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Abstract: 

Nowadays, rapid, and accurate detection of SARS-CoV-2 is a challenging task due to its mutations. Therefore, scientists are 

developing novel methods to detect and prevent the spread of SARS-CoV-2 more effectively using different biomolecules. The 

current review mainly focuses on the functional nucleic acids (FNA), in-vitro selection of FNA, and development of FNA-

based biosensors and assays to detect SARS-CoV-2 infection and a summary of how these FNA are used to detect different 

targets effectively. Even though gold standard analytical methods are available to detect virus infections, and microorganisms, 

more specifically, those methods involve time-consuming, complicated sample pre-treatment and sophisticated instruments. 

Functional nucleic acid-based sensors have emerged as an alternative due to the benefits of non-destructive rapid analysis 

with in situ and real-time detection with high sensitivity and selectivity. 
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1 Introduction 

The emergence of the severe acute respiratory syndrome 

coronavirus type 2 (SARS-CoV-2), known as the Corona 

Virus Disease 2019 (COVID-19) outbreak in December 

2019, caused the global pandemic [1]. Coronavirus is an 

RNA-type virus usually associated with pneumonia and the 

common cold. However, the first human coronavirus was 

identified in 1960 [2], and later, an outbreak of severe acute 

respiratory syndrome (SARS) was reported in Guangdong 

province, southern China, in 2002 and was etiologically 

identified as a novel coronavirus (CoV). The CoV belongs 

to the genus b-coronavirus and is designated SARS-CoV 

[1]. Due to the SARS-CoV, nearly 8422 people were 

infected, which caused 916 deaths in 30 countries on five 

continents in 2002 – 2003 [2,3]. SARS is due to an airborne 

RNA virus that spreads directly through the droplets of 

saliva and indirectly via surfaces exposed to a SARS-

infected person [4]. 

Furthermore, SARS-CoV is known to have a zoonotic origin 

and is transmitted from an animal reservoir traced back to 

the Chinese horseshoe bat (Rhinolophus sinicus) [5]. SARS-

CoV was identified as a highly lethal viral disease, and it 

disappeared with time due to intense health mitigation plans. 

SARS-CoV and SARS-CoV-2 are genetically similar, and 

the basic reproductive rate (R0) for SARS-CoV-2 has been 

identified as 2.5 and 2.4 for SARS-CoV [6]. COVID-19 

threatens human health around the globe due to its spreading 

over the globe with unimaginable rate and scale; therefore, 

World Health Organization (WHO) declared COVID-19 as 

a global pandemic on 11th March 2020 [7]. COVID-19 has 

infected 442 million and caused the deaths of 5.98 million 

people worldwide [8]. According to the latest statistics, the 

pandemic affects the world economy and public health 

infrastructure, severely stagnating the global economy.  

SARS-CoV-2 is a relatively large, spherical-shaped, linear 

single-stranded positive-sense RNA ((+) ssRNA) genome 

encapsulated by a membrane envelope. The RNA genome is 

responsible for the encoding of essential proteins of viruses 

such as a spike glycoprotein (S), nucleocapsid protein (N), 

membrane protein (M), and a small envelope protein (E), as 

shown in Fig.1. Spike proteins consist of three similar 

monomers and two distinct subunits known as S1 and S2. 

The S1 proteins on the viral membrane are responsible for 

the crown-like appearance of the coronavirus. The S1 

subunits also consist of the receptor binding domain (RBD) 

and the N-terminal domain (NTD). The RBD uses human 

angiotensin-converting enzyme-2 (ACE-2) as a receptor on 

the host cell for attachment and plays a significant role in the 

infection process of human respiratory epithelial cells [1,9]. 

Whereas the subunit S2 immobilizes the spike protein on the 

host cell membrane and facilitates the fusion of the viral 

envelope within the host cell membrane. The N protein 

encloses the viral genome, and the other S, E, and M proteins 

integrate to form the virus's outer shell, which functions as a 

protective barrier. 

Physical and clinical indications of COVID-19 vary among 

the infected people, and the reports revealed the existence of 

symptomatic and asymptomatic patients around the globe. 

Therefore, early diagnosis and treatment of suspected 

infected patients are required to control and confine the 

spread of COVID-19. However, viral proteins (e.g.: Spike 
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protein) and RNA are diagnostic molecules for detecting 

SARS-CoV-2. 

Detecting viral infection based on nucleic acids attracted 

scientists since it provides rapid and reliable information. 

Currently, the viral diagnosis is carried out by the 

polymerase chain reaction (PCR), which can amplify the 

fragments of the desired DNA genome. Over the years, with 

the advancement of technology, various PCR-based 

methods such as real-time PCR (RT-PCR) and reverse 

transcription polymerase chain reaction (RT-PCR), have 

been developed to detect nucleic acid efficiently and rapidly. 

PCR and reverse transcriptase-polymerase chain reaction 

(RT-PCR) tests have been identified as the gold standards 

for diagnosing COVID-19-infected patients. Nevertheless, 

attempts to suppress the spread of COVID-19 have failed 

due to limitations associated with these diagnosis methods, 

such as time consumption, expensiveness, pre-treatment, 

sample preparations, extensive labor, and lack of PCR and 

RT-PCR instruments. Also, reports revealed a high rate of 

false-negative results during the COVID-19 diagnosis. A 

possible explanation for this might be that the serum samples 

from the nasal cavity and throat may not contain enough 

genetic material to conduct respective tests. Since the 

genetic materials of the coronavirus are based on ribonucleic 

acid (RNA), it is challenging to carry out a PCR directly. To 

conduct the PCR, it requires converting the RNA sequence 

into the complementary DNA (cDNA) by reverse 

transcriptase enzyme. Therefore, PCR methods are 

ineffective in detecting coronavirus-infected people due to 

the higher infectious rate of the COVID-19 virus.  

Recently, scientists developed an immunoassay-based 

detection method known as a rapid test to identify SARS-

CoV-2 infected patients. The human immune system 

produces immunoglobulin G (IgG) and immunoglobulin M 

(IgM) due to the infection of SARS-CoV-2, and these 

antibodies protect against COVID-19. The new 

immunoassay-based detection test is based on an antibody's 

specific and rapid fusion to its respective antigen. In 

addition, the new detection method provides qualitative 

detection of IgG and IgM available in human serum, whole 

blood, or plasma within 10-15 minutes. However, these 

antibody tests can be performed only after the post-infection 

of COVID-19, not for the early detection of COVID-19 

infections.  

 

To overcome limitations associated with the PCR diagnosis 

methods, different alternative approaches, including 

isothermal methods such as rolling circle amplification 

(RCA), recombinase polymerase amplification (RPA), loop-

mediated amplification (LAMP)[10], nucleic acid 

sequences-based amplification (NASBA)[11], strand-

displacement amplification (SDA)[12], and isothermal 

exponential amplification reaction (EXPAR)[13] have been 

developed to replace the PCR diagnose methods. Due to the 

isothermal nature of these methods, sophisticated laboratory 

equipment for thermocycling is avoided and efficiently 

facilitates the cost-effective diagnosis of nucleic acid. 

Detection of COVID-19 based on isothermal techniques is 

yet to be developed. Therefore, the detection of COVID-19 

is limited for the RT-PCR, PCR, and antigen tests. However, 

access to RT-PCR equipment is still limited to countries 

such as low-and-middle-income countries with poor 

resources. 

 

 
Fig. 1. SARS-CoV-2 diagnosis methods and vaccines for SARS-CoV-2 

and schematic illustration of the SARS-CoV-2 virus 

Therefore, it is imperative to develop an alternative detection 

method to achieve effective and rapid detection of the 

COVID-19 infection, which is cost-effective and reachable 

to developing countries to prevent further spread.  

Recently, scientists utilized an interesting molecule known 

as functional nucleic acids (FNA) to develop biosensors to 

effectively diagnose COVID-19 since it provided the 

platform to create novel sensors. 

 

 
Fig. 2. (A) Evolution of the DNAzyme from metal detection to SARS-CoV-

2 detection, (B) In-vitro selection of the DNAzyme 

The current review mainly focuses on recent trends in 

developing effective diagnosis methods and assays based on 

FNA to detect SARS-CoV-2 infection and a summary of 

FNA-based biosensors developed so far to detect different 

targets effectively. 

2 Functional nucleic acid  

The advancement in biology over the past few decades 

proved that nucleic acids are not confined to storing and 

transmitting genetic information to the next generation. 
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Nucleic acids can be used as a versatile biomolecule, which 

functions beyond the genetic role. The functional nucleic 

acids consist of aptamers (single-stranded DNA/RNA), 

catalytically active RNA molecules (ribozymes), catalytic 

DNA (DNAzymes), and aptazymes (a combination of both 

aptamer and DNAzyme). Mainly aptamers and DNAzymes 

have been isolated via an in-vitro selection process as shown 

in Fig.2 (A), also known as the systematic evolution of 

ligands by exponential enrichment (SELEX). FNAs have 

been used to develop different biosensors to detect metal and 

pathogen contaminations due to their distinctive properties, 

such as precise and sensitive target recognition and catalysis. 

These FNAs can be produced cost-effectively in large 

quantities and are easy to modify compared to the other 

biomolecules. These FNAs can be integrated with diverse 

signaling methods such as fluorescent, colorimetric, and 

electrochemical to diagnose the analyte. FNAs are currently 

employed in various fields such as detecting metal 

contaminations, detecting therapeutic agents for cancer, and 

detecting diseases caused by pathogens. Therefore, FNAs 

are ideal for diagnosing COVID-19 due to their remarkable 

activity.  

2.1 In-vitro selection process/SELEX of DNAzymes 

The in-vitro selection process of DNAzymes starts with a 

DNA library consisting of approximately 50 nucleotides 

(N50) randomized regions flanked by the unique binding 

arms. The initial library contains ~1015 random DNA 

sequences in the catalytic core of the catalytic strand. The 

substrate strand embedded with the single ribonucleotide 

(rA) linkage [1,2] is kept in close proximity to the catalytic 

strand by the unique binding arms. Even though DNA and 

RNA contain the same functional groups, DNA differs from 

RNA due to the lack of a 2' hydroxyl group (2'–OH) in the 

pentose sugar. Therefore, the RNA molecule is more 

susceptible to hydrolysis than DNA[3] due to the availability 

of 2'–OH in the pentose sugar. 

In DNAzyme cleavage, metal ions are directly involved 

and affect the catalysis process differently [4,5]. In an RNA 

cleavage reaction, a cofactor (e.g.: metal ion) assists the 2'–

OH deprotonation to flank the covalent bond, making the 2'–

OH a strong nucleophile [6]. The nucleophilic attack (SN-2) 

by the deprotonated 2'–OH on the phosphorous centre causes 

the formation of the pentacoordinate intermediate, which 

split into 2', 3' – cyclic phosphate, and 5'–hydroxyl product. 

The cyclic phosphate group can be further hydrolysed with 

specific co-factors [6–9]. During the initial selection step, 

parameters such as concentrations of the metal ions, 

temperature, pH value, and incubation time are optimized to 

obtain a highly selective and sensitive DNAzyme.  

 

2.2 Aptamers: Brief Introduction 

An aptamer is a short oligonucleotide capable of binding 

to a specific target. Aptamers are excellent functional 

molecules selected via in-vitro selection / systematic 

evolution of ligands by exponential enrichment (SELEX). In 

1990, the isolation of aptamers was first reported by three 

research groups independently [10–13]. These groups 

developed in-vitro selection and amplification methods to 

isolate RNA sequences, which could specifically bind to 

specific targets with a higher degree of specificity [11,14]. 

These artificial single-strand RNA oligonucleotides were 

named aptamers and could fold into different structures. Due 

to the different structures, these aptamers exhibit high 

specificity for the target binding [11].  

The aptamer technology has attracted many research 

interests in different fields due to the identification of 

aptamers as unique molecules that are capable of forming 

strong interactions with a broad range of target molecules 

(e.g.: Protein, peptides, even whole cells, and metal ions 

such as K+, Hg2+, Pb2+).[15] Due to their folding ability, 

aptamers exhibit a higher affinity for the target molecules 

with a remarkable dissociation constant (Kd), ranging from 

picomolar to nanomolar [11,16]. These aptamers react in 

different ways with the target molecule, such as the 

incorporation of small target molecules (e.g.: metal ions) to 

the nucleic acid structure integration with the target 

molecule (e.g.: proteins) [17]. Aptamers are also described 

as “chemical antibodies” due to their in-vitro selection/ 

SELEX. The SELEX enables the synthesis and modification 

of aptamers for non-immunogenic and toxic molecules that 

are unable to obtain by the immune system [18].  

This process allows for the synthesis of aptamers for 

specific target molecules' particular regions, which is not 

easy for antibodies. Aptamers have become an essential 

molecular biological tool for diagnostics, biosensing, and 

therapeutics. Aptamer-based biosensors also possess 

advantages over sensors based on natural receptors, such as 

antibodies and enzymes. An aptamer with high specificity 

and affinity can be isolated via in-vitro selection using a 

synthetic library for a broad range of target molecules (small 

molecules to large proteins) and make it possible to develop 

a wide range of aptamer-based sensors [11,14]. The selection 

and isolation of aptamers can undergo amplification via 

polymerase chain reaction (PCR) to achieve higher 

reproducibility and purity than other sources. The DNA 

aptamers are also highly stable (able to tolerate harsh 

conditions such as high pH and high temperatures) compared 

to the proteins and antibodies [11,14]. Aptamers undergo 

conformational changes in target molecules' presence, 

offering great flexibility to design biosensors with higher 

sensitivity and selectivity [11,14].  

 

2.2.1 SARS-CoV-2 detection based on the Aptamer 

Aptamers, or the “chemical antibodies,” are recognized 

as versatile molecules due to their high specificity, and they 

provide advantages over the antibodies such as small size, 

rapid testing ability, higher chemical and thermal stability, 

ability to integrate with other compounds for the detection 

and amplification of signals and rapid and accurate 

modification. Therefore, aptamers have been identified as a 

potential tool to develop novel assays to diagnose COVID-

19 [19].  
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In 2020, Song’s group[20] isolated two novel aptamers 

that have been denoted as CoV2-RBD-1C and CoV2-RBD-

4C using the human ACE-2 in the SELEX process. The 

selected aptamers were ideal candidates for diagnosing 

SARS-CoV-2 RBD in patients’ samples due to their higher 

binding affinity and smaller size. The dissociation constant 

(Kd) values against the RBD been have recorded as 5.8 nM 

for CoV2-RBD-1C and 19.9 nM for CoV2-RBD-4C, 

respectively [20]. This discovery leads to the development 

of novel aptamer-based SARS-CoV-2 virus diagnosis 

methods. 

During the SARS-CoV outbreak in 2002, scientists 

identified the SARS-CoV nucleocapsid (N) protein as a good 

biomarker due to its higher detection sensitivity than the 

viral nucleic acid or antibodies in patients. Earlier, in 2011, 

Cho’s group[21] has used a single-stranded DNA aptamer 

(Aptamer 1) attached explicitly to SARS-CoV N protein. 

Later, Chen’s group[22] modified the previously identified 

DNA aptamer to detect the SARS-CoV-2 N proteins since 

both SARS-CoV N and SARS-CoV-2 N proteins share ~ 

91% sequence homology. They utilized the modified 

aptamers for the Enzyme-Linked Aptamer Binding Assay 

(ELAA) to investigate the detection of SARS-CoV-the 2 N 

protein. It revealed that the modified aptamers could detect 

SARS-CoV-2 N proteins with a low concentration of 10 

ng/mL [22]. 

Recently, Pramanik’s group[23] discovered that the 

SARS-CoV-2 S protein-specific DNA aptamer attached 

gold nanostars (GNS) could detect and prevent the infection 

of the virus. They utilized a distance-dependent nanoparticle 

surface energy transfer (NSET) spectroscopy to develop this 

novel assay to detect the SARS-CoV-2 virus infection in 

patients. In their strategy, DNA aptamer discovered by the 

song’s group has modified with a Rhodamine 6G (Rh-6G) 

dye, and it was fused with the GNS via thiol-gold linkage. 

Rh-6G dye fluorescence emission was drastically quenched 

via NSET due to the proximity of GNS. Upon incubating 

with spike antigen or virus particles, the DNA aptamer binds 

and facilitates the increase of the distance between GNS and 

RH-6G. This enables the sudden enhancement of the 

fluorescence in the sample. They reported that this novel 

assay could effectively detect SARS-CoV-2 S antigen at a 

concentration of 130 fg mL−1 and virus particles at a 

concentration level of 8 particles mL− 1[23].  

In another case, Chen’s group[24] had developed a highly 

sensitive assay utilizing the surface-enhanced Raman 

scattering (SERS)-based aptamer to detect SARS-CoV-2 

from the patients' sample lysates. To develop this novel 

sensor a previously discovered aptamer by Song’s group was 

used [20]. The S protein-specific DNA aptamer was 

modified by attaching Raman reporter molecules (Cy3) to 

the aptamer's terminal. It was immobilized onto the auto-

grown gold nano popcorn by DNA hybridization. Upon the 

incubation of the SARS-CoV-2 lysate, DNA aptamer binds 

with the S proteins in the lysate. It separates from the gold 

nano popcorn substrate due to the strong bond between DNA 

aptamer and S protein. The peak intensity of the SERS upon 

the new binding is monitored. Data indicate that the peak 

intensity of the Raman reporter molecule decreases with the 

increase in virus concentration. The research group reported 

that the sensor is capable of detecting SARS-CoV-2 virus 

particles with a limit of detection (LOD) of less than 10 PFU 

mL− 1 within 15 minutes. 

Subsequently, Zhang’s group[25] developed a high-

affinity dimeric aptamer DSA1N5 based on the earlier 

identified aptamer to recognize the S protein of the SARS-

CoV-2 wild type, Alpha variant, and Delta variant. The 

dimeric aptamer's polythymidine (polyp) linkage has 

significantly enhanced the binding affinity towards the S 

protein. This dimeric aptamer was capable of recognizing 

SARS-CoV-2 wildtype virus (Kd = 120 pM) and its B.1.1.7 

Alpha variant (Kd = 290 pM) and B.1.617.2 Delta variant (Kd 

= 480 pM) and also the pseudo-typed lentiviruses (PL), 

which are expressing the SARS-CoV-2 wildtype and alpha 

trimeric S proteins with the affinity constants of 2.1 pM and 

2.3 pM. The research group immobilized the DSA1N5 onto 

a gold electrode to develop an electrochemical impedance 

sensor to produce a susceptible diagnosis test for SARS-

CoV-2. This sensor could detect viral particles within less 

than 10 minutes from a patient's saliva samples. The clinical 

evaluation data indicate 80.5 % sensitivity and 100 % 

selectivity for the SARS-CoV-2 virus detection, which is on 

par with the rapid antigen tests to date. However, spike-

binding neutralizing antibodies in the saliva prevents the 

virus detection by aptamers and lead to the insufficient 

detection sensitivity of the virus [25]. 

Recently, Zhang’s group[26] reported a unique DNA 

aptamer (MSA52) that exhibits higher binding affinity 

towards the Alpha, Beta, Gamma, Epsilon, Kappa, Delta, 

and Omicron variants of the SARS-CoV-22 virus. The 

research group reported that MSA52 aptamer exhibits a 

higher binding affinity for all the variant S proteins, with Kd 

values ranging from 2 – 10 nM. This aptamer can also detect 

different types of S protein of SARS-CoV-2 expressed by 

the pseudo typed lentiviruses (PL) with a Kd value ranging 

from 20 – 50 pM [26]. 

2.3 DNAzyme: Brief Introduction 

The discovery of catalytic DNA (DNAzymes) in 1994 by 

Ronald R. Breaker and Gerald F. Joyce revolutionized 

biosensor development in analytical chemistry. These 

pioneer researchers isolated the first DNAzyme named GR-

5 by the in-vitro selection using Pb2+ ions as the specific 

cofactor, as shown in Fig.2(B). According to the literature, 

GR-5 exhibited the detection of Pb2+ ions with a rate of ∼1 

min−1 [1]. DNAzyme is a double-stranded molecule 

comprised of a catalytic and substrate strand. An RNA 

molecule was embedded into the substrate strand to achieve 

an RNA/DNA chimera. This ribonucleotide linkage acts as 

the cleavage site, while the catalytic strand acts as the target 

recognition site. However, DNAzyme exhibits remarkable 

specificity for the sequence of the substrate strand. Even a 

single mismatch in the DNA sequence affects the DNAzyme 

activity. Therefore, DNAzymes are recognized as 

exceptional molecules due to their higher sensitivity, 

selectivity, signal amplification ability, catalytic activity, 
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thermal stability, and cost-effectiveness attracting the 

attention of the researchers. To date, scientists have isolated 

various DNAzymes to catalyse different types of reactions, 

as shown in Table 1 in the presence of specific metal ions 

and metal oxides such as Pb2+, Cu2+, Mg2+, Ca2+, Co2+, Zn2+, 

Mn2+, Hg2+, and UO2
2+ions [27]. 

Table 1: Reactions catalysed by the different DNAzymes 

Reaction Cofactor Ref 

RNA cleavage Pb2+, Mg2+, Ca2+, Zn2+, 

Co2+, Cd2+, Mn2+, Ni2+, 
UO2

2+ 

[28–36] 

RNA ligation Mg2+, Zn2+, Mn2+ [37–41] 

DNA cleavage Cu2+ [42,43] 
DNA hydrolysis Mn2+, Zn2+ [44] 

DNA ligation Mn2+, Cu2+, Zn2+ [45,46] 

DNA adenylation Cu2+ [47] 
DNA phosphorylation Ca2+ [48] 

DNA depurination - [49] 

Phosphonamidite bond 
cleavage 

Mg2+ [50] 

Thymine dimer cleavage - [51] 

Carbon-carbon bond 
formation 

Ca2+ [52] 

N-glycosylation Ca2+ [53] 

Porphyrin metalation Cu2+ /Zn2+ [54,55] 

 

2.3.1 SARS-CoV-2 detection based on the DNAzyme 

Generally, DNAzymes carry two main activities: 

catalytic activity and peroxidase mimicking activity. 

DNAzymes with catalytic activity exhibit the ribonucleotide 

linkage's cleavage upon the specific analyte incubation. This 

cleavage facilitates the release of the DNA fragment from 

the DNAzyme substrate strand, which is utilized as the 

signalling molecule to develop the biosensors. These 

catalytic DNAzymes were already employed in virus 

detection and therapeutic application, as shown in Table 2. 

The peroxidase mimicking the activity of the DNAzyme has 

been incorporated to develop colorimetric biosensors. 

Formation of the G-quadruplex (G4) structure by guanine-

rich DNA sequence and upon the binding to the hemin, the 

G4/hemin complex exhibit the peroxidase activity by 

catalysing the oxidation of H2O2/2, 2’-azino-bis 

diammonium salts (ABTS2−) to (ABTS.+) and H2O2/3,3',5,5'-

tetramethylbenzidine sulfate (TMB) to oxTMB to generate a 

color change which the naked eye can observe [56]. The 

functional nucleic acids are not confined to storing and 

transferring genetic information. It can be used as a versatile 

biomolecule, which operates beyond nucleic acids' genetic 

role. G-quadruplex was extensively explored as molecular 

tool for various applications to develop recognition elements 

and catalytic units for bioanalysis and nanotechnology. 

Table 2: 10-23 DNAzyme-based gene down-regulation of the virus 

Virus Type DNAzyme target Ref 

Human immunodeficiency 

virus (HIV-1) 

HIV-1 tar,  

HIV-1 gag,  

tat/rev RNA,  
CCR5 

HIV-1 integrase 

CXCR-4 
ENV 

NEF 

Vpr 
env 

[57] 

[58] 

[59–62] 
[63] 

[64] 

[65] 
[66–68] 

[58] 

[69] 
[70] 

Dengue virus 5’cyclization 

sequence (5’ CS) 

[71] 

Human papilloma virus 

type 16 (HPV16) 

E6, /E7 

c-myc 

[72] 

[73] 

Huntington's disease (HD) Huntingtin mRNA [74] 
Human rhinovirus type 14 

(HRV14) 

5′-non-translated 

region (NTR) 

[75,76] 

Epstein-Barr virus (EBV) Latent membrane 
protein (LMP1), cis-

acting replication 

element 

[77–82] 

Respiratory syncytial virus 

(RSV) 

NS2       

F 

[83] 

[84] 

Japanese encephalitis  3’-Non-coding 
regions 

[85] 

Influenza A 

 

PB2 

M1 

[86,87] 

[88] 
Influenza B BM2 [89] 

Hepatitis B 

 
 

DR1 and PA [90] 

HBsAg, HBeAg [91,92] 

S [92,93] 

C [90,94] 
X [95,96] 

e [97] 

Hepatitis C Core protein [98,99] 
NS5B [100] 

NS3 [101,102] 

Internal ribosome 
entry site (IRES) 

[103] 

Autographa californica 

nucleopolyhedrovirus 
(AcNPV) 

pk1 mRNA [104] 

Enterovirus EV71 and CVB3 [105] 

 

In 2007, Wu’s[106] group reported using DNAzyme as a 

therapeutic agent and an effective screening method for 

detecting SARS-CoV infection. A DNAzyme, Dz-104, was 

developed with 9+9 arm sequences with conserved 15 

nucleotides catalytic motif of the 10-23 DNAzyme targeting 

the 5′ untranslated region (5′ UTR) of the SARS virus. The 

5′ UTR is mainly responsible for viral gene expression. The 

9+9 arm sequences were designed in a complementary 

manner to the 5′ UTR sequences to promote the effective 

binding of the DNAzyme with the viral RNA sequence. 

Wu’s group identified a highly conserved RNA sequence in 

the other SARS-CoV strains. The targeting of the 5′ UTR 

provides the opportunity to prevent viral gene expression 

and avoid the emergence of the mutant strains [106]. 

According to the results, the modified DNAzyme was 

capable of cleaving the 5′ UTR of the SARS-CoV 

effectively. A similar approach is possible to down-regulate 

the proliferation and develop effective vaccines against 

SARS-CoV-2. 

Anantharaj’s[107] research group recently utilized the 

DNAzymes peroxidase-like activity to develop a 

colorimetric sensor to detect SARS-CoV-2. The 

development of colorimetric-based sensors omits the 

requirement of highly sophisticated instruments such as 

fluorescence spectrophotometers for SARS-CoV-2 

detection. The research team designed the forward primer 

(P1A) and reverse primer (P1B), specifically corresponding 

to the SARS-CoV-2 genome. Both primers were modified to 

have a reverse complementary sequence of the DNAzyme 
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with the peroxidase activity. Samples isolated from the 

COVID-19-positive or negative patients were subjected to 

amplifying the SARS-CoV-2 genome via RT-PCR. The 

resultant amplified genome contains the peroxidase-like 

DNAzyme sequence due to the amplification of the primer 

sequences. In the presence of hemin/KCl and 2,2′-azino-

bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS)/ 3,3′,5,5′-

tetramethylbenzidine (TMB) solution mixtures, the color 

change was observed from colorless to greenish-blue color 

by the naked eye within 5 minutes. The LOD of this assay 

ranged from 101–107 copies, and the developed DNAzyme 

sensor was able to detect the SARS-CoV-2 with a threshold 

cycle (Ct) value of 35 with a better correlation with a Ct 

value of fluorescence-based real-time PCR [107]. This 

DNAzyme-based sensor provides the rapid, efficient, cost-

effective, and accurate diagnosis of COVID-19 by 

eliminating the need for expensive instruments. This 

DNAzyme based assay can be easily modified to detect the 

variants of the SARS-CoV-2 compared to the other existing 

methods. 

Later, Brink’s[108] research group developed a novel 

method designated “Rapidemic,” a label-free DNAzyme 

based assay to detect nucleic acid. This assay consists of 

three major components such as recombinase polymerase 

amplification (RPA), linear strand-displacement 

amplification (LSDA), and DNAzyme with peroxidase 

activity (G-quadruplex). Both RPA and LSDA are 

isothermal amplification methods used as an alternative 

amplification method to avoid the thermal cycling steps of 

the PCR. The research team combined the RPA and LSDA 

to amplify the specific nucleic acid sequence and DNAzyme 

with peroxidase mimicking activity as the signaling 

molecule. At the RPA stage, the target sequence was 

amplified and extended, and the primer was designed to have 

an overhang to introduce a short DNA sequence. This short 

DNA strand contains the reverse complementary sequence 

responsible for the recognition site for the nicking 

endonuclease enzyme and G-quadruplex sequence. The 

nicking endonuclease enzyme promotes the single strand 

cleavage at the recognition site of the amplified double-

strand DNA sequence. It facilitates the elongation of the 3′ 

ends of the nicked DNA strand by displacing the G-

quadruplex (G4) sequence. This G4 forms a 3-dimensional 

(3D) structure that consists of the peroxidase activity in the 

presence of the KCl and hemin. In the presence of hydrogen 

peroxide (H2O2), this 3D complex oxidizes the TMB and 

promotes the color change from colorless to greenish-blue 

color [108]. The research team already validated the 

performance of this method using Saccharomyces 

cerevisiae, and with further optimization, this method can be 

utilized as an effective diagnostic tool to detect viral 

infections due to its simplicity, easy modification, and cost-

effectiveness. Compared to the previous PCR-based 

diagnosis methods, this method provides accurate, time-

efficient diagnoses due to avoiding thermal cycling steps. 

Changing the primer sequences can be used to diagnose. 

However, this method still requires the conversion of the 

viral RNA genome to its cDNA by reverse transcriptase to 

amplify the sequences. With further modification, this 

obstacle can be overcome. 

The efficiency of SARS-CoV-2 detection by RT-PCR 

and rapid antigen tests is becoming limited because of its 

time consumption, the requirement of sophisticated 

laboratories, and, most importantly, the higher mutation rate 

of the virus. Therefore, at the current moment, detection 

methods with reliable, rapid, cost-effective, and ability to 

detect different variants are required to contain the further 

spread of COVID-19. Zhang’s[109] research group designed 

an ultrasensitive chemiluminenace strategy to address this 

issue to diagnose the SARS-CoV-2 virus. The research 

group combined the proximity hybridization and rolling 

circle amplification (RCA) technique to amplify the signal 

response in this design. RPA is also an isothermal 

amplification technique that utilizes circular DNA and phi29 

DNA polymerase (PolΦ29) to extend the DNA primer 

around the circular DNA to generate a long single-stranded 

sequence. This diagnosis method consists of the proximity 

ligand complex (Ab-1/SARS-CoV-2/Ab-2), block/primer 

complex, and cytosine-rich circular DNA. The research 

group designed two DNA-antibody conjugates (Ab-1, Ab-2) 

to identify the SARS-CoV-2 proteins to achieve higher 

sensitivity. This recognition of the SARS-CoV-2 proteins 

via Ab-1 and Ab-2 promotes the formation of the proximity 

ligand complex and facilitates the primer's displacement 

from the block/primer complex. The released primer binds 

to the circular DNA template and triggers the RCA reaction 

to synthesize guanine (G) rich long DNA sequence. This G-

rich DNA sequence assumes the G4, which exhibits the 

horseradish peroxidase activity in the presence of hemin. 

The resulting G4 catalyses the luminol/H2O2 releasing a 

strong chemiluminescence signal. The research group 

claimed that this assay was capable of detecting SARS-CoV-

2 with a detection limit of 6.46 fg mL-1 [109]. This assay 

provides higher sensitivity, selectivity, and an accurate 

diagnosis method to detect SARS-Cov-2 compared to the 

other peroxidase-like DNAzyme based methods. However, 

this method's major drawback is the cost-effectiveness due 

to the use of the antibodies. 

Pan’s[110] research group recently developed a novel 

strategy by utilizing an Mg2+ specific DNAzyme to develop 

a logical DNA circuit to diagnose COVID-19. The 

exonuclease III and DNAzyme activities were combined to 

promote the synergetic signal amplification. The major 

components of the DNA logic circuit were the input signals 

(SARS-CoV-2 specific DNA sequence and homologs 

sequence), exonuclease III, substrate strand, and three 

hairpin structures designated as H1, H2, and H3. In the 

presence of the specific sequence, both H1 and H2 

synergistically hybridized with the specific sequence via the 

3′ end overhangs and formed a partial duplex complex. This 

complex promotes the binding of exonuclease III, and upon 

binding of exonuclease III catalyzes the hydrolysis of the 

nucleotides from the 3′ ends of the H1 and H2 hairpin 

structures. Once the partial duplex is hydrolyzed, it releases 

the DNA1 and DNA2 strands required to construct the Mg2+ 

specific DNAzyme. Similarly, H3 interacts with the 
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homologous sequence. Upon the completion of the 

hydrolysis by exonuclease III, the catalytic enzyme strand is 

released from the H3/Homologous sequence complex. The 

synergetic hybridization of the enzyme strand, substrate 

strand, DNA1, and DNA2 strands promotes the formation of 

Mg2+ specific DNAzyme in the shape of the “H” junction. In 

the presence of the Mg2+ ion, the substrate strand cleaved 

into two DNA fragments due to the catalytic activity of the 

DNAzyme. The release of the FAM-tagged fragment from 

the substrate strand emits an intense fluorescence signal. The 

research group reported that the assay was capable of 

detecting COVID-19 in the range of femtometre (fM) [110]. 

Compared to the other DNAzyme based COVID-19 

diagnosis methods, this method contains dual recognition 

sites to identify COVID-19 and facilitate highly sensitive 

detection. However, this strategy consists of drawbacks such 

as the requirement of the fluorescence spectrometer to detect 

the fluorescence signal and conversion of the SARS-CoV-2 

genome into cDNA to facilitate the formation of the partial 

duplex complexes. 

Isothermal amplification techniques attract scientists to 

develop novel COVID-19 detection methods due to their 

simplicity, inexpensiveness, and rapidness over the RT-PCR 

and antigen tests. Reverse-transcriptase loop-mediated 

isothermal amplification (RT-LAMP)[111] and reverse-

transcriptase recombinase polymerase amplification (RT-

RPA)[112] methods were generally used to develop novel 

detection methods for the COVID -19 detection. However, 

the non-specific DNA amplification affects the detection 

process, and researchers incorporated a preamplification 

step to overcome this obstacle. This type of preamplification 

step was utilized in specific high-sensitivity enzymatic 

reporter unlocking (SHERLOCK) and DNA endonuclease-

targeted CRISPR trans reporter (DETECTR) systems for the 

detection of COVID-19.[113] Both SHERLOCK and 

DETECTR systems[113–115] are based on the Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) 

and CRISPR-associated (Cas) protein. Yang’s[116] research 

group recently developed a novel platform to detect nucleic 

acid called RNA-Encoded Viral Nucleic Acid Analyte 

Reporter (REVEALR) [116]. The research group designed 

the REVEALR by utilizing novel Xeno nucleic acid (XNA) 

derived XNAzyme 10-23 (X 10-23), a synthetic analog of 

the previously discovered 10-23 DNAzyme. The splitting of 

the X 10-23 into two parts facilitates the development of the 

multicomponent sensor to detect SARS-CoV-2. The 

research group modified the X 10-23 split halves with a 

reporter arm and a trigger arm, synthesized using Xeno 

nucleic acid derivative 2′-fluoroarabino nucleic acid. 

Reporter’s arms contain the complementary sequence for 

hybridizing the ribonucleotide embedded reporter sequence, 

consisting of a fluorophore and quencher molecules at the 

end of the sequence. The trigger arm includes the 

complementary sequence for the S-gene of the SARS-CoV-

2 genome. In the viral RNA target sequence, two catalytic 

cores of the X 10-23 self-assembled to generate an active 

DNAzyme. After the incubation in a pH 8.5 buffer 

containing MgCl2, the cleavage of the DNAzyme facilitates  

the release of the fluorophore from the DNAzyme complex. 

The released fluorophore emits an intense fluorescence 

signal. To achieve the atamolar (aM) level detection of 

SARS-CoV-2, the research group incorporated a 

preamplification by in vitro transcription (IVT) of viral RNA 

and RT-RPA. The research group reported that the 

developed sensor is capable of detecting COVID-19 with a 

limit of detection ≤ 20 aM (∼10 copies/μL)[116] within 1 

hour. This assay provides the rapid and accurate detection of 

COVID-19. This can be utilized for the early detection of 

many samples and prevent the spread of COVID-19 

effectively compared to other COVID-19 detection methods 

due to its unique characteristics. Apart from the diagnosis of 

the SARS-CoV-2 virus, FNA has been employed in 

detecting metal contaminations and pathogen 

contaminations. The following sections will discuss the 

utilization of DNAzymes to detect metal contaminations. 

3 DNAzyme based biosensors for the detection of 

various analytes.  

Human activities such as discharging industrial effluent, 

mining, coral & fossil fuel burning, waste dumping, 

pesticides, and herbicides consumption in irrigation release 

metals into the environment, increasing the exposure and 

causing severe damage to the environment and health [117] 

Therefore, detecting metals in the environment is vital in 

many aspects. Many bio-analytical techniques are being 

used to detect metal ion distribution and fluctuations in bio-

organisms. Various sensitive and highly accurate techniques 

are available to detect metals in the environment, such as 

atomic absorption/emission spectroscopy (AAS/AES) [118], 

Inductively coupled plasma mass spectrometry (ICP-MS), 

Inductively coupled plasma-optical emission spectrometry 

(ICP-OES)/Inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) which can detect trace amounts of 

metal ions. However, these techniques are costly and require 

laboratories, and expertise in sample preparation equipment 

handling, and prevents on-site or real-time monitoring of the 

samples [119]. Therefore, efforts have been taken to 

overcome the limitations to develop sensors capable of 

detecting metal ions in the in-situ environment. However, 

different sensors were developed over time, and research 

was focused on incorporating biological molecules such as 

proteins and peptides into sensors to develop biosensors.  

Biosensors have the advantage of fast analysis and higher 

sensitivity due to their characteristic features. The main 

components of the biosensors are the target recognition site 

and signal transduction. The target recognition site can be a 

protein, peptide, carbohydrate, or nucleic acid. These 

elements usually have a high metal-binding affinity, high 

selectivity for specific metal ions, fast reaction time, and a 

wide dynamic range for detecting ions [120]. Signal 

transduction is mainly responsible for converting the target 

recognition element reaction with the specific ions into a 

physically detectable signal. Depending on the signal 

transduction site, the signals can be colorimetric [65, 66], 

fluorescence [67, 68], or electrochemical [121–124]. Since 

DNAzyme consists of the target recognition site due to the 
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catalytic core and exhibits signal transduction due to the 

cleavage of the ribonucleotide linkage in the presence of 

specific cofactors intrigue the scientist to develop novel 

biosensors. The release of the DNA fragment of the 

DNAzyme substrate strand upon the incubation of the 

cofactor is utilized as the platform to develop various 

biosensors to detect different cofactors such as metal ions, 

etc. Hence, signal transduction methods such as fluorescent, 

colorimetric, and electrochemical have been incorporated 

into the DNAzyme to develop novel biosensors [125–127]. 

Fluorescence sensors are developed based on 

fluorescence-labelling organic chelators. Many 

biomolecules such as proteins and peptides emerged as 

potent compounds to achieve the fluorescence biosensor. 

Some of these attempts make remarkable progress in 

developing fluorescence biosensors to detect metal ions such 

as calcium (Ca2+) and zinc (Zn2+) ions. But the designing and 

synthesis of such sensors is a challenging process. 

Fluorescent detection attracted the attention of many 

researchers due to their unique properties since these 

fluorescence detection methods give an immediate response 

and can use for real-time detection of the analyte.  Due to the 

non-radioactive behaviour of the fluorescence labels, 

disposal and waste management is effectively achieved 

[128]. Since nucleic acids are non-fluorescent, all the 

fluorescence-based DNAzyme sensors are composed of an 

external fluorophore to achieve the fluorescence [125]. 

Therefore, the conversion of DNAzyme into sensor was 

achieved by incorporating a fluorophore (F) at the 5ʹ end of 

the substrate strand and incorporating the 3ʹ end of the 

catalytic strand of the DNAzyme with a quencher molecule 

(Q). 

Researchers have been using fluorescence based 

DNAzymes to develop novel biosensors. Many of them 

incorporated both fluorophore and quenchers to improve the 

detection of biosensors by reducing the background signal. 

The Li’s[77] group initially carried out this pioneering work, 

and afterward, many scientists followed the same path to 

develop the fluorescent-based DNAzyme biosensors. In the 

presence of the specific cofactor, the substrate strand is 

cleaved due to the catalytic activity of the DNAzyme. The 

release of the fluorophore attached DNA fragment of the 

substrate strand results in the sudden enhancement of the 

fluorescence signal. Both fluorophore and quencher 

molecules are arranged in close proximity to reduce the 

background signal. These F/Q pairs can be positioned 

differently to optimize the fluorescent signals, as illustrated 

in Fig. 3. It was reported that this F/Q pair hinders the metal 

ion binding to the catalytic core of the DNAzyme and 

facilitates the selectivity against other metal ions. 

 
Fig. 3. Schematic illustration of the different fluorophore and quencher 

(F/Q) arrangements on the DNAzyme (A) F and Q were placed next to the 
cleavage site flanking the cleavage site. (B) F and Q were placed at the two 

ends of the substrate strands. (C) F and Q were placed on the same side but 

with different strands. (D) A second Q was introduced on the other end of 
the substrate. (E) Nanoparticles as a quencher. (F) F and Q were placed at 

the two ends of a hairpin-shaped catalytic and molecular beacon (CAMB) 

However, the fluorescence-based DNAzyme biosensors 

require sophisticated, expensive instruments such as 

fluorescence spectrometers for fluorescence detection. To 

overcome this drawback, colorimetric-based DNAzyme 

sensors were developed [129]. These colorimetric 

biosensors exhibit a color change in the presence of the 

target molecule, which can be observed in the visible range. 

The development of colorimetric sensors provides easy 

analyte detection compared to fluorescence-based sensors. 

Usually, nucleic acid absorbs light at the ultra-violet (UV) 

range, and it is impossible to detect those signals in the 

visible range. Therefore DNAzyme based colorimetric 

sensors required color reporting groups; small organic dyes, 

conjugated polymers, and metallic nanoparticles [125]. Even 

though colorimetric biosensors provide the easy detection of 

the analyte, compared to the fluorescence-based biosensors, 

the sensitivity of the biosensor is relatively low. Apart from 

fluorescence and colorimetric-based DNAzyme sensors, 

electrochemical-based detection has been incorporated into 

the DNAzyme based biosensors. These electrochemical-

based DNAzyme sensors contains the advantages in 

practical applications such as; low instrumentation cost, 

higher sensitivity, reproducibility and rapid response 

compared to fluorescence and colorimetric DNAzyme based 

detection, high sensitivity provided by electronic devices. 

Plaxco’s[130] group first reported the development of the 

electrochemical-based DNAzyme biosensor in 2007. They 

reported that the biosensor was highly sensitive and capable 

of detecting the Pb2+ ions with the limit of detection (LoD) 

of 300 nM. They also claimed that the sensor could detect 

Pb2+ contamination in soil samples [130]. An overview of 

the use of DNAzymes with different signal transduction to 

detect various metals and metal molecules is summarized in 

Table 3.  

Table 3: Different types of sensors developed using DNAzymes for the 

detection of different analyte. 

DNAzyme 
Signalling 

method 
LOD Linear range Ref 

Na+ 

NaA43 FLR 135 µM 0.135–50 mM [131] 
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EtNa FLR - - [132] 

Mg2+ 

E5 FLR 10 mM - [29] 

Bipartite I FLR 10 mM - [133] 

17EV1 FLR 1.1 mM - [134] 

Mg2+ 
specific 

DNAzyme 

FLR 200 nM - [135] 

E6 FLR 300 pM 0–20 nM [136] 

Ca2+ 

Mg5 FLR - - [137] 

17EV1 FLR 2.5 mM - [134] 

EtNa FLR 17 μM - [127] 

UO2
2+ 

39E FLR 45 pM Up - 20 nM [36] 

39E FLR 2.4 pM Up -100 nM [138] 

UO2
2+ 

specific 

DNAzyme 

FLR 0.6 nM 
1.0 nM - 3.0 
μM 

[139] 

“ FLR 13 pM 30 pM – 5 nM [140] 

E-DNA FLR 100 fM 0.2 - 1000 pM [141] 

39E FLR 190 pM - [142] 

E-DNA CLR 20 pM 50 pM - 2 nM [141] 

UO2
2+ 

specific 

DNAzyme 

CLR 330 pM 0.5 - 15.0 ppb [143] 

“ CLR 0.08mg L_1 2.9 – 5.0 nM [144] 

Pb2+ 

GR-5 FLR 3.7 nM - 
[28], 

[145] 

17E FLR 7.8 nM - [145] 

8-17 FLR 600 pM Up - 200 nM [146] 

Pb2+- 

Specific 
DNAzyme 

FLR 5 nM - [147] 

8-17 FLR 61.8 pM Up - 100 nM [148] 

GR-5 

DNAzyme 
FLR 300 pM Up -100 nM [149] 

Pb2+- 

Specific 
DNAzyme 

FLR 0.5 nM - [150] 

“ FLR 0.2 nM 1.0  – 50 nM [151] 

“ FLR 1 nM - [152] 

GR-5 

DNAzyme 
FLR 0.1 nM 

200 pM - 100 

nM 
[153] 

8-17 FLR 3.9 nM 5.0 - 3.0 μM [139] 

17E FLR 1.7 nM 5.0 - 3.0 μM [154] 

17E FLR 10 nM 10 – 4.0 µM [155] 

GR-5 L-
DNAzyme 

FLR 3 nM 5 - 100 nM [156] 

GR-5 CLR 59.39 pM - [157] 

“ CLR 0.05 nM 0.01 - 100 μM [158] 

“ CLR 32 pM 102 - 108 pM [159] 

8-17 FLR 50 pM 
100 pM - 10 

μM 
[160] 

“ FLR 500 pM 
500 pM - 

100 nM 
[161] 

GR-5 FLR 3 nM - [162] 

GR-5 FLR 0.16 nM 0.5 – 75 nM [163] 

GR-5 ELC 290 fM 1 pM - 0.1 μM [164] 

GR-5 ELC 0.048 pM 
0.2 pM - 100 
nM 

[165] 

17E ELC 17.4 fM 
10−13 - 10−7 
molL−1 

[166] 

Pb2+- 
Specific 

DNAzyme 

FLR 0.3 nM 1.0 – 500 nM [135] 

“ CLR ~100 nM - 
[125,1

67] 

“ CLR 3 nM - [168] 

GR-5 CLR 0.05 nM 0.01 - 100 μM [169] 

“ ELC 300 nM - [130] 

“ ELC 0.028 nM - [170] 

8-17 ELC 1 nM - [171] 

custom Pb2+ 

DNAzyme 
ELC 96 pM 100 pM - 5 μM [172] 

8-17 ELC 0.07 pM 
5.0pmol/L-

2.0μmol/L 
[173] 

15−12 

DNAzyme 
Plasmon 8.0 nM - [174] 

Hg2+ 

Modified 

39E 
FLR 2.4 nM Up to 200 nM [175] 

E6 ELC 4.2 fM 
0.1 pM - 10 
nM 

[176] 

MZ ELC 23 fM 
0.1 pM - 200 

nM 
[177] 

E6 FLR 30 pM 0.1 - 5 nM [178] 

E6 CLR 33 pM 50 - 1200 pM [179] 

- CLR 5 pM 
10 pM - 100 

nM 
[180] 

Cu2+ 

Cu2+- 

Specific 
DNAzyme 

FLR 35 nM up to 20 µM [181] 

“ FLR 0.5 nM 1.0 – 50 nM [151] 
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“ FLR 1.0 nM 2.0 – 500 nM [135] 

“ FLR 500 pM 1–100 nmol L- [182] 

PSCu10 FLR 1.6 nM Up to 100 nM [183] 

Zn2+ 

9NL27 FLR 1 nM - [184] 

I-R3 FLR 1 nM - [185] 

ALP – PPi - 

Regulated 

DNAzyme 

FLR 20 pM 5 - 800 μM [186] 

Cd2+ 

BN-Cd16 FLR 1.1 nM Up to 100 nM [187] 

Abbreviations: CLR: colorimetric, ELC: electrochemical, FLR: 

fluorometric 

 

Furthermore, the development of biosensors using 

DNAzyme further expanded with the advancement of the 

technology and intrigued the scientists to utilize this 

remarkable molecule to develop novel sensors. This shows 

that the DNAzymes are not confined to a particular field, but 

there is still room for improvement.  

 

4 Conclusion  

This review comprehensively analyses the use of functional 

nucleic acids known as aptamers, and DNAzymes as a 

versatile tool in developing effective diagnosis methods of 

SARS-CoV-2 virus detection. The discovery of FNA 

revolutionized the designing of biosensors and assays with 

higher sensitivity and selectivity for the different analyte. 

The detection of SARS-CoV-2 via aptamers and DNAzyme 

is a novel discovery. It might provide the platform to develop 

sensors to detect micro-orgasms more effectively than 

traditional methods and treat SARS-CoV-2 virus infection 

effectively. We conclude that, even though FNA-based 

sensors and assays have extensive potential applications in 

various fields, more studies are vital to improving the 

selectivity, stability, and sensitivity of this fascinating and 

promising biosensor technology. 
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