.T.H.; Morrical, S.W. DNA-binding properties of T4 UvsY recombination mediator protein: Polynucleotide wrapping promotes high-affinity binding to single-stranded DNA. Nucleic Acids Res. 2010, 38, 4821–4833. [Google Scholar] [CrossRef]

	



Chase, J.W.; Williams, K.R. Single-Stranded DNA Binding Proteins Required for DNA Replication. Annu. Rev. Biochem. 1986, 55, 103–136. [Google Scholar] [CrossRef]

	



Formosa, T.; Alberts, B.M. Purification and characterization of the T4 bacteriophage uvsX protein. J. Biol. Chem. 1986, 261, 6107–6118. [Google Scholar] [CrossRef] [PubMed]

	



Kodadek, T. The role of the bacteriophage T4 gene 32 protein in homologous pairing. J. Biol. Chem. 1990, 265, 20966–20969. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Tanner, N.A. Isothermal Amplification of Long, Discrete DNA Fragments Facilitated by Single-Stranded Binding Protein. Sci. Rep. 2017, 7, 8497. [Google Scholar] [CrossRef] [PubMed]

	



Shen, H.; Shahrajabian, M.H. Progress in recombinant polymerase nucleic acid amplification technology. J. Biol. Environ. Sci. 2019, 13, 173–183. [Google Scholar]

	



Luo, G.-C.; Yi, T.-T.; Jiang, B.; Guo, X.-L.; Zhang, G.-Y. Betaine-assisted recombinase polymerase assay with enhanced specificity. Anal. Biochem. 2019, 575, 36–39. [Google Scholar] [CrossRef]

	



Feng, W.; Peng, H.; Xu, J.; Liu, Y.; Pabbaraju, K.; Tipples, G.; Joyce, M.A.; Saffran, H.A.; Tyrrell, D.L.; Babiuk, S.; et al. Integrating Reverse Transcription Recombinase Polymerase Amplification with CRISPR Technology for the One-Tube Assay of RNA. Anal. Chem. 2021, 93, 12808–12816. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, E.; Jiang, L.; Tian, T.; Hu, M.; Yue, H.; Huang, M.; Lin, W.; Jiang, Y.; Zhu, D.; Zhou, X. Simultaneous Dual-Gene Diagnosis of SARS-CoV-2 Based on CRISPR/Cas9-Mediated Lateral Flow Assay. Angew. Chem. Int. Ed. 2021, 60, 5307–5315. [Google Scholar] [CrossRef]

	



Yan, L.; Zhou, J.; Zheng, Y.; Gamson, A.S.; Roembke, B.T.; Nakayama, S.; Sintim, H.O. Isothermal amplified detection of DNA and RNA. Mol. BioSystems 2014, 10, 970–1003. [Google Scholar] [CrossRef]

	



Blanco, L.; Bernad, A.; Lázaro, J.M.; Martín, G.; Garmendia, C.; Salas, M. Highly Efficient DNA Synthesis by the Phage ϕ 29 DNA Polymerase. J. Biol. Chem. 1989, 264, 8935–8940. [Google Scholar] [CrossRef]

	



Li, X.-Y.; Du, Y.-C.; Zhang, Y.-P.; Kong, D.-M. Dual functional Phi29 DNA polymerase-triggered exponential rolling circle amplification for sequence-specific detection of target DNA embedded in long-stranded genomic DNA. Sci. Rep. 2017, 7, 6263. [Google Scholar] [CrossRef]

	



Liu, D.; Daubendiek, S.L.; Zillman, M.A.; Ryan, K.; Kool, E.T. Rolling Circle DNA Synthesis: Small Circular Oligonucleotides as Efficient Templates for DNA Polymerases. J. Am. Chem. Soc. 1996, 118, 1587–1594. [Google Scholar] [CrossRef] [PubMed]

	



Krzywkowski, T.; Kühnemund, M.; Di Wu, D.; Nilsson, M. Limited reverse transcriptase activity of phi29 DNA polymerase. Nucleic Acids Res. 2018, 46, 3625–3632. [Google Scholar] [CrossRef] [PubMed]

	



Torres, L.L.; Pinheiro, V.B. Xenobiotic Nucleic Acid (XNA) Synthesis by Phi29 DNA Polymerase. Curr. Protoc. Chem. Biol. 2018, 10, e41. [Google Scholar] [CrossRef]

	



De Vega, M.; Lazaro, J.M.; Salas, M.; Blanco, L. Primer-terminus stabilization at the 3′-5′ exonuclease active site of phi29 DNA polymerase. Involvement of two amino acid residues highly conserved in proofreading DNA polymerases. EMBO J. 1996, 15, 1182–1192. [Google Scholar] [CrossRef]

	



Lagunavicius, A.; Merkiene, E.; Kiveryte, Z.; Savaneviciute, A.; Zimbaite-Ruskuliene, V.; Radzvilavicius, T.; Janulaitis, A. Novel application of Phi29 DNA polymerase: RNA detection and analysis in vitro and in situ by target RNA-primed RCA. RNA 2009, 15, 765–771. [Google Scholar] [CrossRef] [PubMed]

	



Nallur, G.; Luo, C.; Fang, L.; Cooley, S.; Dave, V.; Lambert, J.; Kukanskis, K.; Kingsmore, S.; Lasken, R.; Schweitzer, B. Signal amplification by rolling circle amplification on DNA microarrays. Nucleic Acids Res. 2001, 29, e118. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Wang, Q.; Wu, J.; Chen, Y.; Wang, J. Detection of nucleic acids with a novel stem-loop primer rolling circle amplification technique. Biotechniques 2018, 64, 69–80. [Google Scholar] [CrossRef]

	



Zhang, G.; Zhang, L.; Tong, J.; Zhao, X.; Ren, J. CRISPR-Cas12a enhanced rolling circle amplification method for ultrasensitive miRNA detection. Microchem. J. 2020, 158, 105239. [Google Scholar] [CrossRef]

	



Lu, W.; Wang, Y.; Song, S.; Chen, C.; Yao, B.; Wang, M. A fishhook probe-based rolling circle amplification (FP-RCA) assay for efficient isolation and detection of microRNA without total RNA extraction. Analyst 2018, 143, 5046–5053. [Google Scholar] [CrossRef]

	



Walker, G.T.; Little, M.C.; Nadeau, J.G.; Shank, D.D. Isothermal in vitro amplification of DNA by a restriction enzyme/DNA polymerase system. Proc. Natl. Acad. Sci. 1992, 89, 392–396. [Google Scholar] [CrossRef]

	



Walker, G.T.; Linn, C.P.; Nadeau, J.G. DNA detection by strand displacement amplification and fluorescence polarization with signal enhancement using a DNA binding protein. Nucleic Acids Res. 1996, 24, 348–353. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Zhu, M.; Liu, H.; Wei, J.; Zhou, X.; Xing, D. Invading stacking primer: A trigger for high-efficiency isothermal amplification reaction with superior selectivity for detecting microRNA variants. Biosens. Bioelectron. 2016, 81, 309–316. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Li, B.; Wang, M.; Wang, J.; Yin, H.; Ai, S. Fluorometric determination of microRNA based on strand displacement amplification and rolling circle amplification. Microchim. Acta 2017, 184, 4359–4365. [Google Scholar] [CrossRef]

	



DeStefano, J.J.; Buiser, R.G.; Mallaber, L.M.; Myers, T.W.; Bambara, R.A.; Fay, P.J. Polymerization and RNase H activities of the reverse transcriptases from avian myeloblastosis, human immunodeficiency, and Moloney murine leukemia viruses are functionally uncoupled. J. Biol. Chem. 1991, 266, 7423–7431. [Google Scholar] [CrossRef]

	



Yasukawa, K.; Nemoto, D.; Inouye, K. Comparison of the Thermal Stabilities of Reverse Transcriptases from Avian Myeloblastosis Virus and Moloney Murine Leukaemia Virus. J. Biochem. 2008, 143, 261–268. [Google Scholar] [CrossRef]

	



Hyjek, M.; Figiel, M.; Nowotny, M. RNases H: Structure and mechanism. DNA Repair 2019, 84, 102672. [Google Scholar] [CrossRef]

	



Oyama, F.; Kikuchi, R.; Omori, A.; Uchida, T. Avian myeloblastosis virus reverse transcriptase is easier to use than the Klenow fragment of DNA polymerase I for labeling the 3′-end of a DNA fragment. Anal. Biochem. 1988, 172, 444–450. [Google Scholar] [CrossRef]

	



Champoux, J.J.; Schultz, S.J. Ribonuclease H: Properties, substrate specificity and roles in retroviral reverse transcription. FEBS J. 2009, 276, 1506–1516. [Google Scholar] [CrossRef]

	



Rittié, L.; Perbal, B. Enzymes used in molecular biology: A useful guide. J. Cell Commun. Signal. 2008, 2, 25–45. [Google Scholar] [CrossRef]

	



Gao, W.; Xu, J.; Lian, G.; Wang, X.; Gong, X.; Zhou, D.; Chang, J. A novel analytical principle using AP site-mediated T7 RNA polymerase transcription regulation for sensing uracil-DNA glycosylase activity. Analyst 2020, 145, 4321–4327. [Google Scholar] [CrossRef]

	



Gholamalipour, Y.; Mudiyanselage, A.K.; Martin, C.T. 3′ end additions by T7 RNA polymerase are RNA self-templated, distributive and diverse in character—RNA-Seq analyses. Nucleic Acids Res. 2018, 46, 9253–9263. [Google Scholar] [CrossRef]

	



Borkotoky, S.; Murali, A. The highly efficient T7 RNA polymerase: A wonder macromolecule in biological realm. Int. J. Biol. Macromol. 2018, 118, 49–56. [Google Scholar] [CrossRef] [PubMed]

	



Teng, P.; Chen, C.; Wu, C.N.; Wu, S.; Ou, B.; Lee, P. Rapid and sensitive detection of Taura syndrome virus using nucleic acid-based amplification. Dis. Aquat. Org. 2006, 73, 13–22. [Google Scholar] [CrossRef] [PubMed]

	



Tai, J.H.; Ewert, M.S.; Belliot, G.; Glass, R.I.; Monroe, S.S. Development of a rapid method using nucleic acid sequence-based amplification for the detection of astrovirus. J. Virol. Methods 2003, 110, 119–127. [Google Scholar] [CrossRef]

	



Abdolahzadeh, A.; Dolgosheina, E.V.; Unrau, P.J. RNA detection with high specificity and sensitivity using nested fluorogenic Mango NASBA. RNA 2019, 25, 1806–1813. [Google Scholar] [CrossRef] [PubMed]

	



Deng, H.; Gao, Z. Bioanalytical applications of isothermal nucleic acid amplification techniques. Anal. Chim. Acta 2015, 853, 30–45. [Google Scholar] [CrossRef] [PubMed]

	



Dimov, I.K.; Garcia-Cordero, J.L.; O’Grady, J.; Poulsen, C.R.; Viguier, C.; Kent, L.; Daly, P.; Lincoln, B.; Maher, M.; O’Kennedy, R.; et al. Integrated microfluidic tmRNA purification and real-time NASBA device for molecular diagnostics. Lab Chip 2008, 8, 2071–2078. [Google Scholar] [CrossRef]

	



Schneider, P.; Wolters, L.; Schoone, G.; Schallig, H.; Sillekens, P.; Hermsen, R.; Sauerwein, R. Real-Time Nucleic Acid Sequence-Based Amplification Is More Convenient than Real-Time PCR for Quantification of Plasmodium falciparum. J. Clin. Microbiol. 2005, 43, 402–405. [Google Scholar] [CrossRef]

	



Makarova, K.S.; Haft, D.H.; Barrangou, R.; Brouns, S.J.J.; Charpentier, E.; Horvath, P.; Moineau, S.; Mojica, F.J.M.; Wolf, Y.I.; Yakunin, A.F.; et al. Evolution and classification of the CRISPR–Cas systems. Nat. Rev. Genet. 2011, 9, 467–477. [Google Scholar] [CrossRef]

	



Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A. Multiplex genome engineering using CRISPR/Cas systems. Science 2013, 339, 819–823. [Google Scholar] [CrossRef]

	



Makarova, K.S.; Wolf, Y.I.; Iranzo, J.; Shmakov, S.A.; Alkhnbashi, O.S.; Brouns, S.J.J.; Charpentier, E.; Cheng, D.; Haft, D.H.; Horvath, P.; et al. Evolutionary classification of CRISPR–Cas systems: A burst of class 2 and derived variants. Nat. Rev. Microbiol. 2020, 18, 67–83. [Google Scholar] [CrossRef]

	



Pyzocha, N.K.; Chen, S. Diverse Class 2 CRISPR-Cas Effector Proteins for Genome Engineering Applications. ACS Chem. Biol. 2018, 13, 347–356. [Google Scholar] [CrossRef] [PubMed]

	



Makarova, K.S.; Wolf, Y.I.; Alkhnbashi, O.S.; Costa, F.; Shah, S.A.; Saunders, S.J.; Barrangou, R.; Brouns, S.J.J.; Charpentier, E.; Haft, D.H.; et al. An updated evolutionary classification of CRISPR–Cas systems. Nat. Rev. Microbiol. 2015, 13, 722–736. [Google Scholar] [CrossRef] [PubMed]

	



Shmakov, S.; Smargon, A.; Scott, D.; Cox, D.; Pyzocha, N.; Yan, W.; Abudayyeh, O.O.; Gootenberg, J.S.; Makarova, K.S.; Wolf, Y.I.; et al. Diversity and evolution of class 2 CRISPR–Cas systems. Nat. Rev. Microbiol. 2017, 15, 169–182. [Google Scholar] [CrossRef] [PubMed]

	



Suea-Ngam, A.; Bezinge, L.; Mateescu, B.; Howes, P.D.; Demello, A.J.; Richards, D.A. Enzyme-Assisted Nucleic Acid Detection for Infectious Disease Diagnostics: Moving toward the Point-of-Care. ACS Sens. 2020, 5, 2701–2723. [Google Scholar] [CrossRef]

	



Anders, C.; Niewoehner, O.; Duerst, A.; Jinek, M. Structural basis of PAM-dependent target DNA recognition by the Cas9 endonuclease. Nature 2014, 513, 569–573. [Google Scholar] [CrossRef]

	



Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A Programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [Google Scholar] [CrossRef] [PubMed]

	



Fonfara, I.; Richter, H.; Bratovič, M.; Le Rhun, A.; Charpentier, E. The CRISPR-associated DNA-cleaving enzyme Cpf1 also processes precursor CRISPR RNA. Nature 2016, 532, 517–521. [Google Scholar] [CrossRef]

	



Zetsche, B.; Gootenberg, J.S.; Abudayyeh, O.O.; Slaymaker, I.M.; Makarova, K.S.; Essletzbichler, P.; Volz, S.E.; Joung, J.; van der Oost, J.; Regev, A.; et al. Cpf1 Is a Single RNA-Guided Endonuclease of a Class 2 CRISPR-Cas System. Cell 2015, 163, 759–771. [Google Scholar] [CrossRef]

	



Gasiunas, G.; Barrangou, R.; Horvath, P.; Siksnys, V. Cas9-crRNA ribonucleoprotein complex mediates specific DNA cleavage for adaptive immunity in bacteria. Proc. Natl. Acad. Sci. USA 2012, 109, E2579–E2586. [Google Scholar] [CrossRef]

	



Yang, H.; Gao, P.; Rajashankar, K.R.; Patel, D.J. PAM-Dependent Target DNA Recognition and Cleavage by C2c1 CRISPR-Cas Endonuclease. Cell 2016, 167, 1814–1828.e12. [Google Scholar] [CrossRef] [PubMed]

	



O’Connell, M.R. Molecular Mechanisms of RNA Targeting by Cas13-containing Type VI CRISPR–Cas Systems. J. Mol. Biol. 2019, 431, 66–87. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Zhang, T.; Yin, J.; Yu, Y.; Xu, W.; Ding, J.; Patel, D.J.; Yang, H. Structural basis for self-cleavage prevention by tag:anti-tag pairing complementarity in type VI Cas13 CRISPR systems. Mol. Cell 2021, 81, 1100–1115.e5. [Google Scholar] [CrossRef]

	



Harrington, L.B.; Burstein, D.; Chen, J.S.; Paez-Espino, D.; Ma, E.; Witte, I.P.; Cofsky, J.C.; Kyrpides, N.C.; Banfield, J.F.; Doudna, J.A. Programmed DNA destruction by miniature CRISPR-Cas14 enzymes. Science 2018, 362, 839–842. [Google Scholar] [CrossRef]

	



Aquino-Jarquin, G. CRISPR-Cas14 is now part of the artillery for gene editing and molecular diagnostic. Nanomed. Nanotechnol. Biol. Med. 2019, 18, 428–431. [Google Scholar] [CrossRef]

	



Zhang, T.; Zhao, W.; Chen, X.; Zhang, X.; Zhu, J.; Li, S.; Wu, C.; Tian, Z.; Sui, G. Fully Automated CRISPR-LAMP Platform for SARS-CoV-2 Delta and Omicron Variants. Anal. Chem. 2022, 94, 15472–15480. [Google Scholar] [CrossRef] [PubMed]

	



Qin, C.; Liu, J.; Zhu, W.; Zeng, M.; Xu, K.; Ding, J.; Zhou, H.; Zhu, J.; Ke, Y.; Li, L.Y.; et al. One-Pot Visual Detection of African Swine Fever Virus Using CRISPR-Cas12a. Front. Vet. Sci. 2022, 9, 962438. [Google Scholar] [CrossRef]

	



Ackerman, C.M.; Myhrvold, C.; Thakku, S.G.; Freije, C.A.; Metsky, H.C.; Yang, D.K.; Ye, S.H.; Boehm, C.K.; Kosoko-Thoroddsen, T.-S.F.; Kehe, J.; et al. Massively multiplexed nucleic acid detection with Cas13. Nature 2020, 582, 277–282. [Google Scholar] [CrossRef]

	



Strich, J.R.; Chertow, D.S. CRISPR-Cas Biology and Its Application to Infectious Diseases. J. Clin. Microbiol. 2019, 57, e01307-18. [Google Scholar] [CrossRef]

	



Hu, B.; Guo, H.; Zhou, P.; Shi, Z.-L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141–154. [Google Scholar] [CrossRef]

	



Awadasseid, A.; Wu, Y.; Tanaka, Y.; Zhang, W. SARS-CoV-2 variants evolved during the early stage of the pandemic and effects of mutations on adaptation in Wuhan populations. Int. J. Biol. Sci. 2021, 17, 97–106. [Google Scholar] [CrossRef] [PubMed]

	



Kannan, S.R.; Spratt, A.N.; Cohen, A.R.; Naqvi, S.H.; Chand, H.S.; Quinn, T.P.; Lorson, C.L.; Byrareddy, S.N.; Singh, K. Evolutionary analysis of the Delta and Delta Plus variants of the SARS-CoV-2 viruses. J. Autoimmun. 2021, 124, 102715. [Google Scholar] [CrossRef]

	



Zapor, M. Persistent Detection and Infectious Potential of SARS-CoV-2 Virus in Clinical Specimens from COVID-19 Patients. Viruses 2020, 12, 1384. [Google Scholar] [CrossRef]

	



Liotti, F.M.; Menchinelli, G.; Lalle, E.; Palucci, I.; Marchetti, S.; Colavita, F.; La Sorda, M.; Sberna, G.; Bordi, L.; Sanguinetti, M.; et al. Performance of a novel diagnostic assay for rapid SARS-CoV-2 antigen detection in nasopharynx samples. Clin. Microbiol. Infect. 2021, 27, 487–488. [Google Scholar] [CrossRef] [PubMed]

	



Lau, Y.L.; Ismail, I.; Mustapa, N.I.; Lai, M.Y.; Soh, T.S.T.; Hassan, A.; Peariasamy, K.M.; Lee, Y.L.; Chong, Y.M.; Sam, I.-C.; et al. Real-time reverse transcription loop-mediated isothermal amplification for rapid detection of SARS-CoV-2. Peer J. 2020, 8, e9278. [Google Scholar] [CrossRef] [PubMed]

	



Lu, R.; Wu, X.; Wan, Z.; Li, Y.; Jin, X.; Zhang, C.; Lu, R.; Wu, X.; Wan, Z.; Li, Y.; et al. A Novel Reverse Transcription Loop-Mediated Isothermal Amplification Method for Rapid Detection of SARS-CoV-2. Int. J. Mol. Sci. 2020, 21, 2826. [Google Scholar] [CrossRef]

	



Shelite, T.R.; Uscanga-Palomeque, A.C.; Castellanos-Gonzalez, A.; Melby, P.C.; Travi, B.L. Isothermal recombinase polymerase amplification-lateral flow detection of SARS-CoV-2, the etiological agent of COVID-19. J. Virol. Methods 2021, 296, 114227. [Google Scholar] [CrossRef]

	



Gootenberg, J.S.; Abudayyeh, O.O.; Lee, J.W.; Essletzbichler, P.; Dy, A.J.; Joung, J.; Verdine, V.; Donghia, N.; Daringer, N.M.; Freije, C.A. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science 2017, 356, 438–442. [Google Scholar] [CrossRef]

	



Joung, J.; Ladha, A.; Saito, M.; Kim, N.-G.; Woolley, A.E.; Segel, M.; Barretto, R.P.; Ranu, A.; Macrae, R.K.; Faure, G.; et al. Detection of SARS-CoV-2 with SHERLOCK One-Pot Testing. N. Engl. J. Med. 2020, 383, 1492–1494. [Google Scholar] [CrossRef]

	



Patchsung, M.; Jantarug, K.; Pattama, A.; Aphicho, K.; Suraritdechachai, S.; Meesawat, P.; Sappakhaw, K.; Leelahakorn, N.; Ruenkam, T.; Wongsatit, T.; et al. Clinical validation of a Cas13-based assay for the detection of SARS-CoV-2 RNA. Nat. Biomed. Eng. 2020, 4, 1140–1149. [Google Scholar] [CrossRef]

	



Magro, L.; Jacquelin, B.; Escadafal, C.; Garneret, P.; Kwasiborski, A.; Manuguerra, J.-C.; Monti, F.; Sakuntabhai, A.; Vanhomwegen, J.; Lafaye, P.; et al. Paper-based RNA detection and multiplexed analysis for Ebola virus diagnostics. Sci. Rep. 2017, 7, 1347. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, D.; Wang, S.; Yang, K.; Liu, X.; Liu, W.; Guo, R.; Liang, W.; Yuan, F.; Liu, Z.; Gao, T.; et al. Rapid and simultaneous detection of Japanese encephalitis virus by real-time nucleic acid sequence-based amplification. Microb. Pathog. 2021, 150, 104724. [Google Scholar] [CrossRef]

	



Zhao, J.; Fang, S.; Liu, Y.; Zeng, L.; He, Z. A lateral flow biosensor based on gold nanoparticles detects four hemorrhagic fever viruses. Anal. Methods 2020, 12, 5613–5620. [Google Scholar] [CrossRef]

	



Chen, J.S.; Ma, E.; Harrington, L.B.; Da Costa, M.; Tian, X.; Palefsky, J.M.; Doudna, J.A. CRISPR-Cas12a target binding unleashes indiscriminate single-stranded DNase activity. Science 2018, 360, 436–439. [Google Scholar] [CrossRef]

	



Huang, J.-T.; Liu, Y.-J.; Wang, J.; Xu, Z.-G.; Yang, Y.; Shen, F.; Liu, X.-H.; Zhou, X.; Liu, S.-M. Next Generation Digital PCR Measurement of Hepatitis B Virus Copy Number in Formalin-Fixed Paraffin-Embedded Hepatocellular Carcinoma Tissue. Clin. Chem. 2015, 61, 290–296. [Google Scholar] [CrossRef]

	



Mu, D.; Yan, L.; Tang, H.; Liao, Y. A sensitive and accurate quantification method for the detection of hepatitis B virus covalently closed circular DNA by the application of a droplet digital polymerase chain reaction amplification system. Biotechnol. Lett. 2015, 37, 2063–2073. [Google Scholar] [CrossRef]

	



Zhang, B.; Zhu, Z.; Li, F.; Xie, X.; Ding, A. Rapid and sensitive detection of hepatitis B virus by lateral flow recombinase polymerase amplification assay. J. Virol. Methods 2021, 291, 114094. [Google Scholar] [CrossRef] [PubMed]

	



Gu, L.; Yan, W.; Liu, L.; Wang, S.; Zhang, X.; Lyu, M. Research Progress on Rolling Circle Amplification (RCA)-Based Biomedical Sensing. Pharmaceuticals 2018, 11, 35. [Google Scholar] [CrossRef] [PubMed]

	



Yari, F.; Abiri, R.; Aryan, E.; Jouybari, T.A.; Navabi, J.; Alvandi, A. Loop-Mediated Isothermal Amplification as a Fast Noninvasive Method of Helicobacter pylori Diagnosis. J. Clin. Lab. Anal. 2016, 30, 464–470. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Zhao, H. Next-generation sequencing in liquid biopsy: Cancer screening and early detection. Hum. Genom. 2019, 13, 34. [Google Scholar] [CrossRef] [PubMed]

	



Shen, C.; Liu, S.; Li, X.; Yang, M. Electrochemical Detection of Circulating Tumor Cells Based on DNA Generated Electrochemical Current and Rolling Circle Amplification. Anal. Chem. 2019, 91, 11614–11619. [Google Scholar] [CrossRef]

	



Lv, Z.; Wang, Q.; Yang, M. Multivalent Duplexed-Aptamer Networks Regulated a CRISPR-Cas12a System for Circulating Tumor Cell Detection. Anal. Chem. 2021, 93, 12921–12929. [Google Scholar] [CrossRef]

	



Bushati, N.; Cohen, S.M. microRNA Functions. Annu. Rev. Cell Dev. Biol. 2007, 23, 175–205. [Google Scholar] [CrossRef]

	



Paul, S.; Vázquez, L.A.B.; Uribe, S.P.; Reyes-Pérez, P.R.; Sharma, A. Current Status of microRNA-Based Therapeutic Approaches in Neurodegenerative Disorders. Cells 2020, 9, 1698. [Google Scholar] [CrossRef] [PubMed]

	



Amini, S.; Abak, A.; Sakhinia, E.; Abhari, A. MicroRNA-221 and MicroRNA-222 in Common Human Cancers: Expression, Function, and Triggering of Tumor Progression as a Key Modulator. Lab. Med. 2019, 50, 333–347. [Google Scholar] [CrossRef] [PubMed]

	



Kim, C.K.; Pak, T.R. miRNA degradation in the mammalian brain. Am. J. Physiol. Physiol. 2020, 319, C624–C629. [Google Scholar] [CrossRef]

	



Kotyla, P.J.; Islam, A. MicroRNA (miRNA): A New Dimension in the Pathogenesis of Antiphospholipid Syndrome (APS). Int. J. Mol. Sci. 2020, 21, 2076. [Google Scholar] [CrossRef] [PubMed]

	



Ali Syeda, Z.; Langden, S.S.S.; Munkhzul, C.; Lee, M.; Song, S.J. Regulatory Mechanism of MicroRNA Expression in Cancer. Int. J. Mol. Sci. 2020, 21, 1723. [Google Scholar] [CrossRef] [PubMed]

	



Tian, W.; Li, P.; He, W.; Liu, C.; Li, Z. Rolling circle extension-actuated loop-mediated isothermal amplification (RCA-LAMP) for ultrasensitive detection of microRNAs. Biosens. Bioelectron. 2019, 128, 17–22. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Fang, X.; Bai, M.; Zhang, J.; Yu, H.; Chen, F.; Zhao, Y. A microfluidic surface-enhanced Raman scattering (SERS) sensor for microRNA in extracellular vesicles with nucleic acid-tyramine cascade amplification. Chin. Chem. Lett. 2022, 33, 2101–2104. [Google Scholar] [CrossRef]

	



Mader, A.; Riehle, U.; Brandstetter, T.; Stickeler, E.; Ruehe, J. Universal nucleic acid sequence-based amplification for simultaneous amplification of messengerRNAs and microRNAs. Anal. Chim. Acta 2012, 754, 1–7. [Google Scholar] [CrossRef]

	



Wang, R.; Zhao, X.; Chen, X.; Qiu, X.; Qing, G.; Zhang, H.; Zhang, L.; Hu, X.; He, Z.; Zhong, D.; et al. Rolling Circular Amplification (RCA)-Assisted CRISPR/Cas9 Cleavage (RACE) for Highly Specific Detection of Multiple Extracellular Vesicle MicroRNAs. Anal. Chem. 2019, 92, 2176–2185. [Google Scholar] [CrossRef]

	



Cui, Y.; Fan, S.; Yuan, Z.; Song, M.; Hu, J.; Qian, D.; Zhen, D.; Li, J.; Zhu, B. Ultrasensitive electrochemical assay for microRNA-21 based on CRISPR/Cas13a-assisted catalytic hairpin assembly. Talanta 2021, 224, 121878. [Google Scholar] [CrossRef]

	



Chen, J.; Yan, J.; Feng, Q.; Miao, X.; Dou, B.; Wang, P. Label-free and enzyme-free fluorescence detection of microRNA based on sulfydryl-functionalized carbon dots via target-initiated hemin/G-quadruplex-catalyzed oxidation. Biosens. Bioelectron. 2021, 176, 112955. [Google Scholar] [CrossRef]

	



Wang, G.; Guo, Y.; Liu, Y.; Zhou, W.; Wang, G. Algorithm-Assisted Detection and Imaging of microRNAs in Living Cancer Cells via the Disassembly of Plasmonic Core-Satellite Probes Coupled with Strand Displacement Amplification. ACS Sens. 2021, 6, 958–966. [Google Scholar] [CrossRef]

	



Chang, J.; Lv, W.; Wu, J.; Li, H.; Li, F. Simultaneous photoelectrochemical detection of dual microRNAs by capturing CdS quantum dots and methylene blue based on target-initiated strand displaced amplification. Chin. Chem. Lett. 2021, 32, 775–778. [Google Scholar] [CrossRef]

	



Wang, R.; Lan, L.; Liu, L.; Cheng, L. Asymmetric polymerase chain reaction and loop-mediated isothermal amplification (AP-LAMP) for ultrasensitive detection of microRNAs. Chin. Chem. Lett. 2020, 31, 159–162. [Google Scholar] [CrossRef]

	



Guerriero, C.; Matera, C.; Del Bufalo, D.; De Amici, M.; Conti, L.; Dallanoce, C.; Tata, A. The Combined Treatment with Chemotherapeutic Agents and the Dualsteric Muscarinic Agonist Iper-8-Naphthalimide Affects Drug Resistance in Glioblastoma Stem Cells. Cells 2021, 10, 1877. [Google Scholar] [CrossRef] [PubMed]

	



MacLean, E.; Kohli, M.; Weber, S.F.; Suresh, A.; Schumacher, S.G.; Denkinger, C.M.; Pai, M. Advances in Molecular Diagnosis of Tuberculosis. J. Clin. Microbiol. 2020, 58, e01582-19. [Google Scholar] [CrossRef] [PubMed]

	



Boyd, R.; Ford, N.; Padgen, P.; Cox, H. Time to treatment for rifampicin-resistant tuberculosis: Systematic review and meta-analysis. Int. J. Tuberc. Lung Dis. 2017, 21, 1173–1180. [Google Scholar] [CrossRef]

	



Theron, G.; Zijenah, L.; Chanda, D.; Clowes, P.; Rachow, A.; Lesosky, M.; Bara, W.; Mungofa, S.; Pai, M.; Hoelscher, M.; et al. Feasibility, accuracy, and clinical effect of point-of-care Xpert MTB/RIF testing for tuberculosis in primary-care settings in Africa: A multicentre, randomised, controlled trial. Lancet 2014, 383, 424–435. [Google Scholar] [CrossRef]

	



Gliddon, H.D.; Frampton, D.; Munsamy, V.; Heaney, J.; Pataillot-Meakin, T.; Nastouli, E.; Pym, A.S.; Steyn, A.J.C.; Pillay, D.; McKendry, R.A. A Rapid Drug Resistance Genotyping Workflow for Mycobacterium tuberculosis, Using Targeted Isothermal Amplification and Nanopore Sequencing. Microbiol. Spectr. 2021, 9, e00610-21. [Google Scholar] [CrossRef]

	



Galbiati, S.; Brisci, A.; Lalatta, F.; Seia, M.; Makrigiorgos, G.M.; Ferrari, M.; Cremonesi, L. Full COLD-PCR Protocol for Noninvasive Prenatal Diagnosis of Genetic Diseases. Clin. Chem. 2011, 57, 136–138. [Google Scholar] [CrossRef]

	



Gasparini, P.; Grifa, A.; Origone, P.; Coviello, D.; Antonacci, R.; Rocchi, M. Detection of a neurofibromatosis type I (NF1) homologous sequence by PCR: Implications for the diagnosis and screening of genetic diseases. Mol. Cell Probes 1993, 7, 415–418. [Google Scholar] [CrossRef]

	



Tan, C.; Chen, X.; Wang, F.; Wang, D.; Cao, Z.; Zhu, X.; Lu, C.; Yang, W.; Gao, N.; Gao, H.; et al. A multiplex droplet digital PCR assay for non-invasive prenatal testing of fetal aneuploidies. Analyst 2019, 144, 2239–2247. [Google Scholar] [CrossRef] [PubMed]

	



Almasi, M.A.; Almasi, G. Loop mediated isothermal amplification (LAMP) for embryo sex determination in pregnant women at eight weeks of pregnancy. J. Reprod. Infertil. 2017, 18, 197. [Google Scholar] [PubMed]

	



Shastry, B.S. SNPs: Impact on Gene Function and Phenotype. Methods Mol. Biol. 2009, 578, 3–22. [Google Scholar] [CrossRef]

	



Ramírez-Bello, J.; Jiménez-Morales, M. Functional implications of single nucleotide polymorphisms (SNPs) in protein-coding and non-coding RNA genes in multifactorial diseases. Gac. Med. Mex. 2017, 153, 238–250. [Google Scholar] [PubMed]

	



Liu, X.; Zhang, C.; Zhao, M.; Liu, K.; Li, H.; Li, N.; Gao, L.; Yang, X.; Ma, T.; Zhu, J.; et al. A direct isothermal amplification system adapted for rapid SNP genotyping of multifarious sample types. Biosens. Bioelectron. 2018, 115, 70–76. [Google Scholar] [CrossRef]

	



Dhar, B.C.; Steimberg, N.; Mazzoleni, G. Point-of-Care Pathogen Detection with CRISPR-based Programmable Nucleic Acid Binding Proteins. Chemmedchem 2020, 16, 1566–1575. [Google Scholar] [CrossRef]

	



Chen, Y.; Mei, Y.; Jiang, X. Universal and high-fidelity DNA single nucleotide polymorphism detection based on a CRISPR/Cas12a biochip. Chem. Sci. 2021, 12, 4455–4462. [Google Scholar] [CrossRef]

	



Ding, S.; Chen, R.; Chen, G.; Li, M.; Wang, J.; Zou, J.; Du, F.; Dong, J.; Cui, X.; Huang, X.; et al. One-step colorimetric genotyping of single nucleotide polymorphism using probe-enhanced loop-mediated isothermal amplification (PE-LAMP). Theranostics 2019, 9, 3723–3731. [Google Scholar] [CrossRef] [PubMed]

	



Xue, B.; Li, Y.; Wang, X.; Li, R.; Zeng, X.; Yang, M.; Xu, X.; Ye, T.; Bao, L.; Huang, Y. TaqMan-MGB probe quantitative PCR assays to genotype and quantify three mtDNA mutations of Leber hereditary optic neuropathy. Sci. Rep. 2020, 10, 12264. [Google Scholar] [CrossRef]

	



Kohli, S.; Saxena, R.; Thomas, E.; Singh, K.; Mahay, S.B.; Puri, R.D.; Verma, I.C. Mutation Spectrum of Dystrophinopathies in India: Implications for Therapy. Indian J. Pediatr. 2020, 87, 495–504. [Google Scholar] [CrossRef] [PubMed]

	



Corrigendum: Diagnosis of the accurate genotype of HKaa carriers in patients with thalassemia using multiplex ligation-dependent probe amplification combined with nested polymerase chain reaction. Chin. Med. J. 2020, 133, 1631. [CrossRef]

	



Kennedy, B.K.; Berger, S.L.; Brunet, A.; Campisi, J.; Cuervo, A.M.; Epel, E.S.; Franceschi, C.; Lithgow, G.J.; Morimoto, R.I.; Pessin, J.E.; et al. Geroscience: Linking Aging to Chronic Disease. Cell 2014, 159, 709–713. [Google Scholar] [CrossRef] [PubMed]

	



Coleman, C.I.; Limone, B.; Sobieraj, D.M.; Lee, S.; Roberts, M.S.; Kaur, R.; Alam, T. Dosing Frequency and Medication Adherence in Chronic Disease. J. Manag. Care Pharm. 2012, 18, 527–539. [Google Scholar] [CrossRef]

	



Doi, T.; Hori, M.; Harada-Shiba, M.; Kataoka, Y.; Onozuka, D.; Nishimura, K.; Nishikawa, R.; Tsuda, K.; Ogura, M.; Son, C.; et al. Patients With LDLR and PCSK9 Gene Variants Experienced Higher Incidence of Cardiovascular Outcomes in Heterozygous Familial Hypercholesterolemia. J. Am. Heart Assoc. 2021, 10, e018263. [Google Scholar] [CrossRef] [PubMed]

	



Musunuru, K.; Chadwick, A.C.; Mizoguchi, T.; Garcia, S.P.; DeNizio, J.E.; Reiss, C.W.; Wang, K.; Iyer, S.; Dutta, C.; Clendaniel, V.; et al. In vivo CRISPR base editing of PCSK9 durably lowers cholesterol in primates. Nature 2021, 593, 429–434. [Google Scholar] [CrossRef]

	



Wang, D.; Dai, Y.; Wang, X.; Yu, P.; Qu, S.; Liu, Z.; Cao, Y.; Zhang, L.; Ping, Y.; Liu, W.; et al. Determination of plasma β-amyloids by rolling circle amplification chemiluminescent immunoassay for noninvasive diagnosis of Alzheimer’s disease. Microchim. Acta 2021, 188, 24. [Google Scholar] [CrossRef]

	



Coombes, B.; Mahony, B.K.C.A.J.B. Nucleic Acid Sequence Based Amplification (NASBA) of Chlamydia pneumoniae Major Outer Membrane Protein (ompA) mRNA with Bioluminescent Detection. Comb. Chem. High Throughput Screen. 2000, 3, 315–327. [Google Scholar] [CrossRef] [PubMed]

	



Secq, V.; Villeret, J.; Fina, F.; Carmassi, M.; Carcopino, X.; Garcia, S.; Metellus, I.; Boubli, L.; Iovanna, J.; Charpin, C. Triple negative breast carcinoma EGFR amplification is not associated with EGFR, Kras or ALK mutations. Br. J. Cancer 2014, 110, 1045–1052. [Google Scholar] [CrossRef] [PubMed]

	



Jing, C.; Mao, X.; Wang, Z.; Sun, K.; Ma, R.; Wu, J.; Cao, H. Next-generation sequencing-based detection of EGFR, KRAS, BRAF, NRAS, PIK3CA, Her-2 and TP53 mutations in patients with non-small cell lung cancer. Mol. Med. Rep. 2018, 18, 2191–2197. [Google Scholar] [CrossRef] [PubMed]

	



Xue, Z.; You, M.; Peng, P.; Tong, H.; He, W.; Li, A.; Mao, P.; Xu, T.; Xu, F.; Yao, C. Taqman-MGB nanoPCR for Highly Specific Detection of Single-Base Mutations. Int. J. Nanomed. 2021, 16, 3695–3705. [Google Scholar] [CrossRef]

	



Jiang, W.; Xiang, L.; Pei, X.; He, T.; Shen, X.; Wu, X.; Yang, H. Mutational analysis of KRAS and its clinical implications in cervical cancer patients. J. Gynecol. Oncol. 2018, 29, e4. [Google Scholar] [CrossRef] [PubMed]

	



Taly, V.; Pekin, D.; Benhaim, L.; Kotsopoulos, S.K.; Le Corre, D.; Li, X.; Atochin, I.; Link, D.R.; Griffiths, A.D.; Pallier, K.; et al. Multiplex Picodroplet Digital PCR to Detect KRAS Mutations in Circulating DNA from the Plasma of Colorectal Cancer Patients. Clin. Chem. 2013, 59, 1722–1731. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Chen, L.; Guo, T.; Wu, X.; Cai, H. Rapid diagnosis of cisplatin-sensitive and resistant cervical squamous cell carcinomas by reverse transcription loop-mediated isothermal amplification. Int. J. Clin. Exp. Pathol. 2018, 11, 882. [Google Scholar]








[image: Biosensors 13 00160 g001 550] 





Figure 1. PCR comparisons: end-point PCR, qPCR and dPCR. Reprinted with permission from Ref. [33].Copyright 2018, Quan et al. 
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Figure 2. Steps in the LAMP mechanism. A pair of inner primers (BIP) with a folding structure and a pair of outer primers (FIP) for replacing single-strand products are required. Under the action of FIP, BIP and the Bst DNA polymerase with chain displacement activity, dumbbell intermediate products with a ring structure at both ends are generated. The amplification products of dsDNA concatemers were amplified by the double action of initiating extension in the ring region of the BIP recognition intermediate and self-initiating extension at the 3′ end of the folding structure. Reprinted with permission from Ref. [15]. Copyright 2018, Wong et al. 
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Figure 4. (A) Principle of SDA, generation of target amplification and exponential amplification. The two pairs of primers extend into double strands under the catalysis of the polymerase, and the endonuclease then cuts the newly synthesized strands between the primer and the template, allowing the new polymerase to bind and amplify the template while replacing the old strand. Reprinted with permission from Ref [50]. Copyright 1992, Walker et al. (B) Schematic of the NASBA mechanism. A reverse transcription primer containing the T7 promoter was used to reverse-transcribe the RNA target into a cDNA containing the T7 promoter, and then the cDNA was transcribed by the T7 RNA polymerase to obtain a large number of RNA amplification products; the synthesized RNA amplification products could re-enter the reverse transcription and transcription amplification cycle. Reprinted with permission from Ref. [51]. Copyright 1990, Guatelli et al. 
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Figure 5. Basic structure and functions of Class 2 CRISPR-Cas Types. (A) The representative of Type II is Cas9 from Streptococcus pyogenes. (B) The representative of Type V is Cas12a from Francisella novicida U112. (C) The representative of Type VI is Cas13a from Leptotrichia shahii. Reprinted with permission from Ref. [96]. Copyright 2018, Pyzocha et al. 
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Figure 6. Schematic representations of different Cas enzyme activities. Reprinted with permission from Ref. [99]. Copyright 2020, Suea-Ngam et al. (A) Cas9: The target dsDNA is cis-cleavage after binding to the gRNA-Cas9 complex. (B) Cas12/14: The target ds/ssDNA binds to the gRNA-Cas12 complex and is cis-cleavage, followed by an ssDNA that is trans-cleavage and releases a fluorescence signal. (C) Cas13: The target RNA binds to the gRNA-Cas13 complex and is cis-cleavage, followed by an ssRNA that is trans-cleavage and releases a fluorescence signal. 
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Table 1. Nucleic Acid Amplification Methods.
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	Nucleic Acid Amplification
	Enzymes
	Reaction

Temperature

(°C)
	Reaction Time (min)
	Target
	Primers
	Amplification

Capacity
	Refs.





	PCR
	Taq polymerase
	95,55,72
	45–120
	DNA
	2
	107–1010
	[7,14]



	LAMP
	Bst DNA Polymerase
	60–65
	60
	DNA
	4
	109
	[15,16]



	RPA
	Bsu DNA polymerase recombinase and ssDNA binding protein
	37–42
	20
	DNA/RNA
	2
	10
	[17,18]



	RCA
	Phi29 DNA Polymerase
	30–65
	60–180
	DNA/RNA
	2
	109
	[19,20]



	SDA
	Restriction endonuclease and DNA polymerase
	37–40
	120
	DNA
	4
	107
	[21,22]



	NASBA
	Reverse transcriptase

and RNA polymerase (RNaseH)
	41
	60–120
	RNA
	2
	106
	[23,24]
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