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A B S T R A C T   

The molecular biomarkers are molecules that are closely related to specific physiological states. Numerous 
molecular biomarkers have been identified as targets for disease diagnosis and biological research. To date, 
developing highly efficient probes for the precise detection of biomarkers has become an attractive research field 
which is very important for biological and biochemical studies. During the past decades, not only the small 
chemical probe molecules but also the biomacromolecules such as enzymes, antibodies, and nucleic acids have 
been introduced to construct of biosensor platform to achieve the detection of biomarkers in a highly specific and 
highly efficient way. Nevertheless, improving the performance of the biosensors, especially in clinical applica
tions, is still in urgent demand in this field. A noteworthy example is the Corona Virus Disease 2019 (COVID-19) 
that breaks out globally in a short time in 2020. The COVID-19 was caused by the virus called SARS-CoV-2. Early 
diagnosis is very important to block the infection of the virus. Therefore, during these months scientists have 
developed dozens of methods to achieve rapid and sensitive detection of the virus. Nowadays some of these new 
methods have been applied for producing the commercial detection kit and help people against the disease 
worldwide. DNA-based biosensors are useful tools that have been widely applied in the detection of molecular 
biomarkers. The good stability, high specificity, and excellent biocompatibility make the DNA-based biosensors 
versatile in application both in vitro and in vivo. In this paper, we will review the major methods that emerged in 
recent years on the design of DNA-based biosensors and their applications. Moreover, we will also briefly discuss 
the possible future direction of DNA-based biosensors design. We believe this is helpful for people interested in 
not only the biosensor field but also in the field of analytical chemistry, DNA nanotechnology, biology, and 
disease diagnosis.   

1. Introduction 

1.1. Molecular biomarkers 

Biomarkers are a series of indicators that may provide measurable or 
evaluable information for specific physiological states. Traditional bio
markers of a particular biological object include many kinds of charac
teristics of it(Rifai et al., 2006; Sawyers, 2008; Srinivas et al., 2001). For 

example, the biomarkers of a particular disease may involve the tem
perature of the patients’ body, the number or shape of a kind of cell in 
unique tissues, the particular mutation(s) on the genome, the concen
trations of a series of molecules in blood or urine, the existence of a kind 
of bacteria or virus, and so on. Molecular biomarkers including chemical 
and biological molecular characters have attracted intense attention 
from the new century. Depending on the development of molecular 
biology and chemical biology, it is more convenient to identify the 
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special molecules as the biomarkers of particular biological objects now. 
Comparing with other characteristics, a representative molecule is al
ways endowing with some advantages such as better recognizability and 
a more straightforward signal readout. Usually, the molecules collected 
from body fluid systems, cells, and tissues cultured in vitro can be still 
applied as accurate markers, making the detection process easier to 
operation and lower risk. Nowadays, numerous molecular biomarkers 
have been identified as targets for disease diagnosis, molecularly tar
geted therapy(Hood et al., 2004), biological research(Czapla and 
McPhail, 2015; Dimri et al., 1995), and even in environmental moni
toring(Abdel-Halim et al., 2006; Marin and Matozzo, 2004). Bio-related 
molecules, such as nucleic acid, protein, lipid, and small ions which may 
participate in the bioprocess are the most prominent molecular bio
markers. For example, the level of microRNA is interrelated with many 
kinds of cancers(Lu et al., 2005; Qiu et al., 2018) and neurological dis
eases(Christensen and Schratt, 2009); abnormal DNA methylation is 
considered as a biomarker of neck squamous cell carcinoma(Herman 
et al., 1995), cardiovascular disease risk(Zhang and Zeng, 2016), and 
other disease(Jones, 2012); the prostate-specific antigen is now a gen
eral clinical biomarker for prostate cancer(Catalona et al., 2011); the 
activity of multitudinous enzymes such as telomerase(Wang et al., 
2017b), glycosylase(Zhang et al., 2018b), metalloproteinase(Wang 
et al., 2016), and others are also found to involve in cancers; the 
intracellular concentration of the trace elements such as Fe2+, Cu2+, 
Zn2+ are important for human health(Halliwell, 1996; Stohs and Bagchi, 
1995). These molecular biomarkers exist not only in bioactive systems 
including cells and tissues, but also across a wide spectrum of body fluids 
including serum, lymph, and urine(Mitchell et al., 2008). Due to the 
convenience of biofluid extraction, these molecules are suitable candi
dates for liquid biopsy which is quite popular in diagnostics and pa
thology in recent(Diaz and Bardelli, 2014). One of the research pursuits 
in this field is to detect molecular biomarkers in a fast and accurate way. 
A particular example is the Corona Virus Disease 2019 (COVID-19) that 
outbreak globally in a short time in 2020(Wu and McGoogan, 2020; 
Zhou et al., 2020a). Early diagnosis is critical to block the infection. 
However, only the real-time quantitative PCR (RT-qPCR) could provide 
reliable results in the first months(Liu et al., 2020b; Pfefferle et al., 
2020). The RT-qPCR process costs several hours for an experienced 
person in the laboratory to verify the existence of the virus (named 
SARS-CoV-2) in each sample. As a result, few people are diagnosed and 
quarantined in the first place. The low efficiency limited the whole 
world to restrict the spread of the plague, as well as the deal with the 
virus. To date, the COVID-19 has spread toward more than 200 nations 
(Bettinelli et al., 2020; Lone and Ahmad, 2020). In total, over 200 
million people were infected and more than 4 million of them died (data 
from Johns Hopkins University, https://www.arcgis.com/apps/dashboa 
rds/bda7594740fd40299423467b48e9ecf6). Although vaccines have 
been developed and promoted globally, the number of the infected 
keeps increasing because of the unexpected mutation of the virus(Call
away, 2021). So that efficient clinical diagnosis and quarantined are still 
necessary to eradicate the virus. The good news is, during these months, 
scientists have introduced dozens of methods for rapid and sensitive 
detection of the virus(Han et al., 2021; Koh and Cunningham, 2020; 
Pang et al., 2020; Qiu et al., 2020; Vandenberg et al., 2021; Xiong et al., 
2020). Obviously, better strategies that are more convenient to use 
should be well prepared to keep waiting for the summoning of the world. 
People can probably adapt to the plague today, but we must be prepared 
well for tomorrow. 

1.2. DNA-based biosensors 

In general, the biosensor is a platform that can convert the invisible 
properties of a special target into a readable digital signal(Wang, 2008). 
To date, the electronic, fluorescent, chemiluminescent, and many other 
kinds of signals have been applied as the readouts of the biosensors 
(Chen et al., 2003; Fan et al., 2008). Lots of biosensors have been widely 

introduced in the fields of analytical chemistry, bioanalysis, food 
chemistry, and clinical diagnosis(Arya et al., 2006). It is a promising 
direction that using the biosensors for detection of molecular bio
markers. To date, some biosensors such as the famous glucometer have 
already performed well in their detection tasks(Wang, 2001). However, 
as we mentioned above, more biosensors are still urgent demands for the 
analysis of the newly generated biomarkers rapidly and sensitively. It is 
also challenging to make the biosensors working in living cell systems or 
even in living bodies. 

DNA is a well-known biomacromolecule that is famous for its func
tion of gene regulation in the biological field. In recent decades, DNA has 
also been identified as a kind of nanomaterial by scientists(Seeman, 
2010). As a material, DNA is believed to be endowed with the following 
properties: i) Biocompatibility: The biomacromolecule such as DNA is 
better to be accepted by the biosystem; ii) Stability: The DNA molecule 
can maintain its original structure in relatively acid or basic conditions, 
and can also recover from even 95 ◦C denaturing process after cooling 
down; iii) Specificity: Not only because of the principles of Watson-Crick 
base pairing but also because of the special recognition between the 
DNA aptamers and the targets, which was newly developed in recent 
years; iv) Programmability: The sequence of a DNA strand is highly free 
in design, and the construction of different structures can be achieved 
through artificial control. Taking these great advantages, people have 
fabricated many biosensors using DNA as the substrate. DNA-based 
biosensors have been used extensively for chemical, biological and 
medical applications (see Scheme 1). In this review, we will introduce 
the recent design of DNA-based biosensors for high-performance mo
lecular biomarker analysis. In addition, we will also discuss the possible 
future direction of DNA-based biosensors design. 

2. Design of DNA-Based biosensors 

2.1. DNA-amplification related methods 

When we talk about “high performance”, higher sensitivity is prob
ably a general character. So finding some pathway to amplify the signal 
to improve the sensitivity of the sensors will definitely provide high 
performance of the systems. For the DNA-based biosensors, the DNA 
substrate is the key that is usually applied for amplification. Starting 
from the polymerase chain reaction (PCR), which won the Nobel Prize in 
1993(Mullis et al., 1986), scientists have brought a wealth of strategies 
for DNA amplification. In this chapter, we will discuss how people 
design the sensing platforms utilizing different DNA-amplification 
methods, including enzyme-dependent and enzyme-free methods 
respectively. We will talk about how people keep the sensitivity as well 
as ensuring the stability of the whole platform. 

2.1.1. Enzyme-dependent strategies 
It is no doubt that the PCR is a powerful and widely applied tech

nique. Products as high as even 106-fold of the targets can be obtained 
within a 2h reaction. So that a signal response to a target with a con
centration low to nanomolar (nM) level can be observed through the 
PCR detection method. As a development of the regular PCR, real-time 
quantitative PCR (RT-qPCR) has also been established to achieve a 
more convenient way for biomarkers detection(Livak and Schmittgen, 
2001). Linking with the advanced instrument, RT-qPCR technique al
lows people to obtain the step-by-step readout during the PCR process, 
thus making the analysis more rapid and precise. As we mentioned 
above, the RT-qPCR is the earliest method that was applied for the 
clinical diagnosis of SARS-COV-2(Bustin and Nolan, 2020; Corman 
et al., 2020; Wang et al., 2020e). However, the biggest limitation of PCR 
in practical applications is the complicated temperature alternate pro
cesses. Temperature as high as 95 ◦C is necessary for a complete PCR, 
and many of the molecular biomarkers may be denatured under such an 
extreme environment. In the late 1990s, more enzymes were discovered 
and they worked in a friendlier environment. Since then, numerous 
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Scheme 1. Basic concern of DNA-based biosensor. DNA is a material of target probe, signal transducer, and reporter carrier.  

Fig. 1. Basic principle of the enzyme assisted DNA amplification reaction (A) loop-mediated isothermal amplification (LAMP) (B) rolling circle amplification (RCA) 
and (C) strand displacement amplification (SDA). 
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methods with simple temperature-controlled processes (isothermal, as 
so-called) have been introduced to build DNA-based biosensors(Zhao 
et al., 2015). For example, the loop-mediated isothermal amplification 
(LAMP, Fig. 1A) that works under a constant temperature (63–65 ◦C) 
performed good amplification efficiency(Notomi et al., 2000). Further
more, some methods that work under gentle temperature (close to room 
temperature) were achieved. The rolling circle amplification (RCA, 
Fig. 1B) processes under a constant 30 ◦C(Dean et al., 2001), and the 
nicking-enzyme dependent strand displacement amplification (SDA, 
Fig. 1C) worked at around 25 ◦C(Walker et al., 1992). Compare to PCR, 
the isothermal methods are more convenient so that they have been 
applied for biosensors design widely(Liang et al., 2020; Tröger et al., 
2015). In most recent, Yan et al. introduced a reverse transcription 
LAMP assay for the rapid detection of SARS-CoV-2(Yan et al., 2020). 
They designed the primers specific to the orf1ab and S genes of the virus 
and used a commercially purchased Loopamp RNA amplification kit to 
carry the detection process. As a result, they achieved a 100% specific 
detection within 30 min, showing that the LAMP assay can be a powerful 
tool for the detection of the SARS-CoV-2. 

Nowadays, scientists do not satisfy with the μM/nM level in the limit 
of detection (LOD) of the DNA-based biosensors, so more sophisticated 
designs were proposed. Generally, people combined several amplifica
tion cycles, where the product(s) of the first cycle may initiate the next 
cycle(s), to realize the extension of the amplification process. Such a 
process was always called “exponential amplification” or “cascade 
amplification”(Li et al. 2020a, 2020b; Qiu et al., 2018; Zhao et al., 
2019b). The name “exponential amplification reaction” was first pro
posed and abbreviated as EXPAR by Galas and coworkers in 2003(Van 
Ness et al., 2003). Now the EXPAR idea has been widely developed in 
the detection of different targets(Huang et al., 2018b; Reid et al., 2018). 
There is a basic idea on the design of such a biosensor: First of all, you 
need a probe that can recognize and react with the target, and the re
action may generate product1. Then the new assistant probe is added 
into the system to recognize and react with the product1, triggering the 
new amplification cycles. The final amplification product will be used 
for the output such as fluorescent or electric signals. 

The key of such a design is how to combine different cycles effi
ciently. Different amplification reactions should be compatible so that 
they won’t interrupt each other. Huang et al. reported a multiple 
primers-like RCA platform for the detection of DNA methyltransferase 
(MTase) (Fig. 2A) (Huang et al., 2017). They used a dumbbell-like 
template with special DNA sites for MTase recognition. The RCA pro
cess could keep going only in the presence of the target because the 
methylation may protect the intact template from digestion. To increase 
the sensitivity of this platform, they introduced several nicking sites for 
recognition of the nicking enzyme Nb.BbvcI, during the proceeding of 
RCA, the long-chain product would be cleaved by Nb.BbvcI, generating 
multiple short-stranded DNA which could work as the new primers to 
initiate new RCA cycles. As a result, 0.001 U ml− 1 of LOD was achieved. 
The Zhang group reported a couple of designs of the DNA biosensing 
platforms that contained multiple amplification cycles with high sensi
tivity(Wang et al., 2018; Zhang et al. 2017, 2018b, 2019b). One of the 
highlights of Zhang’s work is the new enzymes they adopted, such as 
Endonuclease IV and RNase HII (Fig. 2B) (Wang et al., 2018). These 
kinds of enzymes were applied as a highly specific substitute of the 
nicking enzyme, thus making the designed sensing platform selectively 
respond to the target only(Li et al., 2020d). During the development of 
enzyme engineering, more and more enzymes with unique functions 
have been introduced and employed in the construction of DNA-based 
biosensors to improve the performance of the systems(Sun et al., 
2018). In most recent, an impressive system-CRISPR/Cas (Cluster 
Regularly Interspaced Short Palindromic Repeats) (Cong et al., 2013) 
has been introduced in the design of biosensors(Aman et al., 2020; 
Huang et al., 2018b; Li et al., 2019b). As the most compelling 
gene-editing tool, CRISPR/Cas has been demonstrated to perform effi
cient and accurate DNA detection, so the introduction of this system into 

the DNA-based sensing platform will definitely attract intense interest 
from researchers. Luo’s group reported an RCA-assisted CRISPR/Cas9 
platform for the detection of extracellular vesicle microRNA 
(EV-miRNA) (Wang et al., 2020d). In this platform, the RCA product was 
applied to initiate the subsequential Cas9-based cleavage. Using this 
platform, they identified multiple EV-miRNAs simultaneously in 
single-base mismatch resolution. Further, Sun et al. reported a sensing 
platform that combined SDA, RCA, and CRISPR/Cas9, such a system was 
applied to detect a pathogenic bacteria-E. coli O157:H7(Sun et al., 
2020). Zhang et al. introduced a method using CRISPR/Cas9-mediated 
proximity ligation assay to achieve the imaging of single-nucleotide 
variation in mitochondrial DNA in situ(Zhang et al. 2018a). In their 
method, the CRISPR/Cas9 system was applied for accurate recognition 
of the target site. Two DNA strands linked with the system would be 
brought proximity to assist the forming of a template. This template 
could be further applied for an RCA process to realize efficient signal 
amplification. In recent, a member of the CRISPR-associate protein 
family called Cas12a has been demonstrated shown unique collateral 
DNase activities(Chen et al., 2018; Li et al., 2018). People have linked 
Cas12a with other DNA-amplification methods to achieve high specific 
detection of targets include nucleic acids(Dai et al., 2019; Wang et al., 
2019a), enzymes(Du et al., 2021; Wang et al., 2020a), and small mol
ecules(Liang et al., 2019). Just recently, Broughton et al presented a 
SARS-COV-2 DNA Endonuclease-Targeted CRISPR Trans Reporter 
(DETECTR) which combined CRISPR/Cas12 system with the LAMP 
method (Fig. 2C) (Broughton et al., 2020). Using this DETECTR strategy, 
they achieved a rapid and accurate detection of SARS-COV-2 with a 
visualized lateral flow paper-strip assay, gave a 95% positive predictive 
agreement within 40 min. 

One challenge of such a multiple-cycle design is the complicated 
assistant materials. People usually insert more than two amplification 
cycles to achieve a satisfactory sensitivity. The more cycles included, the 
more materials such as enzymes or oligonucleotides would be added into 
the whole system. Obviously, a complicated sensing platform is not good 
enough for a task in the situation which is also complicated because too 
many elements may interrupt the expected procedure through the non- 
specific reactions. To overcome this drawback, the Kong group proposed 
an integrated probe design strategy to build a sensing platform of high 
performance in recent. They designed a hairpin-like DNA template that 
could react with targeted MTase (Fig. 2D) (Cui et al., 2019b). The 
product would initiate an SDA process, which generated new primers 
that retroacting on the hairpin template and triggering another SDA. 
Therefore, the original DNA template played triple roles as a probe of the 
target, a template of signal amplification, and a reporter of fluorescence. 
The integrated design avoided the requirement of the superfluous 
auxiliary materials, thus simplifying the whole sensing system. In recent, 
the same group proposed a more integrated probe constructed with only 
one DNA strand, which was termed as probe-amplifier-reporter tri
functional integrated platform (PARTIP) (Fig. 2E) (Cui et al., 2019a). 
Using terminal deoxynucleotidyl transferase (TdT)-a 
template-independent polymerase, they applied a single probe DNA 
strand as the substrate to be elongated in the presence of the target. Then 
the elongated product could also play as the substrate to react with the 
probe thus initiating the signal amplification itself. Moreover, scientists 
demonstrated that the TdT assisted DNA-amplification method could be 
applied for sensitive detection of different molecular biomarkers in a 
one-pot way with only simple modification, thus offering a promising 
strategy for simplified biosensor design. In most recent, Jiang et al. have 
improved the PARTIP design to construct a sensing platform to detect 
Pb2+ in food and water samples(Jiang et al., 2021). Combining the TdT 
assisted amplification and CRISPR/Cas12 method, Zhang et al. have 
introduced a high-performance sensing system to detect polynucleotide 
kinase(Zhang et al., 2021). 

During the development of DNA nanotechnology, DNA-based 
nanodevices have been introduced to construct the DNA-based bio
sensors. Combining with the DNA-amplification process, DNA 
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Fig. 2. Design of the DNA-based biosensors depended on enzyme-assisted DNA amplification processes. (A) The nicking-enzyme-dependent exponential RCA 
method. Reproduce from ref. (Huang et al., 2017) with permission from the Elsevier, copyright 2017 (B) High specific RNase HII assisted multiple amplification. 
Reproduce from ref. (Wang et al., 2018) with permission from the Royal Society of Chemistry, copyright 2018 (C) Cas12 related amplification system for detection of 
SARS-CoV-2. Reproduce from ref. (Broughton et al., 2020) with permission from the Nature Publishing Group, copyright 2020 (D) SDA-based multi-cycle ampli
fication using the integrated probe. Reproduce from ref. (Cui et al., 2019b) with permission from the Royal Society of Chemistry, copyright 2019 (E) Design of the 
probe-amplifier-reporter trifunctional integrated platform (PARTIP). Reproduce from ref. (Cui et al., 2019a) with permission from the Royal Society of Chemistry, 
copyright 2019 (F) Nicking-enzyme assisted DNA nanowalker platform using target ssDNA as the fuel. Reproduce from ref. (Wang et al., 2017a) with permission from 
the American Chemical Society, copyright 2017. 
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nanostructures have been proved that can highly improve the detection 
efficiency for DNA-based biosensor construction. One typical instance is 
the DNA walker, which is well known in the field of DNA nanorobot and 
DNA computing(Jung et al., 2016; Omabegho et al., 2009; Qian and 
Winfree, 2011). Wang et al. reported a DNA origami-based nanowalker 
device for sensitive detection of target nucleic acids (Fig. 2F) (Wang 
et al., 2017a). They built a rectangular DNA origami substrate with 
extended short DNA tails. Then quencher labeled stator stands were 
hybridize with the short tails. When the target DNA was added in, it 
would hybridize with the stator strand to form a double-stranded 
structure. The stator stand part of this double-stranded structure could 
be cleaved into two pieces by a unique nicking enzyme. The structure 
would become unstable because of the cleavage, so the quencher labeled 
part could be released and the target strand could walk to hybridize with 
another stator stand. Finally, the fluorescent signal could be observed 
because the quenchers had been released. In this DNA walker platform, 
one target DNA strand can walk dozens of steps, triggering the cleavage 
of the stator stands thus achieving the signal amplification. Besides the 
flat-surface substrates, spheres such as gold nanoparticles (AuNPs) are 
also popular for DNA nanowalker construction now. The stator stand can 
be easily anchored on the surface of AuNPs and targets including nucleic 
acids and proteins can be detected(Qu et al., 2017; Yang et al., 2016; 
Zhang et al., 2015; Zhao et al., 2021). 

2.1.2. Enzyme-free strategies 
The enzyme-based DNA amplification strategies have shown good 

potential in the design of high-performance DNA-based sensing plat
forms. However, it sometimes failed when working in a complicated 
environment because the efficiency of the enzymes cannot be well 

controlled. In addition, it is a big challenge for the exogenous enzymes to 
cross the cellular barrier to work the living system. Some methods such 
as nanoparticle carrier and transfection strategy have been introduced to 
facilitate the enzyme-assisted DNA amplification biosensors entering 
living cells to perform intracellular detections(Deng et al., 2014; Zhang 
et al., 2019a; Zhou et al., 2019). However, it remains drawbacks. For 
example, the enzymes may be digested by the intracellular proteases, 
and the exogenous enzymes may trigger unexpected immune responses. 
Some scientists took a detour through the enzyme-free DNA amplifica
tion pathway, such as hybridization chain reaction (HCR) (Dirks and 
Pierce, 2004) and catalytic hairpins assembly (CHA) (Yin et al., 2008), 
both of which were first proposed by Pierce’s group. The driving force of 
both CHA and HCR is toehold-mediated DNA hybridization(Zhang et al., 
2012). As shown in Fig. 3A&B, two hairpin-like DNA templates can 
automatically be assembled in the presence of a single-stranded DNA 
initiator. 

These enzyme-free methods provide new directions for biosensor 
design. Over the past decade, dozens of biosensing platforms based on 
CHA or HCR were constructed and showed outstanding performance in 
the analysis of different molecular biomarkers both extracellularly and 
intracellularly(Choi et al., 2010; Huang et al., 2011; Kitamura et al., 
2020; Li et al., 2019a; Xing et al., 2020). Similar to the enzymatic 
strategies, people designed biosensors with branched HCR, or combined 
CHA/HCR method, to achieve the high sensitivity through multiple 
amplification cycles(Bi et al., 2017; Jiang et al., 2019; Shang et al., 2020; 
Wang et al., 2020c). Although the circumvention of enzyme utilization 
made the constructed sensing platform simpler and more convenient, 
the efficiency of the amplification reactions was limited without the help 
of the enzymes. Sophisticated sequence design through precise entropy 

Fig. 3. Basic principle of the enzyme-free DNA amplification reaction (A) hybridization chain reaction (HCR) (B) catalytic hairpins assembly (CHA) and (C) 
DNAzyme assisted amplification. 
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calculation may maximize the efficiency(Figg et al., 2020; Haley et al., 
2020; Zhang et al., 2012). However, people are still looking for some 
better strategies to improve it. Recently, a model that confining re
actants together in a limited space was shown to accelerate the reaction 
rate of the DNA stands displacement reactions through a locally 
concentrated mechanism(Bui et al., 2018; Chatterjee et al., 2017; 
Engelen et al., 2018; Ren et al., 2018). Inspiring by this model, scientists 
have developed some sensing platforms based on DNA nanotechnology 
for highly efficient intracellular biomarker detections. Huang et al. built 
a protein-scaffold DNA tetrad for intracellular miRNA detection 
(Fig. 4A) (Huang et al., 2018a). One streptavidin molecule was used as a 
core and four biotinylated hairpin DNA probes were conjugated on the 
core to construct a four-arm DNA nanostructure. The existed miRNA 

would trigger a crosslink HCR between two DNA tetrads. They achieved 
ultrasensitive and accurate miRNA imaging in living cells using this 
biosensor. Wei et al. reported a localized CHA (LCHA) platform con
structed by interval hybridization of DNA hairpin probe pairs to a DNA 
nanowire generated by alternating chain hybridization (Fig. 4B) (Wei 
et al., 2018). Comparing to the conventional CHA, they found that the 
LCHA performed a significantly more rapid response time and higher 
sensitivity toward miRNA in living cells. Just recently, Wang et al. 
proposed a quadrivalent tetrahedral DNA nanostructure (qTDN)-me
diated hyperbranched HCR (Fig. 4C) (Wang et al., 2019c). By assem
bling DNA hairpins at the vertexes of qTDNs, they discovered that the 
HCR between the qTDN-assembled hairpins had greatly accelerated 
reaction kinetics. People supposed this was because of the synergetic 

Fig. 4. Designs of the DNA-based biosensors dependent on the enzyme-free DNA amplification methods. (A) HCR between DNA tetrads based on the streptavidin- 
biotin scaffold. Reproduce from ref. (Huang et al., 2018a) with permission from the Royal Society of Chemistry, copyright 2018. (B) Localized CHA based on a DNA 
nanowire template. Reproduce from ref. (Wei et al., 2018) with permission from the Royal Society of Chemistry, copyright 2018. (C) Using qTDN structure to 
accelerate the efficiency of HCR. Reproduce from ref. (Wang et al., 2019c) with permission from the Royal Society of Chemistry, copyright 2019. (D) AuNP supported 
DNA nanowalker based on catalytic DNA cleavage of the DNAzyme. Reproduce from ref. (Peng et al., 2017) with permission from the Nature Publishing Group, 
copyright 2017. 
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contributions of multiple reaction orientations, increased collision 
probability, and enhanced local concentrations mediated by the tetra
hedral structure. Such a local-concentration acceleration can be ach
ieved through not only the tetrahedral DNA nanostructure(Ji et al., 
2021) but also other kinds of compact structures such as DNA Y-shape 
scaffold(Wu et al., 2020) and DNA nanolantern(Wang et al. 2019b, 
2021a). 

Besides this detour through the strand hybridization-related strate
gies, another pathway using cleavage catalytic DNAzyme as the key 
component is also popular in biosensor design. DNAzyme is a series of 
DNA that are endowing with catalytic activation(Brown et al., 2003; Liu 
and Lu, 2003; Wang et al., 2017c). A typical cleavage DNAzyme includes 
three components: a catalytic DNA strand with a unique sequence; a 
cleavable substrate strand, which usually contains one ribonucleotide 
site; and a special ion that may be selectively recognized by the catalytic 
strand thus initiating the cleavage (Fig. 3C). The catalytic strand and the 
substrate strand are partially complementary and hybridize with each 
other. In the presence of the special metal ion, the cleavage activation of 
the catalytic strand will be initiated, resulting in a truncation of the 
substrate strand at the ribonucleotide position. Through the DNAzyme 
system, DNA cleavage can be realized without any help from exogenous 
proteinaceous enzymes. Therefore, a sensing system constructed based 
on the DNAzyme can achieve an efficient signal amplification without 
the protein substrates. To date, DNAzymes responding to Mg2+, Cu2+, 
Pb2+, Mn2+, Na+ and many other different ions have been proposed and 
widely applied for biosensor construction(Cao et al., 2020; Chen et al., 
2020; Huang et al., 2020; Nakama et al., 2020; Ren et al. 2020a, 2020b; 
Zhang et al., 2020c). The DNAzyme can work with the strand hybridi
zation methods synergistically to create a sensing platform based on 
enzyme-free exponential amplification(Liu et al., 2017b; Wang et al., 
2019d; Wu et al., 2017; Zhou et al., 2020b). Furthermore, combining 
DNAzyme and DNA nanotechnology is also a promising way for the 
design of DNA-based biosensors(Chen et al., 2017a; Meng et al., 2018). 
Le’s group reported a DNA walker system using DNAzyme as the trigger 
force for miRNA detection in living cells (Fig. 4D) (Peng et al., 2017). 
The structure was constructed by an Au nanoparticle decorated with lots 
of locked DNAzyme templates. The locked DNAzyme template included 
hundreds of substrate DNA strands and dozens of catalytic DNA strands. 
In the presence of the target miRNA, the catalytic strands will be 
unlocked. The catalytic strand could work as a “walker” to cleave 
multiple substrates one by one, thus achieving signal amplification 
without the addition of external materials. Motivated by this model, a 
few self-powered DNAzyme motors have also been introduced for the 
detection of different molecular biomarkers in vitro and in vivo in recent 
(Chen et al. 2017b; Liang et al. 2017; Liu et al. 2017a; Ma et al. 2018). 

2.2. DNA amplification-free strategies 

DNA amplification strategies are interesting and powerful to provide 
a sensitive signal to improve the performance of the DNA-based bio
sensors, but some scientists insist that amplification-free is the better 
access. Some people claimed that the nucleic acid amplification designs 
are overelaborate, time-consuming, costly, and (importantly) sometimes 
lose their specificity. By removing complex steps, DNA amplification- 
free detection can perform direct and rapid detection of target mole
cules. In fact, amplification-free is the style of DNA-based sensing 
strategy which existed much earlier. Such as the Southern blot and 
Northern blot from 1970s(Engler-Blum et al., 1993), they are important 
techniques for the detection of DNA and RNA, but how to improve the 
sensitivity is the problem since their birth. 

During the development of molecular biology and biochemistry, 
people can not only synthesize DNA strands with programmed se
quences but also make various particular modifications on the unique 
site of the DNA strands. In the past decades, attempts have been made to 
modify DNA with unique signal transducers to improve the performance 
of the sensors. The high selectivity and sensitivity of the novel 

transducer molecules make the signal amplification by the DNA- 
amplification process can be refrained(Dan et al., 2019; Kim and 
Winssinger, 2020; Thekkan et al., 2019; Tyagi and Kramer, 1996; Xu 
et al., 2017; Yang et al., 2019; Yue et al., 2020). Motivated by 
enzyme-linked immunosorbent assay (ELISA), some DNA-based sensing 
platforms have been proposed using modified DNA as substitutes for the 
conventional antibody. Li et al. proposed a DNA-based electronic sensor 
(Fig. 5A) (Li et al., 2016). They immobilized the hairpin-like DNA probes 
on the surface of the gold electrode. This probe can form a stable Y-shape 
structure with the target DNA and a reporter DNA strand. The reporter 
DNA contained a biotin modification so it can bind with the streptavidin 
(SA) linked horseradish peroxidase (HRP). The next steps would be quite 
similar to ELISA: HRP could catalyze the oxidation of TMB in the pres
ence of H2O2, resulting in the change of electronic signal. Some similar 
designs have been reported in recent, in which modified DNA probes 
were anchored on the surface of different kinds of electrodes, and the 
targets might bring some materials which acted as electronic trans
duction mediators to the electrodes through interaction with the DNA 
probes(Gong et al., 2017; Tripathy et al., 2017). Besides the design based 
on the hybridization between DNA strands, another approach using 
allosteric DNA is also a promising design for amplification-free 
biosensor construction. DNA with special sequences can fold into 
some unique three-dimensional structures such as G-quadruplex (Gq) 
and i-Motif (iM) (Simonsson and Sjoback, 1999). The conformational 
change will be utilized to generate different signals. As an early example, 
Nagatoishi et al. reported a sensing platform constructed by a 
guanine-rich sequence that can fold into stable Gq in the presence of 
K+(Nagatoishi et al. 2005, 2006). It is not difficult to imagine that the 
forming of Gq will bring the 5′ and 3’ ends of the single-stranded DNA to 
a proximal distance. So if there are some particular labels on these two 
ends, the change in distance may cause a readable signal. Nagatoishi 
used fluorophore-quencher pairs in their example, while other people 
using FRET or electronic transducers can also construct efficient sensors 
(Liu et al., 2020a). In recent Zhang et al. designed a special DNA strand 
with inserted azobenzene as the probe of the thrombin (Fig. 5B) (Zhang 
et al., 2020b). The probe was anchored on the electrode with one end, 
and modified with ferrocene on the other end. In the presence of tar
geted thrombin, the probe would fold into a Gq structure, thus bringing 
the ferrocene close to the electrode to generate the electric signal. In 
addition, the inserted azobenzene could perform a trans-cis structure 
change thus opening the folded Gq under UV-light irradiation. This 
cis-azobenzene might reverse to trans-structure under visible light, 
making the sensing platform regenerate. Nowadays, more and more 
unique DNA structures have been employed in the design of 
amplification-free biosensors by their allosteric characters. In recent, the 
Ricci group proposed a DNA-based nanomachine that can respond to the 
target antibodies and realize controllable DNA releasing for signal pro
duce (Fig. 5C) (Ranallo et al., 2017). In their design, the DNA probe was 
constructed by a hairpin DNA labeled with both ends and a signal DNA 
that can form a stable triplex structure with the hairpin. In the presence 
of the target, the two ends of the hairpin would be held on two separated 
sites of the target. The distance between the two separated sites was 
bigger than the end-to-end distance of the hairpin, so the triplex would 
be unfolded after this holding. Then the signal stand will be released 
from the unfolded triplex thus generating the signal. 

Another interesting DNA material that performs allosteric binding 
toward a particular target molecule is aptamers. In 1990, Tuerk and 
Gold introduced a series of short DNA oligos, which were selected 
through a technic called SELEX (Systematic Evolution of Ligands by 
Exponential Enrichment) (Tuerk and Gold, 1990). Similar to antibodies, 
the aptamers can recognize and bind to special target molecules, form
ing stable complexes with particular configurations. Nowadays, many 
DNA-based biosensors with aptamers as major components have been 
fabricated(Debiais et al., 2020; Tan et al., 2020; Zhao et al., 2019a). In 
most of the designs, aptamers worked as probes of the targets as well as 
signal reporters due to the allosteric recognition. Modifying with unique 
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Fig. 5. Designs of the DNA-based bio
sensors without the DNA amplification 
process. (A) The modified target nucleic 
acid strands can form a Y-shape structure 
with the probes anchored on the electrode 
for further electric signal transduce. 
Reproduce from ref. (Li et al., 2016) with 
permission from the American Chemical 
Society, copyright 2016. (B) Special DNA 
strands can form a G-quadruplex structure 
and bring the ferrocene molecules close to 
the electrode. Reproduce from ref. (Zhang 
et al., 2020b) with permission from the 
American Chemical Society, copyright 
2020 (C) Allosteric regulation of a DNA 
triplex structure to control the release of 
the signal strand by the targeted antibody. 
Reproduce from ref. (Ranallo et al., 2017) 
with permission from the Nature Publish
ing Group, copyright 2017 (D) An 
ATP-responsive mitochondrial probe con
structed based on hybridized PNA and 
DNA aptamer. Reproduce from ref. (Lin 
et al., 2020) with permission from the 
Royal Society of Chemistry, copyright 
2020 (E) Using the DNA aptamers as the 
probe of SARS-COV-19 for detection of the 
virus by a lateral flow assay. Reproduce 
from ref. (Kacherovsky et al., 2021) with 
permission from the Wiley-VCH, copyright 
2020.   
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signal transducer molecules, the aptamer-based sensing platform can 
perform highly efficient detection without any DNA amplification pro
cesses. For example, Lin et al. have reported an ATP-responsive mito
chondrial probe that can monitor the ATP level in living cells (Fig. 5D) 
(Lin et al., 2020). In their design, they hybridized a fluorophore and 
triphenylphosphonium (TPP) modified peptide nucleic acid (PNA) 
strand and a quencher modified ATP aptamer DNA strand. The recog
nition and binding of the ATP with the aptamer strand will release the 
PNA strand. The fluorescent signal can be observed because of the 
separation between the fluorophore and the quencher. During the 
development of SELEX, aptamers targeting toward more kinds of mol
ecules with higher efficiency have been screened, promoting the 
aptamer-related biosensors in the applications of a wide range of bio
markers(Iliuk et al., 2011; Meng et al., 2016). To date, people have 
successfully screened several DNA aptamers toward SARS-COV-19 
(Fig. 5E) (Kacherovsky et al., 2021; Zhang et al., 2020a). Since the 
discovery of these aptamers, the biosensors based on the interaction 
between the aptamer and the target have been proposed for detection of 
the SARS-COV-19(Amouzadeh Tabrizi et al., 2021; Chen et al., 2021; 
Deng et al., 2021; Idili et al., 2021). It has been demonstrated that the 
constructed biosensors can perform rapid and sensitive result without 
any DNA-amplification process. 

The amplification-free platforms require not only the sophisticated 
designs but also the high-resolution equipment. Thanks to the devel
opment of advanced technics and instruments, people can now observe 
the tiny signals more straightforward without any amplification. For 
example, the CRISPR/Cas9 system was integrated into a microfluidic 
chip in combination with a graphene-based field-effect transistor. Hajian 
et al. used this sensing platform for ultrasensitive detection of target 
DNA with a concentration as low as 1.7 fM without amplification 
methods(Hajian et al., 2019). Moreover, total internal reflection fluo
rescence microscopies (TIRF) (Lee et al., 2019; Peng et al., 2019), optical 
tweezers(Mitra and Ha, 2019; Shrestha et al., 2018), and nanopore 
technology(Wang et al., 2020b) are all great technologies that provide 
single-molecule level resolution. To date, more and more attempts using 
advanced high-resolution technologies to detect the signals carried by 
DNA have been reported(Hu et al., 2019; Li et al., 2020c; Mandal et al. 
2016, 2019; Wang et al., 2021b). Although the major concept is still 
based on the engineering development of the instruments themselves, 
we believe that scientists will focus on the design of DNA biosensors 
more to better link the instruments with large-scale molecular bio
markers in living systems in the future. 

3. Conclusions and outlook 

DNA-based biosensors have developed rapidly over the past two 
decades. Many designs of DNA sensing platforms have been proposed for 
response to different molecular biomarkers including nucleic acids, 
proteins, lipids, small ions, and many other molecules involved in the 
bioprocesses. Exquisite designs based on sophisticated sequence pro
grams, accurate base modifications, novel enzyme engineering, and 
modern nanotechnology, promoted the application of DNA-based bio
sensors both in vitro and in vivo. Nowadays, a variety of well-established 
DNA-based sensing platforms have been reported and widely applied in 
different fields including environmental monitoring, food safety, clinical 
diagnosis, disease prognosis, etc. The journeys ahead of these biosensors 
maintain two directions: making it more general, or more professional.  

i) A more general design means a biosensor more suitable for general 
people to use even at home. Usually, people need a final result in a 
simple and fast way. Time-consuming, complicated operation, high 
cost, and instrument dependency are all limitations to introduce a 
biosensor globally. For example, when people trying to confirm the 
existence of the SARS-COV-19, the lateral flow assay is definitely 
more achievable for a global analysis compared to the RT-qPCR. 

Maybe the striving of the engineers in handy equipment such as a 
household fluoroscope also encourages a biosensor to a wider audience. 
However, scientists in the chemical and biological fields also keep on 
going to make the biosensors more compact. DNA is a powerful tool, 
then how to reduce the required components, how to make the materials 
longer stable on a portable chip, how to transmit the signal of DNA to 
readable household equipment such as smartphone or glucometer, are 
all obstacles still waiting for perfect curvets. Some attempts have been 
proposed and we believe the mature designs will emerge sooner or later.  

ii) It is probably biologists rather than chemists who desire a more 
professional biosensor. An ideal biosensor may provide accurate in
formation to monitor the existence of a bioprocess or understand the 
mechanism. Therefore, it is very important to develop biosensors of 
high performance in living cells or even in living bodies. How to 
improve the permeability of the biosensor to cross the biological 
barrier, how to improve the anti-interference performance of the 
biosensors, how to maintain the high sensitivity, are the major 
challenges that have to be overcome. Obviously, DNA nanotech
nology provides more interesting ideas for the design of biosensors 
with higher sensitivity and better performance in living biosystems. 
Moreover, the development of advanced instruments has offered a 
more straightforward way for signal detection. Therefore, we believe 
the cutting-edge biosensors that combine DNA nanotechnology and 
nice apparatus will be raised as an encouraging direction. 
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