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Abstract
Gene mutation has been a concern for researchers because it results in genetic variations with base changes in molecular 
structure. Researchers continue to explore methods to detect gene mutations, which may help in disease diagnosis, medication 
guidance, and so on. Currently, the detection methods, such as whole-genome sequencing and polymerase chain reaction, 
have some limitations in terms of cost and sensitivity. Ligase (an enzyme) can recognize base mismatch as a commonly used 
tool in genetic engineering. Therefore, the ligase-related nucleic acid amplification technology for detecting gene mutations 
has become a research hotspot. In this study, the main techniques explored for detecting gene mutations included the ligase 
detection reaction, ligase chain reaction, rolling circle amplification reaction, enzyme-assisted polymerase chain reaction, and 
loop-mediated isothermal amplification reaction. This review aimed to analyze the aforementioned techniques and mainly 
present their advantages and disadvantages, sensitivity, specificity, cost, detection time, applications, and so on. The findings 
may help develop sufficient grounds for further studies on detecting gene mutations.
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Abbreviations
Fc  Ferrocene
LAMP  Loop-mediated isothermal amplification
LCR  Ligase chain reaction
LDR  Ligase detection reaction
iMLDR  Improved multiplex LDR
PCR  Polymerase chain reaction
PfAgo  Pyrococcus furiosus Argonaute
RCA   Rolling circle amplification
JAK2  Janus kinase 2
EGFR  Epidermal growth factor receptor
CYP2C19  Cytochrome P450 family 2 subfamily C mem-

ber 19
KRAS  Kirsten rat sarcoma viral oncogene homolog
NEAT1  Nuclear-enriched abundant transcript1
TP53  Tumor protein 53
STK11  Serine/threonine kinase 11
SLC30A8  Solute carrier family 30, member 8
BRAF  B-raf proto-oncogene

PD-L1  Programmed death-1 ligand
ALDH2  Acetaldehyde dehydrogenase 2
MDM4  Murine double minute 4
ATG5  Autophagy related 5
IL-27  Interleukin-27
ABCA1  ATP-binding cassette transporter A1
CTLA-4  Cytotoxic T lymphocyte-associated antigen-4
MIF-AS1  Macrophage migration inhibitory factor 1
AHR  Aryl hydrocarbon receptor
CRISPR  Clustered regularly interspaced short palin-

dromic repeats

Introduction

Gene mutation is a common phenomenon in biological 
growth and evolution. Base mismatch in DNA molecules 
easily causes gene mutations, especially point mutations, 
which are often an important cause of hereditary and genetic 
predisposition diseases [1]. In recent years, the detection and 
analysis of gene mutations have become a topic of increas-
ing interest, such as pathogenic gene screening and prenatal 
diagnosis, which can provide the basis for early diagnosis 
and precise treatment of diseases [2]. At present, many 
methods are in place for detecting gene mutations, such as 
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whole-genome sequencing, but they still have certain limi-
tations in terms of experimental cost, sensitivity, and accu-
racy. Ligase is an enzyme that can catalyze the formation of 
chemical bonds between the head and tail of two molecules 
or a molecule and can be used as a tool in DNA replication 
and repair. Ligase recognition ability can effectively identify 
mismatched base pairs [3–5]. Therefore, the application of 
ligase for detecting gene mutations is of increasing interest 
and a research hotspot. This review mainly focused on the 
latest research progress in ligase and several related nucleic 
acid amplification technologies and also on their advantages, 
disadvantages, and applications.

Types and modes of action of ligases

Two types of ligases have been found to catalyze nucleic 
acid ligations: DNA ligase and RNA ligase. DNA ligase 
forms a phosphodiester bond by connecting the adjacent 
5’-terminal phosphate group with the 3’-terminal hydroxyl 
group on the catalytic chain so that the single-stranded nick 
can be repaired, which is known as “the needle and thread 
of genes” [6]. Ligase can be divided into room-temperature 
and thermophilic DNA ligases based on the thermal sta-
bility of DNA ligase. The room-temperature DNA ligases 
include SplintR Ligase, T3 DNA ligase, and T4 DNA ligase. 
They are suitable for the reaction below 37 °C, and the reac-
tion is fast but has low specificity. The thermophilic DNA 

ligases include Thermus aquaticus ligase (commonly known 
as HiFi, and so on, with high fidelity), 9°N ligase, Ampli-
gase, Thermotoga maritima ligase, Pfu ligase, and so forth. 
The reaction temperature of the thermophilic DNA ligases 
is higher, and they are not inactivated even at 90 °C [7, 8]. 
RNA ligase can catalyze the intermolecular or intramolecu-
lar connection of DNA or RNA and can also be used for 
the specific modification of transfer RNA. The optimum 
reaction temperature is 37 °C, and T4 RNA ligase is com-
mon. T4 RNA ligase 2 is commonly used and specifically 
catalyzes linear intermolecular ligation and intramolecular 
circular ligation with high efficiency, low background, and 
good stability [9].

Ligase‑related nucleic acid amplification 
techniques

Ligase chain reaction

Since its invention by Backman in 1995, ligase chain reac-
tion (LCR) has been one of the techniques for detecting point 
mutations in target gene sequences [10]. LCR is an expo-
nential amplification technology based on DNA ligase. The 
principle of LCR technology is shown by a schematic in 
Fig. 1. The LCR needs to be carried out in a thermal cycler. 
Two pairs of complementary oligonucleotide probes are 
designed and hybridized with the perfectly matched target 

Fig. 1  Schematic diagram depicting the principle of LCR technology
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sequence. The 5’-terminal phosphate group of one probe is 
combined with the 5’-terminal phosphate group of another 
probe by the action of DNA ligase. The 3’-terminal hydroxyl 
group of the other probe is connected, and the new frag-
ment obtained is denatured again and used as a template to 
continue the reaction. The other two probes are hybridized 
into the second template strand in a similar manner. After 
cycling, a large number of ligation products are formed to 
achieve the purpose of exponential amplification. Therefore, 
this method is more sensitive than ligase detection reaction 
(LDR) [11]. The adjacent probes cannot be connected if 
a base mutation occurs at the ligation site, and no further 
amplifications occur. Therefore, another advantage of LCR 
is that it has a stronger ability to identify base mutations 
while ensuring the same amplification efficiency as polymer-
ase chain reaction (PCR). Hence, LCR is currently the best 
method for detecting point mutations in known sequences. 
However, it requires the use of a thermal cycler, and the 
biggest drawback is the possibility of target-independent 
connections that increase the background signal.

LCR is widely used in detecting gene mutations. Malik 
used this technology to screen the hepatitis B virus G1896A 
mutation in patients with chronic liver disease negative for 
hepatitis B surface antigen in northern India and found that 
the G1896A mutation caused one-third of the pronuclear 
stop-codon mutations. Experiments showed that this method 
had lower cost and higher detection efficiency compared 
with sequencing. However, the results obtained were reli-
able and consistent with the sequencing results [12, 13]. The 
product of LCR can be detected by electrophoresis, autora-
diography, and so on, but the process is complicated. With 
the gradual deepening of nucleic acid research, various com-
bined application methods are being used for detecting gene 
mutations based on LCR, such as combined fluorescence, 
electrochemistry, single quantum dots, cationic polymers, 
and nanoparticles.

Combining LCR with fluorescent biosensors

Feng Rui et al. developed a new method combining LCR and 
flow cytometry microspheres to detect the tumor-associated 
Janus kinase 2 (JAK2) gene V617F mutation site. They 
labeled the LCR products with biotin and fluorophores, fixed 
them on the microspheres, and quantitatively detected them 
via flow imaging. The results showed that the fluorescence 
gradually increased with the increase in the mutant DNA 
concentration [14]. This method could detect mutant DNA 
in a linear range of  10−15 to  10−11 mol/L, and the detection 
limit was as low as  10−15 mol/L. The process was simple 
and involved one-tube typing. The quantitative imaging 
results were intuitive and clear, but the sensitivity needed 
improvement.

Combining LCR with electrochemical biosensor

Hu et al. designed an LCR method combined with a ferro-
cene (Fc)-labeled electrochemical sensor for the ultrasensi-
tive detection of the mutation site of the gene epidermal 
growth factor receptor (EGFR) T790M. They hybridized 
the capture probe on the nanotube-modified electrode using 
the Fc-labeled LCR product to measure the current, which 
could be identified by comparing the difference in electrical 
signals. The method had good specificity and high preci-
sion. The linear dynamic range of the detected mutant tar-
get sequence concentration was  10−18 to  10−11 mol/L, and 
the detection limit was  10−19 mol/L. Moreover, the product 
did not need separation and purification [15]. However, this 
method also had drawbacks. For example, the modification 
of carboxyl multi-wall carbon nanotube was cumbersome. 
Chen et al. transformed the thiol- or biotin-labeled short 
double-stranded DNA into a recombined complete double-
stranded DNA via LCR exponential amplification in the 
presence of the target sequence, that is, “probe lengthening” 
and then immobilized it on the surface of the gold electrode 
to measure the electrical signal. The results showed distinct 
differences in DNA electrical signals between perfectly 
paired and single-base mismatches, allowing easy identi-
fication of genetic mutations. The linear dynamic range of 
the mutant DNA concentration measured using this method 
was  10−16 to  10−11 mol/L, and the sensitivity was 1000 
times higher than that of gel electrophoresis. It also had the 
characteristics of strong specificity and high resolution and 
could be used for genomic DNA mutations in clinical serum 
samples [16]. Liu et al. tested cytochrome P450 family 2 
subfamily C member 19 (CYP2C19) gene mutation site in 
whole blood with high sensitivity. Experiments showed that 
when the concentration of the mutant target sequence was as 
low as  10−16 mol/L, the method still had good specificity for 
the presence of more than 104 times the wild-type gene [17].

Combining LCR with DNA melting temperature

In 2020, Hu et al. developed a marker-free and economi-
cal method to analyze the mutation sites of the Kirsten rat 
sarcoma viral oncogene homolog (KRAS) gene by analyz-
ing the DNA melting temperature based on LCR. Com-
pared with the original target DNA, the double-stranded 
DNA bases produced by LCR and the melting tempera-
ture significantly increased. They accurately screened 
out site-specific mutations from guanine to adenine, 
thymine, or cytosine in the KRAS gene, and the linear 
dynamic range of mutant DNA concentration was 0 to 
 10−7 mol/L. Experiments showed that this method was 
highly sensitive, had good selectivity and reliability, did 
not need purification products and expensive and sophis-
ticated instruments, and avoided cumbersome chemically 
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modified probes [18]. At the same time, it could also 
amplify the signal. This method might be used for the 
early diagnosis of tumors.

Combining LCR with argonaute pyrococcus

Argonaute Pyrococcus (Pyrococcus furiosus Argonaute, 
PfAgo) coupled with LCR was a new method proposed 
by Wang et  al. in 2021 that could rapidly distinguish 
between the simulated wild-type new coronavirus and the 
single-base mutation of the spike D614G gene. PfAgo 
is a thermophilic DNA-guided programmed enzyme that 
specifically cleaves phosphorylated target DNAs longer 
than 14 bases [19]. Wang et al. added the LCR product to 
a solution containing PfAgo protein and a fluorophore. 
When the target gene was present, PfAgo could cleave 
the phosphorylated DNA and release the fluorophore for 
detection. Experiments showed that the detection limit of 
this method was  10−17 mol/L, the linear dynamic range of 
the mutant concentration was  10−17 to  10−11 mol/L, the 
time used was less than that for PCR, and the sensitivity 
and specificity were better [20]. This method provided 
new ideas for detecting novel coronaviruses and their 
more infectious mutated genes. However, this method also 
had some shortcomings. For example, the LCR and PfAgo 
cleavage assays could not be carried out in the same tube, 
which needs to be improved in future.

Ligase detection reaction

LDR is a method that uses DNA ligase to repeat thermal 
cycling for linear amplification. The principle of the LDR 
technique is shown in Fig. 2. This reaction requires the 
design of a pair of specific oligonucleotide probes upstream 
and downstream of the mutation site. When one of the 
probes is fully complementary to the target gene, the 3’ 
end of the probe forms a gapped duplex with the 5’ end of 
the adjacent probe, the gap is connected by ligase, and the 
amplified product is detected using capillary electrophore-
sis after multiple thermal cycles [21]. LDR overcomes the 
shortcomings of traditional LCR. It only uses a pair of oligo-
nucleotides to reduce the background signal of false ligation. 
The biggest advantage is that it can quickly screen mutant 
genes at multiple sites and is simpler than quantitative PCR, 
but the signal amplification is lesser than that of LCR.

Many researchers combined PCR with LDR for gene 
identification. For example, Ruiz et al. applied this method 
to establish a specific, rapid, and practical liquid biopsy 
strategy [22]. Zhang Xinya et al. used this method to detect 
the D614G mutation in the fragmented coronavirus S gene 
down to a 40-nt fragment length, which was a shorter tem-
plate length than that required for the probe method of fluo-
rescent quantitative PCR and had an advantage in detecting 
fragmented templates [23]. Zhang et al. used this method 
to integrally detect the mutation site of the EGFR T790M 
gene. The results showed that the linear dynamic range of 
the concentration of the mutant target sequence was  10−16 to 

Fig. 2  Schematic diagram depicting LDR technology principles
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 10−12 mol/L, and the detection limit could reach  10−17 mol/L 
[24]. Li et al. used an improved multiplex LDR (iMLDR), 
that is, multiplex PCR products as templates for ligation, 
and found that the lncRNA nuclear enriched abundant tran-
script1 (NEAT1) rs3825071 locus variant was significantly 
associated with sputum smear positivity in patients with pul-
monary tuberculosis [25]. The applications of LDR in recent 
years are presented in Table 1.

Rolling circle amplification technology

Rolling circle amplification (RCA) is an isothermal ampli-
fication reaction in which ligase participates in specific 
ligation. The key to this reaction is the construction of a 
single-stranded DNA circle. The principle of probe looping 

involving DNA ligase is schematically shown in Fig. 3. 
When the target gene and the probe are completely matched, 
the 3’-terminal hydroxyl group and the 5’-terminal phos-
phate group of the probe are connected to form a circular 
closed loop under the action of ligase and then the subse-
quent amplification reaction is carried out. The reaction 
can achieve the effect of amplifying the signal hundreds of 
times. For a situation where the bases cannot be matched, the 
probe cannot be closed into a loop and signal amplification 
cannot be achieved [39, 40]. The RCA reaction that ligase 
participates in improves the specificity and sensitivity of the 
detection, requires less experimental temperature conditions, 
and does not require a thermal cycler.

Qian et al. reported a method of RCA combined with 
fluorescence detection to identify mutations simply and 

Table 1  Current applications of LDR

Format Target Disease Reference

LDR–fluorescence–magnetic 
nanospheres

SLC30A8 gene Type 2 diabetes [26]

LDR–PCR BRAF gene Colon adenocarcinoma [22]
CYP2C19 gene Screening before clopidogrel treatment [27]
T790M gene Non-small-cell lung cancer [24]
CASP7 gene Noise-induced hearing loss [28]
PD-L1 3’-UTR Epithelial ovarian cancer [29]
ALDH2 gene Coronary artery disease [30]
MDM4 gene Esophageal squamous cell carcinoma [31]
Calgranulin gene Ischemic stroke [32]
ATG5 gene Thyroid-related eye disease [33]
IL-27 gene Aplastic anemia [34]
ABCA1 gene Hypertension [35]
CTLA-4 gene Epithelial ovarian cancer [36]
MIF-AS1 gene Stomach cancer [37]
Novel coronavirus S gene D614G Novel coronavirus pneumonia [23]

iMLDR ncRNA NEAT1gene Tuberculosis [25]
AHR signaling pathway gene Rheumatoid arthritis [38]

Fig. 3  Schematic diagram of the principle of probe looping involving DNA ligase
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efficiently. A large number of pyrophosphate molecules 
could be generated using this method during the signal 
amplification process, and the fluorescence intensity could 
be determined to detect gene mutations. This method could 
measure the concentration of mutant DNA up to  10−13 mol/L 
and specifically distinguish the difference in the base site 
of the target gene. This method was less expensive than 
sequencing and provided a new option for detecting gene 
mutations [41]. Similarly, Kim et al. also described a method 
for detecting low-abundance EGFR exon 19-del mutant 
genomic DNA: generation of long segments containing 
G-quadruplex structures in RCA by thioflavin T detection 
based on the fluorescence intensity of single-stranded DNA. 
This method detected as low as 0.01% of mutant genes in 
pooled normal plasma [42]. Chung et al. used RCA com-
bined with surface-enhanced Raman scattering to detect 
multiple point mutations in the KRAS gene. When the linear 
probe hybridizes with a matched target gene, the probe forms 
a specific loop structure. Experiments showed that the scat-
tering intensity increased proportionally with the increase in 
the target mutant gene concentration in the range of  10−11 to 
 10−8 mol/L. This method turns on Raman scattering at the 
same time as the ligation reaction, shortens the detection 
time, and the clever design of the probe avoids false-posi-
tive results caused by self-hybridization. This method can 
be considered as an alternative method to PCR for detecting 
gene mutations under restricted conditions [43].

Ligase‑assisted PCR

PCR generally uses DNA polymerase to achieve amplifica-
tion through continuous cycles of denaturation, annealing, 
and extension. However, this method has disadvantages, 
such as being prone to false results and a long detection time. 
Considering these shortcomings, it was proposed to use 
ligase-assisted PCR with better recognition ability, as shown 
in Fig. 4. When the target gene is completely matched and 

complementary to the two oligonucleotide probes, under the 
action of DNA ligase, probes 1 and 2 connect the gap to form 
a long DNA chain and then carry out subsequent PCR ampli-
fication. However, for a base mutation in the target gene, the 
two probes cannot be connected, indicating the detection 
of the base mutation of the target gene. Li Bo developed a 
simple method, using T4 DNA ligase-assisted PCR, to detect 
mutations in various pathogenic genes such as tumor protein 
53 (TP53) and serine/threonine kinase 11 (STK11) related 
to lung squamous cell carcinoma. This method could detect 
0.1% of mutant genes and was expected to be a powerful 
tool for detecting gene mutations [44]. However, this method 
had disadvantages in terms of low ligation efficiency and 
time consumption. Although these defects were corrected by 
optimizing the experimental conditions, the activity of T4 
DNA ligase was weakened, thereby inhibiting the ligation 
reaction. Therefore, this method needs further improvement.

Ligase‑assisted loop‑mediated isothermal 
amplification technology

Loop-mediated isothermal amplification (LAMP) can 
amplify a small amount of template multiplicity in a short 
period under constant-temperature conditions and its sensi-
tivity is higher than that of traditional PCR and the deter-
mination is faster [45]. However, the ability of LAMP to 
identify base mismatches is not adequate. Therefore, it has 
been proposed to use high-specificity recognition ligase to 
assist in detecting gene mutations, thus improving the accu-
racy and lowering the cost of sequencing. The schematic dia-
gram depicting the principle of DNA ligase-assisted LAMP 
ligation reaction is shown in Fig. 5. In the ligation reaction, 
a pair of stem-loop probes 1 and 2 are designed: probe 1 is 
completely complementary to the gene to be tested (perfect 
match/mismatch) and probe 2 is only complementary to 
the perfectly matched target gene. In the catalysis of ligase, 
probes 1 and 2 can be connected to form a dumbbell-shaped 

Fig. 4  Schematic diagram depicting the ligation reaction principle of the DNA ligase-assisted PCR
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product, which served as an initial template for the LAMP 
reaction. When the target sequence is mutated, the bases 
cannot be matched and the ligation will not occur, thus dis-
tinguishing the mutation of the gene sites. For example, 
Wang et al. designed two stem-loop probes complemen-
tary to mutant DNA to carry out ligase reaction to initiate 
LAMP and quickly identified the mutation site via a fluores-
cence curve. The results showed that the fluorescence signal 
increased with an increase in the concentration of mutant 
DNA, and the mutant DNA with a concentration as low 
as  10−17 mol/L could be accurately detected. The method 
was simple and universal [46]. Zhang et al. also used this 
method to screen for breast cancer nucleic acid markers with 
high sensitivity [47]. Sun et al. reported a novel technique 
based on artificial mismatch ligation probes combined with 
ligase-assisted LAMP amplification to detect mutation sites 
in the exons of the p53 gene. They designed the position of 
mismatch introduction at the third position of the 3’ end of 
the probe ligation range. They generated three overhanging 
bases, effectively avoiding the false-positive signal caused 
by the mismatch target as a template ligation. Their proposed 
method could clearly measure the target DNA concentra-
tion as low as  10−17 mol/L with ultra-high specificity, and 
the detection results were completely consistent with the 
sequencing results. Therefore, this method might be used 
in clinical and medical diagnosis [48]. Recently, Choi et al. 
developed a new double-site ligation-assisted LAMP (dLig-
LAMP) method for bedside detection of severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) RNA. They 
designed three DNA oligonucleotide templates that bound 
perfectly to the target sequence and used the SplintR ligase 
double-site ligation to form complementary DNA, which 
was then further amplified. The ligation is impossible for 
a mismatch in the sequence to be tested or if one of the 
templates is not bound. This method is more specific in its 
selection compared with the reverse transcription LAMP, 

allowing selection at the ligation binding step without being 
performed in reverse transcription, thus overcoming prob-
lems, such as primer mismatches and false results. Stud-
ies showed that this method could achieve a detection limit 
of  10−15 mol/L in 1 h and also had the advantage in terms 
of high sensitivity and clear clinical selectivity [49]. This 
method may improve reverse transcription-related selectivity 
and bedside RNA detection.

Conclusions and future outlook

In the past, most people used sequencing or PCR to detect 
gene mutations. Certain new developments have been made 
in ligase-based nucleic acid amplification technology in 
recent years. The comparative analysis of these methods 
is presented in Table 2. In the past 5 years, many applica-
tions of LDR–PCR and LCR combined with electrochemi-
cal sensors have emerged, especially in the screening of 
genetic diseases and tumors and significant achievements 
have been made in guiding clinical medication. At present, 
SARS-CoV-2 mutations still occur frequently. Therefore, 
sensitive, specific, and field-applicable diversified detec-
tion techniques need to be developed. dLig-LAMP and 
LDR–PCR techniques in this study may provide new alter-
native ideas for SARS-CoV-2 detection. Unlike LCR, LDR, 
and PCR requiring a thermal cycler, RCA and LAMP need 
low experimental temperature. Moreover, they also exhibit 
improved sensitivity and specificity and hence may be con-
sidered for potential use in detecting gene mutations. How-
ever, this method can still be improved a lot in terms of cost 
and detection time.

In conclusion, the techniques described in this study 
reduced the sample requirements and could not only detect 
DNA in serum samples but also directly detect genomic 
DNA mutations in whole blood. Compared with PCR, 

Fig. 5  Schematic illustration of the principle of DNA ligase-assisted LAMP ligation reaction
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most of these techniques improved in terms of detec-
tion specificity. Compared with sequencing, these tech-
niques improved in terms of reduction in the detection 
cost and were economically competitive. In future, it may 

be possible to replace sequencing and widely use these 
techniques in routine and large-scale rapid genetic muta-
tion screening. Therefore, it is believed that the method 
of detecting gene mutations based on ligase nucleic acid 

Table 2  Comparison of ligase-related nucleic acid amplification techniques for detecting gene mutations

Method Applications (detection 
of diseases)

Sensitivity (mol/L) Linear 
dynamic range 
(mol/L)

Specificity (%) Cost Time (min)

LDR Novel coronavirus 
pneumonia

10−12 10−12 to  10−11 0.01 Usually relatively cheap 160

Non-small-cell lung 
cancer

10−17 10−16 to  10−12 0.1 Relatively inexpensive 
with real-time PCR 
systems

50

LCR Hematological tumor 10−15 10−15 to  10−11 0.1 Cost-effective LCR 
amplification with 
multiplex detection

90

Non-small-cell lung 
cancer

10−19 10−18 to  10−11 0.01 Electrochemical probe 
using Fc-labeled DNA 
double strand, no puri-
fication required, but 
more expensive than 
conventional LCR

118

Abnormal clopidogrel 
drug metabolism

10−16 10−14 to  10−10 0.01 Miniaturized, easy to 
operate, and relatively 
inexpensive instru-
ment

110

Novel coronavirus 
pneumonia

10−17 10−17 to  10−11 Not reported Relatively inexpen-
sive compared with 
CRISPR, which does 
not require the use of 
costly single-guide 
RNA

70

Tumors 10−10 0–10−7 5 More convenient and 
economical than tradi-
tional PCR techniques 
or nanoparticle-based 
methods

33

RCA Tumors 10−11 10−11 to  10−8 1 Direct connection of 
nanoparticles for 
SERS amplification 
without further signal 
amplification; cost-
effective with inexpen-
sive instrumentation

60

Ligase-assisted PCR Squamous lung cancer Not reported Not reported 0.1 Relatively cheap with 
real-time PCR systems

110

Ligase-assisted LAMP Breast cancer 10−16 10−14 to  10−11 Not reported Lower cost than ribo-
nucleotide-modified 
DNA probes

60

Tumors 10−17 10−17 to  10−11 0.01 Modified probe using 
simple manual 
mismatch, slightly 
more expensive than 
traditional LAMP

66

Novel coronavirus 
pneumonia

10−15 10−18 to  10−8 Not reported Use of colorimetric and 
fluorescent detection 
is not expensive, and 
costs are relatively low

60
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amplification technology will be continuously innovated 
and may help in disease diagnosis and designing a precise 
treatment regime.
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