
  

 1 

 

 

Electrochemical aptamer-based assays coupled to isothermal nucleic acid 

amplification techniques: new tools for cancer diagnosis 

 

Ramón Lorenzo-Gómez, Rebeca Miranda-Castro, Noemí de-los-Santos-Álvarez, María 

Jesús Lobo-Castañón* 

Dpto. Química Física y Analítica, Universidad de Oviedo, Av. Julián Clavería 8, 33006 

Oviedo, Spain. 

Declarations of interest: none 

 

* Corresponding Author. Email address: mjlc@uniovi.es 

 

Published in: Current Opinion in Electrochemistry, 2019, 14, 32-43 

DOI: 10.1016/j.coelec.2018.11.008 



  

 2 

 

Abstract 

Highly sensitive detection of cancer biomarkers in blood is key not only to find cancer 

at an early stage but also to help clinicians to decide the best treatment plan and to find 

how well treatment is working. To quantify the small changes in clinically validated 

biomarkers associated with carcinogenesis both selective receptors and signal 

amplification strategies of the recognition event between the receptor and the biomarker 

are highly in demand. This report covers the most recent developments in the 

integration of aptamer-based recognition of blood-circulating cancer biomarkers and 

isothermal nucleic acid amplification platforms with electrochemical readout, 

highlighting the potential of these novel tools, and the challenges to translate these 

assays to the clinical practice.  
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Introduction 

Early detection of cancer is crucial to increase the survival rate of patients. 

Nowadays, the efforts are focused on liquid biopsy, a method that relies on the presence 

of specific biomarkers in the serum of cancer patients. These tumor markers are mainly 

proteins present in low concentration levels in a high protein content medium, which 

hinders their detection. Enzyme-linked immunosorbent assays (ELISA) are the gold 

standard method for protein biomarker detection. These approaches rely on the use of 

antibodies, which are among the most selective, naturally occurring molecular 

recognition elements. However, they suffer from some limitations such as the batch-to-

batch variations in their production, and the cumbersome and challenging process 

needed for generating specific monoclonal antibodies, especially against non-

immunogenic molecules [1]. For this reason, new receptors able to overcome these 

drawbacks are needed. 

First reported in 1990 [2,3], aptamers are short single-stranded DNA or RNA 

oligonucleotides able to adopt special three-dimensional conformations that allow them 

to bind with great affinity and specificity almost any type of targets, from ions to cells. 

These affinity receptors are raised through an in vitro process called SELEX 

(Systematic Evolution of Ligand by EXponential enrichment) that mimics the natural 

selection. Besides holding advantages such as thermal and chemical stability, 

production by chemical synthesis without batch-to-batch variation and easy labeling 

with any marker molecule, aptamers have a dual behavior, both as nucleic acids and 

affinity receptor. This unique characteristic for an affinity ligand allows to transform the 

detection of any type of target into a nucleic acid quantification event, making possible 

the use of different nucleic acid amplification reactions to develop ultrasensitive 

analytical assays [4,5••]. Within this context, isothermal amplification methods, a set of 



  

 4 

increasingly popular alternatives to PCR, are of outstanding interest in the developing of 

sensitive aptamer-based analytical systems, as they do not require the cycling of 

temperature that is required for PCR, which is the most well stablished method for 

nucleic acid amplification.  

The combination of the selective biochemical recognition of cancer biomarkers by 

aptamers with isothermal nucleic acid amplification and the inherently simplicity, 

rapidity, cost-effectiveness and easy miniaturization of electrochemical readout, 

provides new opportunities for clinical diagnosis, with great potential for creating 

integrated platforms useful in decentralized point-of-care analysis [6•,7].  

This short review focuses on the latest advances made in the field of aptamer-based 

electrochemical bioassays and biosensors coupled to isothermal nucleic acid 

amplification techniques to achieve enhanced sensitivity in the detection of cancer-

related targets. We classify these approaches into three general groups, according to the 

isothermal nucleic acid amplification method employed. (1) Strategies implying 

DNA/RNA synthesis mediated by polymerases, including rolling circle amplification 

(RCA) and amplification by terminal deoxynucleotidyl transferase (TdT), (2) methods 

based on recycling schemes mediated by nucleases, such as exonuclease-assisted and 

nicking endonuclease-aided amplifications, and, (3) systems based on toehold-mediated 

DNA strand displacement, such as hybridization chain reaction (HCR) and catalytic 

hairpin assembly (CHA). Assays for thrombin have been included in this work because, 

though it is not a cancer biomarker, this protein has been widely used as a model target 

for the development of aptamer-based analytical systems. 

Polymerase-mediated amplified assays 

The most representative isothermal polymerase-mediated amplification method is 

rolling circle amplification (RCA). First reported in the mid-1990s [8,9], this in vitro 
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amplification technique consists in the replication of a circular single-stranded DNA 

template, performed by certain DNA and RNA polymerases (φ29, Bst, and Vent exo-

DNA polymerases for DNA, and T7 RNA polymerase for RNA), which extend a short 

DNA or RNA primer. It results in a long single-stranded DNA or RNA containing 

multiple tandem repeats of a sequence complementary to the original circular template 

[5••,10•].  

RCA has already been successfully integrated in aptamer-based assays for different 

targets of interest in biomedical analysis [10•] including proteins used as cancer 

biomarkers. Many of these assays rely on a sandwich format that implies the 

immobilization of antibodies or aptamers on the surface of an electrode or microplate 

well to capture target molecules from samples. Afterwards, the addition of a reporter 

aptamer extended with a primer region triggers RCA in the presence of a circular 

template and proper enzymes (Figure 1A). The linear extension of the aptamer around 

the circular template allows the sensitive detection of the target through the 

measurement of the thousands of oligonucleotide repeats generated as it will be 

explained below [11••–14].  

RCA has also been coupled to target-induced strand displacement assays. For this 

purpose, aptamers are immobilized as a duplex through hybridization with a partially 

complementary single-stranded DNA sequence (cDNA). Several formats are possible as 

indicated previously [15], depending on which strand is anchored on the assay platform. 

The target-aptamer complex formation induces the release of cDNA [16] or the aptamer 

[17•,18]. In any case, the cDNAs are designed with a primer region to anneal to the 

RCA template. Depending on which element is immobilized, target binding may lead to 

increasing signals (signal-on) or a signal decrease (signal-off). When the aptamer is 

immobilized, the more the target binds to the aptamer, the more cDNA is displaced 
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(Figure 1C), thus the RCA will not occur extensively resulting in a signal-off 

architecture [16]. On the contrary, when cDNA is immobilized higher target 

concentrations displace a higher number of hybridized aptamer molecules, leading to an 

increase in RCA events (signal-on assays) [17•,18]. In the latter case, cDNA is designed 

to anneal the RCA template only when it is not hybridized with aptamer (Figure 1B). 

These strategies circumvent the requirement of two different binding sites per target 

protein, although they need two different oligonucleotide sequences as reagents. The 

implementation of competitive assays would allow the use of a single aptamer, 

however, to the best of our knowledge, competitive assays coupled to RCA have not 

been developed for the detection of cancer biomarkers until now. 

Preferred place for Figure 1 

Although classic RCA has many attractive features such as being isothermal and 

having a simple reaction mechanism, amplification occurs only linearly over time. To 

overcome this drawback and achieve exponential amplification, hyperbranched RCA 

(HRCA) [19], also known as cascade RCA [20] or ramification amplification (RAM) 

[21], has been developed (Figure 1B). In this method, the repeats in the linearly 

extended strand around the circular RCA simultaneously serve as binding site for an 

extra reverse primer, which is also extended. Since strand displacement also takes place 

HRCA result is an exponential growth of large ramified DNA duplexes [21]. 

Electrochemical aptamer-based systems that make use of HRCA have been reported for 

the detection of thrombin and platelet-derived growth factor BB (PDGF-BB) with limits 

of detection (LOD) as low as 1.2 aM [18] and 1.6 fM [17•], respectively, whilst reported 

RCA-based electrochemical systems for these targets led to an LOD of 35 fM 

(thrombin) [14] and 10 fM (PDGF-BB, Table 1) [11••]. 
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In order to electrochemically detect the RCA extended strands, either linear or 

hyperbranched, some well stablished DNA detection schemes have been employed, 

usually involving additional reagents. The detection methods can be categorized into 

two classes. The first is based on the use of tagged DNA probes, typically biotin-probes, 

which hybridize with the multiple repetitions obtained after RCA [11••]. The second 

one relies on the interaction of DNA with electroactive reagents or precursors of 

electroactive compounds [13,16–18,22]. These include the use of intercalating agents, 

compounds that interact with the bases or the reaction of phosphate groups on the DNA 

backbone with molybdate to give the electroactive reporter molecule. The assembly of 

hemin/G-quadruplex complexes [23–25] and the formation of metal nanoparticles using 

the newly synthesized DNA as a template [12••] have also been described. RCA has 

proven to be a powerful strategy for the sensitive detection of clinically relevant protein 

biomarkers, producing high amplification efficiency and extremely low LOD, for 

example 0.07 aM (0.020 fg/mL) for prostate specific antigen (PSA) [12••] and 0.25 fM 

(0.05 pg/mL) for carcinoembryonic antigen (CEA) [13] with a dynamic range across 

four orders of magnitude (Table 1). 

Another amplification strategy that implies nucleic acid synthesis is the 

amplification mediated by terminal deoxynucleotidyl transferase (TdT), also termed as 

surface initiated enzymatic polymerization (SIEP) [26•]. TdT is an unusual DNA 

polymerase that catalyzes the extension of DNA at its 3’-terminal without using a 

template [27]. TdT is also able to incorporate functionalized deoxynucleoside 

triphosphates (dNTPs), thus leading to an extended and labeled aptamer. Redox-active 

reporter molecules, such as aminophenol and nitrophenol [28] or tags as biotin and 

digoxigenin, for subsequent labelling with an enzyme conjugate, can be directly 

incorporated to facilitate the detection. Of note, the length of the extension depends on 
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the incorporation rate of each dNTP, which varies with the experimental conditions 

(dNTP:primer ratio, dNTP concentration and divalent cation present), the formation of 

G-quadruplex or hairpin structures during the extension and the dNTP nature, being 

more efficient when adding natural ones [28–30].  

This TdT-mediated template-independent DNA amplification method has been 

applied for the detection of CEA using a sandwich format with two different aptamers 

as capture and signaling receptors [26•]. In this sensor, the capture aptamer was 

immobilized on a gold electrode via thiol on its 3’-end to avoid its extension during the 

TdT amplification and the reporter aptamer was attached to gold nanoparticles (AuNPs) 

via thiol on its 5’-end to form nanoprobes. Upon sandwich assembly, only the 3’-

terminals of the oligos on the nanoprobe were elongated using biotin-modified dATP as 

a substrate for TdT, followed by enzymatic labeling with avidin-peroxidase conjugate 

and amperometric detection of enzyme substrates. This strategy led to a LOD as low as 

5 fM for CEA. This approach provides two levels of amplification: the TdT extension 

with only biotin-dATP and the high load of short reporter oligonucleotides on the 

AuNPs. Since the length of TdT extension with labeled dNTPs is expected to be rather 

limited it is unclear whether the observed signal amplification could mainly come from 

the multidecorated gold nanoparticles. A comparison with a similar detection scheme 

using naanoprobes directly modified with biotin-labeled oligonucleotides, without TdT, 

would allow to estimate the contribution of both amplification strategies separately. 

Another concern is the lack of a template for the TdT extension, which could 

compromise the selectivity of the assay. This means that successful application of this 

amplification for clinical diagnosis will demand for a strict control of background 

signal, which could lead to false positive results. 
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Nuclease-assisted amplified assays 

Nucleases are a group of hydrolases catalyzing the cleavage of nucleic acids. Two 

types of these enzymes, exonucleases and endonucleases, have been used as molecular 

biology tools to develop aptamer-based assays with signal amplification schemes based 

on target recycling. On the one hand, exonucleases (Exos) catalyze the stepwise 

removal of nucleotides from single stranded or double stranded DNA at either 3’ or 5’-

ends. Three Exos with different activities have mainly been used in exonuclease-

assisted amplification assays: Exo III, RecJf and Exo I. On the other hand, 

endonucleases catalyze the removal of nucleotides from the middle of a polynucleotide 

chain, which properly designed allows to recycle the target and provide the amplified 

signal [5••,31,32•]. 

Exo III removes nucleotides from duplex DNA in a 3’ to 5’ direction only when the 

3’-terminus is a blunt or recessed end. Therefore, single stranded DNA and double 

stranded DNA with 3’ overhangs are resistant to Exo III digestion [5••,32•]. Taking 

advantage of this property, hairpin structure-switching aptamers can be employed in 

Exo III amplification methods. In such assays, the absence of target prompts the 

aptamer to fold into a structure with a 3’ overhang, avoiding hydrolytic digestion by 

Exo III. Upon target binding, the aptamer suffers a conformation change that leads to 

the pairing of its 3’-end, thus enabling Exo III to hydrolyze the aptamer with the 

consequent target liberation [33]. An electroactive tag, such as ferrocene, at 3’ end is 

responsible for the electrochemical signal that increases after Exos-mediated release due 

to the higher diffusivity and lower repulsion of mononucleotides toward an electrode 

surface negatively charged.  

Preferred place for Figure 2 
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Exo III can be used in other assay formats, some of them very complicated and 

somewhat unpractical. For instance, Huang et al. developed a signal off sensing strategy 

for the detection of PDGF-BB using three ssDNA sequences: the aptamer, a 

complementary DNA (cDNA) and a biotin-labeled signal probe (bDNA) [34]. In the 

absence of target, the aptamer hybridizes with cDNA, forming a duplex resistant to Exo 

III digestion, and the bDNA is captured on the transducer for signal generation. On the 

contrary, in the presence of target, the aptamer preferably binds it and the bDNA 

hybridizes with the cDNA to form a duplex with a 3’-overhang, prone to be hydrolyzed 

by Exo III, with the consequent signal decrease (Figure 2A). The assay achieves a LOD 

of 20 fM. However, this approach suffers from several shortcomings. Although the 

LOD is very low, the scheme does not achieve target recycling. It is not clear whether 

the increased signal is actually related to the claimed exonuclease-based signal 

amplification or to the particular nature of the transducer, a layered molybdenum 

selenide–graphene (MoSe2–Gr) composite onto glassy carbon surfaces, which shows 

excellent electronic conductivity and large specific surface area. The need for three 

different ssDNA, specifically designed for each aptamer-target system, represents 

another limitation.  

Among single-stranded DNA specific exonuclease, RecJf is the only known 5′ 

exonuclease, which catalyzes the removal of mononucleotides from single-stranded 

DNA in the 5’→3’ direction, with similar processivity on 5′ phosphorylated and 

unphosphorylated ends. The use of complementary DNAs (cDNAs) is widespread in 

RecJf exonuclease-assisted amplification methods. The cDNA can be immobilized 

through several strategies on an electrode and it hybridizes with the aptamer sequence. 

In the presence of target, the formation of the aptamer-target complex must break the 

aptamer-cDNA duplex. In this way, RecJf can digest the aptamer from the complex, and 
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the released target can sequentially trigger another binding-digestion round resulting in 

a recycling amplification scheme [35,36]. This general scheme has been recently 

applied to the detection of the breast cancer biomarker HER2 (human epidermal growth 

factor receptor-2) [36]. The authors implemented a homogeneous assay, which requires 

four different auxiliary oligonucleotide sequences immobilized on two types of Au-

nanospheres (Figure 2B). One type of Au-nanospheres are modified with ferrocene-

labeled DNA sequences (Fc-DNA) and a complementary DNA to aptamer anti-HER2 

(cDNA1), and the other Au-nanospheres are linked to peroxidase-labeled DNA 

sequences (POD-DNA) and a partially complementary DNA to cDNA1 (cDNA2). Only 

when the target is recognized by the aptamer, cDNA1 hybridizes with cDNA2, leading 

to the assembly of the two types of Au-nanospheres. The subsequent addition of RecJf 

gives target recycling and the claimed signal amplification. The above reactions take 

place in solution (homogeneous assay) and after that, the ferrocene-labeled nanobeads 

are entrapped onto cyclodextrin-modified transducers. The signal is related to the 

peroxidase activity, linked to the nanospheres hybridized with entrapped Fc-cDNA. 

This approach exploits the amplification of the signal by the multiple enzyme molecules 

loaded onto the sDNA-nanospheres, but the efficiency of the exonuclease-mediated 

recycling process is limited (an increase of less than twice compared to the assay in the 

absence of exonuclease is observed in a single point experiment).   

A simpler approach for monitoring aptamer-based homogeneous assay implies the 

use of electrodes placed within the reaction medium to detect the presence of a diffusing 

electroactive reporter associated with cDNA. Reporter molecules are most usually 

anchored to the 5´-end of the oligonucleotide, so single-stranded DNA specific 

exonucleases that perform their catalytic activity in the 3’→5’ direction are needed. Exo 

I, belonging to this class of exonucleases, has been recently used in the design of a 
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homogeneous aptamer-based assay for mucin 1 detection [37•]. To improve the binding 

efficiency between the aptamer and the target a methylene blue-labeled cDNA, 

complementary to a mucin-1 aptamer, is designed to form a bulge-loop structure after 

the hybridization reaction. In the presence of target, the aptamer was displaced from the 

duplex aptamer-cDNA to form the aptamer-target complex, and Exo I digested both 

single-stranded DNA sequences, thus achieving target recycling and signal generation 

(Figure 2C). The detection exploits the improved diffusivity that occurs when the 

reporter molecule is bound to the short mononucleotide fragments obtained after 

exonuclease digestion, resulting in an increased voltammetric signal [37•]. This 

approach, which does not work in the absence of exonuclease, has a reported LOD of 

0.40 pg of mucin mL-1 and a dynamic range of four orders of magnitude (Table 1). 

Taking a different approach, Miao et al. developed an electrochemical aptasensor 

for PSA based on Exo T-aided target recycling amplification [38]. Exo T is another 

single-stranded DNA specific exonuclease that removes nucleotides in the 3’→5’ 

direction. Specifically, their approach uses an anti-PSA aptamer, which hybridized to a 

complementary sequence (cDNA) placed on the vertex of a DNA tetrahedron, 

previously immobilized on a gold electrode (Figure 2D). In the presence of PSA, the 

target displaces the aptamer from the duplex to bind it, thus being digested by Exo T, 

with the consequent target recycling. In this case, the aptamer is labeled with an amine 

group at the 5’-end and silver nanoparticles are used as electrochemical reporters. The 

nanoparticles interact with the aptamer via silver-amine reaction and are detected by 

linear sweep voltammetry. Using this system, a signal-off response curve is obtained, 

with a LOD of only 0.11 pg mL-1 (Table 1). However, it is not possible to estimate the 

signal amplification efficiency, as the authors do not give information about the 

performance of the assay without exonuclease-based target amplification, which would 
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have allowed the comparison with other strategies. A second concern is that the reporter 

they used for the transduction of the aptamer-target interaction may interact 

unspecifically with amine groups in the nucleobases.  

Nicking endonucleases (NEases) are a special type of endonucleases that can 

recognize specific sequences on double stranded DNA and cleave only one strand at 

that particular site, leaving the other strand intact [5••,32•]. For this reason, structure-

switching aptamer and complementary DNAs (cDNAs) are generally employed in 

endonuclease-assisted assays. The cDNAs are usually hairpin probes which contain the 

recognition site for the NEase, and become labile for enzymatic hydrolysis when they 

hybridize with the aptamer [23]. This amplification scheme has scarcely been used in 

the electrochemical detection of cancer biomarkers, and in general, it requires a careful 

design of the multiple oligonucleotides needed, which precludes its generalization. Both 

endonuclease and exonuclease-assisted target recycling amplification strategies have 

been combined with other nucleic acid isothermal amplification methods, such as RCA 

[23,25] or HCR [39,40], to further improve sensitivity, which may be indicative of the 

low efficiency of these amplification strategies. 

Preferred place for Figure 3 

Exponential amplification reaction (EXPAR) has recently gained attention as it 

holds high amplification efficiency (106 – 108) in a very short time (< 30 min). First 

used for the detection of nucleic acids, it has already been applied to protein targets and 

ions [41••]. The main feature of EXPAR is that it is based on the performance of two 

enzymes, a DNA polymerase with strand displacement activity and a nicking 

endonuclease (NEase). A DNA template, a trigger sequence (the target itself in the case 

of RNA) and deoxynucleotides (dNTPs) are also required. The EXPAR template is 

designed to contain two repeat regions that are complementary to the trigger sequence 
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and separated by a short NEase recognition sequence. The trigger DNA hybridizes to 

the template and is extended by a DNA polymerase. After extension, the formed duplex 

is cleaved by a NEase generating a nick, and DNA polymerase can extend the 3′-end of 

the nicked site simultaneously displacing the newly synthesized strand. Since the 

template contains two equal sequences, the displaced DNA strand has the same 

sequence as the trigger DNA, and it can hybridize with another template molecule, 

initiating a new amplification, while amplification of the target DNA from the initial 

trigger-template complex continues. Thus, two copies of the trigger DNA are produced 

in each reaction cycle from a single target molecule, achieving exponential 

amplification (2n) [41••]. 

This isothermal amplification method has been integrated in an electrochemical 

aptasensor for PDGF-BB, based on target-induced proximity hybridization [42•]. This 

system takes advantage of the two identical aptamer-binding sites in the target protein. 

Both of them were lengthened with short and complementary sequences and only one of 

them is previously hybridized with the EXPAR trigger sequence. The transducer surface 

is modified with the EXPAR template hybridized to a partially complementary 

sequence. The binding event in solution place aptamers closely enough on the protein to 

induce the partial hybridization of the extended aptamers, leading to the release of the 

EXPAR trigger, which sequentially displaces the template from the surface to initiate 

the amplification reaction (Figure 3). The electrochemical detection is achieved through 

hybridization of the cDNA remaining on the electrode with DNA/AuNPs/G-

quadruplex/hemin probes. This strategy led to a LOD of 52 fM [42•], slightly over the 

values obtained using other amplifications such as RCA [11••] or HRCA [17•] (Table 

1). This fact can be attributed to high background amplification in EXPAR, the main 
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shortcoming of this technique that limits its practical applications [41••] and the limited 

catalytic activity of artificial DNAzymes. 

Toehold-mediated DNA strand displacement amplified assays 

This name encompasses various enzyme-free approaches initially devised to 

quantify nucleic acid targets that have been extended to other analytes coupled to 

aptamer recognition. They are rooted in a unique characteristic of DNA as analytical 

reagent: its programmed and predictable self-assembly through Watson-Crick base 

pairing. Toehold-mediated strand-displacement reactions consist on the displacement of 

one or more prehybridized strands from a DNA duplex containing a toehold overhang. 

Toehold designates a single-stranded region of usually 5-8 nucleotides where strand 

displacement is initiated [5••,43]. The most representative toehold-mediated strand-

displacement method is hybridization chain reaction (HCR). First reported by Dirks and 

Pierce [44], HCR consists in a cascade of hybridization events which gives rise to long 

DNA duplexes. It requires two species of DNA hairpins that are stable in solution until 

an initiator strand is unveiled by the presence of the target and triggers the first 

hybridization reaction (Figure 4A). 

Preferred place for Figure 4 

HCR has been widely used to develop biosensors for the assessment of small 

molecules, nucleic acids, proteins and cells, due to its attractive features of being 

isothermal and enzyme-free [45,46•]. The initiator DNA sequence is usually part of the 

aptamer [47,48] but a complementary DNA strand that can be immobilized on the 

transducer surface has been proposed for other targets different from cancer biomarkers 

[39,40]. Peroxidase-mediated detection is one of the most exploited strategies for 

achieving electrochemical transduction in HCR-based methods. For this purpose, biotin-

tagged hairpin probes are commonly used, so that the resulting long DNA duplexes 
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contain multiple biotin molecules that can be labeled with an enzymatic avidin-

peroxidase conjugate [39,47,49••,50]. An alternative is using hemin/G-quadruplex 

peroxidase-mimicking DNAzymes. These structures can be generated by designing the 

hairpin probes with guanine-rich sequences at their ends which can bind hemin to 

acquire its peroxidase-like catalytic activity [40,48,51•]. In-solution pre-cast 

supersandwiches comprising a QD-labeled strand and an aptamer overhang can bind 

cancer cells tethered on the electrode surface. The limit of detection, 50 cells mL-1, 

matches the sensitivity of the assay with fluorescent detection and is 120-fold lower 

than the one reported by impedance without HCR amplification [52••]. Similar 

sensitivity is achieved using QDs as ECL probe. The aptamer anchored to the electrode 

is hybridized with a cDNA-labeled AuNPs where hyperbranched HCR is initiated with 

auxiliary QD-DNA strands. Upon target binding, the AuNPs containing the 

superstructure are released decreasing the analytical signal [53]. 

Similar to HCR, catalytic hairpin assembly (CHA) make use of two hairpin probes 

(H1 and H2) that are stable in solution until the initiator DNA strand hybridizes with 

one of the probes, to be consequently displaced by the other probe to form a duplex H1-

H2 [54,55]. Thus, the released initiator strand can trigger another toehold strand 

displacement, and recycling circuits like those of nuclease-assisted amplification can be 

designed. It has been envisioned as a sensitive method of real-time detection of 

isothermal amplifications [52••] but also for aptasensing. Zao & Ma have implemented 

this enzyme-free amplification strategy in an aptasensor for PSA [56•]. They used 

magnetic particles modified with a duplex of aptamer and a cDNA strand. The aptamer-

PSA binding induced the release of the cDNA, which was designed to trigger the CHA 

reaction between two hairpins probes, one of them previously immobilized on the 

transducer surface (Figure 3B). The electrochemical signal was achieved by 



  

 17 

hybridization of the formed hairpin duplexes with Au/Pt-polymethylene blue/DNA 

probes. This strategy led to a limit of detection as low as 2.3 fg mL-1. CHA has also 

been combined with HCR in a immobilization-free fully non-enzymatic aptasensor for 

the detection of carcinoembryonic antigen [51•], or TdT-mediated amplification to 

synthesize hemin/G-quadruplex DNAzymes, using a dNTP pool with a molar ratio of 

dGTP:dATP = 6:4 [57]. Only the combination of two enzyme-free strategies successed 

in pushing down the LOD, which is a warming about random arrangements of 

amplification schemes. 

Preferred place for Table 1 

Concluding remarks 

Aptamers hold a great potential in early cancer diagnosis, as they can theoretically 

be raised towards many different targets, including some potential biomarkers that are 

not easily accessible to antibodies such as post-translational modifications in proteins. 

The SELEX process can be tuned to direct the selection of aptamers toward specific 

parts of molecules suffering specific changes during carcinogenesis, with potential, for 

example, to detect aberrant glycosylation of proteins, which has recently gained 

attention as a better predictive biomarker for early cancer diagnosis than total protein 

levels [58]. Moreover, their dual nature of affinity receptors and nucleic acids can be 

exploited to transform the detection of non-nucleic acid targets into a wide variety of 

nucleic acid-based isothermal amplification reactions, thus making aptamers a powerful 

class of synthetic affinity reagents, suitable for ultrasensitive detection of cancer 

biomarkers, which may favorably compete with antibodies. 

Even though aptamers are being raised to bind promising cancer biomarkers such 

as neutrophil gelatinase-associated lipocalin (NGAL) [59] and α-fetoprotein (AFP) 

[60,61], most current aptamer-based assays are concentrated on a few well-known 
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targets, including PDGF-BB, PSA and CEA. For this reason, greater efforts should be 

made in the selection and thorough characterization of new aptamers for clinically 

validated cancer biomarkers or new molecules identified for its potential in early 

detection of cancer. Moreover, since sandwich approaches present obvious advantages it 

would be also wise to screen aptamers for two separate binding sites on large molecules. 

For highly sensitive detection of those cancer related-targets, a great variety of 

isothermal nucleic acid amplification methods have been coupled to aptamers. 

Unfortunately, these new platforms have not yet fulfilled their potential for the 

improved detection of cancer biomarkers in the clinical practice. The most significant 

barriers to overcome are the following. Many of these strategies are hard to generalize 

as they have complex mechanisms and reaction schemes that sometimes include more 

than one enzyme, increasing the cost per assay. In addition, numerous amplification 

schemes described in the literature are poorly characterized in terms of their efficiency, 

robustness and practical utility in biological samples. Finding easier, more effective 

solutions are still urgently needed to meet the growing demand for sensitivity and 

selectivity in biomedical and clinical analysis. 

Finally, the discovery of new cancer biomarkers should be accompanied by the 

development of analytical methods for their detection, which makes essential both 

multidisciplinary work and fluent communication among clinicians, biologists and 

chemists.  

Acknowledgments 

R.L.G. thanks the Spanish Ministerio de Educación, Cultura y Deportes for a 

predoctoral FPU grant (FPU16/05670). This work was financially supported by the 

Spanish Ministerio de Economía, Industria y Competitividad (Project No. CTQ2015-

63567-R) and co-financed by FEDER funds. 



  

 19 

References and recommended reading 

Papers of particular interest, published within the period of review, have been 

highlighted as:  

• Paper of special interest.  

•• Paper of outstanding interest. 

1. Toh SY, Citartan M, Gopinath SCB, Tang TH: Aptamers as a replacement for 

antibodies in enzyme-linked immunosorbent assay. Biosens. Bioelectron. 2015, 64:392–

403. 

2. Tuerk C, Gold L: Systematic evolution of ligands by exponential enrichment: RNA 

ligands to bacteriophage T4 DNA polymerase. Science 1990, 249:505–510. 

3. Ellington AD, Szostak JW: In vitro selection of RNA molecules that bind specific 

ligands. Nature 1990, 346:818–822. 

4. Keefe AD, Pai S, Ellington A: Aptamers as therapeutics. Nat. Rev. Drug Discov. 

2010, 9:537–550. 

5. Li F, Zhang H, Wang Z, Newbigging AM, Reid MS, Li X-F, Le XC: Aptamers 

Facilitating amplified detection of biomolecules. Anal. Chem. 2015, 87:274–292. 

•• Essential review to understand the basics of the wide variety of strategies for the 

amplified detection of biomolecules using the unique features of aptamers, ranging from 

nucleic acid amplification techniques to enzymatic and nanomaterial-based 

amplifications. 

6. Campuzano S, Yáñez-Sedeño P, Pingarrón JM (in press): Current trends and 

challenges in bioelectrochemistry for non-invasive and early diagnosis. Curr. Opin. 

Electrochem. 2018. doi:10.1016/j.coelec.2018.04.015 



  

 20 

• Recent short review describing the latest advances, current trends, potentiality and 

existing challenges in electrochemical sensing of circulating biomarkers for early and 

minimally invasive diagnosis. 

7. Hammond JL, Formisano N, Estrela P, Carrara S, Tkac J: Electrochemical biosensors 

and nanobiosensors. Essays Biochem. 2016, 60:69–80. 

8. Fire A, Xu SQ: Rolling replication of short DNA circles. Proc. Natl. Acad. Sci. U. S. 

A. 1995, 92:4641–4645. 

9. Liu D, Daubendiek SL, Zillman MA, Ryan K, Kool ET: Rolling circle DNA 

synthesis: Small circular oligonucleotides as efficient templates for DNA polymerases. 

J. Am. Chem. Soc. 1996, 118:1587–1594. 

10. Feng C, Mao X, Yang Y, Zhu X, Yin Y, Li G: Rolling circle amplification in 

electrochemical biosensor with biomedical applications. J. Electroanal. Chem. 2016, 

781:223–232. 

• Interesting review that covers the applications of rolling circle amplification in 

electrochemical biosensors for targets of biomedical interest and the recent advances 

made in this field. 

11. Zhou L, Ou L-J, Chu X, Shen G-L, Yu R-Q: Aptamer-based rolling circle 

amplification:  a platform for electrochemical detection of protein. Anal. Chem. 2007, 

79:7492–7500. 

•• Pioneering paper describing the feasibility of the integration of RCA with 

electrochemical detection in an aptamer-based sensor. It targets PDGF-B as a model 

biomarker. 

12.  Zhu Y, Wang H, Wang L, Zhu J, Jiang W: Cascade signal amplification based 

on copper nanoparticle-reported rolling circle amplification for ultrasensitive 



  

 21 

electrochemical detection of the prostate cancer biomarker. ACS Appl. Mater. 

Interfaces 2016, 8:2573–2581. 

•• One of the few articles providing the metrics about the amplification power achieved 

with isothermal DNA amplification strategies, in this case RCA for the detection of 

prostate specific antigen based on a sandwich format with an antibody as capture 

element and an aptamer as reporter probe, combined  with the electrochemical 

properties of copper nanoparticles. 

13. Jiang W, Liu L, Zhang L, Guo Q, Cui Y, Yang M: Sensitive immunosensing of the 

carcinoembryonic antigen utilizing aptamer-based in-situ formation of a redox-active 

heteropolyacid and rolling circle amplification. Microchim. Acta 2017, 184:4757–4763. 

14. Fan T, Du Y, Yao Y, Wu J, Meng S, Luo J, Zhang X, Yang D, Wang C, Qian Y, et 

al.: Rolling circle amplification triggered poly adenine-gold nanoparticles production 

for label-free electrochemical detection of thrombin. Sens. Actuators. B. Chem. 2018, 

266:9–18. 

15. Miranda-Castro R, de-los-Santos-Álvarez N, Lobo-Castañón MJ, Miranda-Ordieres 

AJ, Tuñón-Blanco P: Structured nucleic acid probes for electrochemical devices. 

Electroanalysis 2009, 21:2077–2090. 

16. Lee C-Y, Fan H-T, Hsieh Y-Z: Disposable aptasensor combining functional 

magnetic nanoparticles with rolling circle amplification for the detection of prostate-

specific antigen. Sens. Actuators. B. Chem. 2018, 255:341–347. 

17. Wang Q, Zheng H, Gao X, Lin Z, Chen G: A label-free ultrasensitive 

electrochemical aptameric recognition system for protein assay based on hyperbranched 

rolling circle amplification. Chem. Commun. 2013, 49:11418–11420. 



  

 22 

• Paper describing an interesting label-free approach for the electrochemical detection of 

a cancer biomarker using hyperbranched rolling circle amplification with a limit of 

detection in the fM level. 

18. Jin G, Wang C, Yang L, Li X, Guo L, Qiu B, Lin Z, Chen G: Hyperbranched rolling 

circle amplification based electrochemiluminescence aptasensor for ultrasensitive 

detection of thrombin. Biosens. Bioelectron. 2015, 63:166–171. 

19. Lizardi PM, Huang X, Zhu Z, Bray-Ward P, Thomas DC, Ward DC: Mutation 

detection and single-molecule counting using isothermal rolling-circle amplification. 

Nat. Genet. 1998, 19:225. 

20. Thomas DC, Nardone GA, Randall SK: Amplification of padlock probes for DNA 

diagnostics by cascade rolling circle amplification or the polymerase chain reaction. 

Arch. Pathol. Lab. Med. 1999, 123:1170–1176. 

21. Zhang DY, Brandwein M, Hsuih T, Li HB: Ramification amplification: A novel 

isothermal DNA amplification method. Mol. Diagnosis 2001, 6:141–150. 

22. Wu Z-S, Zhou H, Zhang S, Shen G, Yu R: Electrochemical aptameric recognition 

system for a sensitive protein assay based on specific target binding-induced rolling 

circle amplification. Anal. Chem. 2010, 82:2282–2289. 

23. Li SK, Chen AY, Chai YQ, Yuan R, Zhuo Y: Electrochemiluminescence aptasensor 

based on cascading amplification of nicking endonuclease-assisted target recycling and 

rolling circle amplifications for mucin 1 detection. Electrochim. Acta 2016, 212:767–

774. 

24. Sun D, Lu J, Luo Z, Zhang L, Liu P, Chen Z: Competitive electrochemical platform 

for ultrasensitive cytosensing of liver cancer cells by using nanotetrahedra structure 

with rolling circle amplification. Biosens. Bioelectron. 2018, 120:8–14. 



  

 23 

25. Zhang K, Lv S, Lu M, Tang D: Photoelectrochemical biosensing of disease marker 

on p-type Cu-doped Zn0.3Cd0.7S based on RCA and exonuclease III amplification. 

Biosens. Bioelectron. 2018, 117:590–596. 

26. Wang P, Wan Y, Deng S, Yang S, Su Y, Fan C, Aldalbahi A, Zuo X: Aptamer-

initiated on-particle template-independent enzymatic polymerization (aptamer-OTEP) 

for electrochemical analysis of tumor biomarkers. Biosens. Bioelectron. 2016, 86:536–

541. 

• The first and one of the few examples of both sandwich aptasensors and TdT based 

electrochemical detection. 

27. Motea EA, Berdis AJ: Terminal deoxynucleotidyl transferase: The story of a 

misguided DNA polymerase. Biochim. Biophys. Acta 2010, 1804:1151– 1166. 

28. Horáková P, MacÍková-Cahová H, Pivoková H, Paek J, Havran L, Hocek M, Fojta 

M: Tail-labelling of DNA probes using modified deoxynucleotide triphosphates and 

terminal deoxynucleotidyl transferase. Application in electrochemical DNA 

hybridization and protein-DNA binding assays. Org. Biomol. Chem. 2011, 9:1366–

1371. 

29. Hermanová M, Havranová-Vidláková P, Ondráčková A, Kumar SS, Bowater R, 

Fojta M (in press): Label-free voltammetric detection of products of terminal 

deoxynucleotidyl transferase tailing reaction. Electroanalysis 2018. 

doi:10.1002/elan.201800452 

30. Fowler JD, Suo Z: Biochemical, structural, and physiological characterization of 

terminal deoxynucleotidyl transferase. Chem. Rev. 2006, 106:2092–2110. 

31. Miao P, Tang Y, Wang B, Yin J, Ning L: Signal amplification by enzymatic tools 

for nucleic acids. Trends Anal. Chem. 2015, 67:1–15. 



  

 24 

32. Yan M, Bai W, Zhu C, Huang Y, Yan J: Design of nuclease-based target recycling 

signal amplification in aptasensors. Biosens. Bioelectron. 2016, 77:613–623. 

• Review describing the different endonuclease- and exonuclease-assisted amplification 

strategies based on target recycling schemes in aptamer-based sensors. 

33. Liu S, Wang Y, Zhang C, Lin Y, Li F: Homogeneous electrochemical aptamer-

based ATP assay with signal amplification by exonuclease III assisted target recycling. 

Chem. Commun. 2013, 49:2335–2337. 

34. Huang KJ, Shuai HL, Zhang JZ: Ultrasensitive sensing platform for platelet-derived 

growth factor BB detection based on layered molybdenum selenide-graphene 

composites and Exonuclease III assisted signal amplification. Biosens. Bioelectron. 

2016, 77:69–75. 

35. Yi H, Xu W, Yuan Y, Wu Y, Chai Y, Yuan R: A sensitive electrochemical 

aptasensor for thrombin detection based on exonuclease-catalyzed target recycling and 

enzyme-catalysis. Biosens. Bioelectron. 2013, 47:368–372. 

36. Yang S, You M, Zhang F, Wang Q, He P: A sensitive electrochemical aptasensing 

platform based on exonuclease recycling amplification and host-guest recognition for 

detection of breast cancer biomarker HER2. Sens. Actuators. B. Chem. 2018, 258:796–

802. 

37. Lin C, Zheng H, Huang Y, Chen Z, Luo F, Wang J, Guo L, Qiu B, Lin Z, Yang H: 

Homogeneous electrochemical aptasensor for mucin 1 detection based on exonuclease 

I-assisted target recycling amplification strategy. Biosens. Bioelectron. 2018, 117:474–

479. 

• A relatively simple homogeneous aptasensor combined with high-efficient 

exonuclease I-assisted target recycling amplification.for the detection of mucin 1. The 

need for careful and customized auxiliary DNA strand design is apparent. 



  

 25 

38. Miao P, Jiang Y, Wang Y, Yin J, Tang Y: An electrochemical approach capable of 

prostate specific antigen assay in human serum based on exonuclease-aided target 

recycling amplification. Sens. Actuators. B. Chem. 2018, 257:1021–1026. 

39. Bai L, Chai Y, Yuan R, Yuan Y, Xie S, Jiang L: Amperometric aptasensor for 

thrombin detection using enzyme-mediated direct electrochemistry and DNA-based 

signal amplification strategy. Biosens. Bioelectron. 2013, 50:325–330. 

40. Jiang L, Peng J, Yuan R, Chai Y, Yuan Y, Bai L, Wang Y: An aptasensing platform 

for simultaneous detection of multiple analytes based on the amplification of 

exonuclease-catalyzed target recycling and DNA concatemers. Analyst 2013, 

138:4818–4822. 

41. Reid MS, Le XC, Zhang H: Exponential isothermal amplification of nucleic acids 

and amplified assays for proteins, cells, and enzyme activities. Angew. Chemie Int. Ed. 

2018, 57:11856–11866. 

•• A comprehensive review on exponential amplification reaction (EXPAR) where its 

fundament and applications are critically discussed. 

42. Yu Y, Su G, Zhu H, Zhu Q, Chen Y, Xu B, Li Y, Zhang W: Proximity 

hybridization-mediated isothermal exponential amplification for ultrasensitive 

electrochemical protein detection. Int. J. Nanomedicine 2017, 12:5903–5914. 

• First and the only work so far on the coupling of exponential amplification reaction 

(EXPAR) to an electrochemical aptasensor using PDGF-BB as a model target. The 

complexity and delicate thermodynamic balance between the DNA strands is apparent. 

The design as described is only applicable to molecules carrying two aptamer-binding 

sites. 

43. Zhang DY, Seelig G: Dynamic DNA nanotechnology using strand-displacement 

reactions. Nat. Chem. 2011, 3:103. 



  

 26 

44. Dirks RM, Pierce NA: Triggered amplification by hybridization chain reaction. 

Proc. Natl. Acad. Sci. U. S. A. 2004, 101:15275–8. 

45. Yang D, Tang Y, Miao P: Hybridization chain reaction directed DNA 

superstructures assembly for biosensing applications. Trends Anal. Chem. 2017, 94:1–

13. 

46. Bi S, Yue S, Zhang S: Hybridization chain reaction: a versatile molecular tool for 

biosensing, bioimaging, and biomedicine. Chem. Soc. Rev. 2017, 46:4281–4298. 

• A comprehensive review on the bioanalytical and biomedical applications of 

hybridization chain reaction. 

47. Song W, Xie X, Sun W, Zhang N, Li C: Ultrasensitive electrochemical detection for 

thrombin using hybridization chain reaction with enzyme-amplification. Anal. Chim. 

Acta 2015, 860:77–82. 

48. Chen D, Sun D, Wang Z, Qin W, Chen L, Zhou L, Zhang Y: A DNA nanostructured 

aptasensor for the sensitive electrochemical detection of HepG2 cells based on 

multibranched hybridization chain reaction amplification strategy. Biosens. Bioelectron. 

2018, 117:416–421. 

49. Zhou G, Lin M, Song P, Chen X, Chao J, Wang L, Huang Q, Huang W, Fan C, Zuo 

X: Multivalent capture and detection of cancer cells with DNA nanostructured 

biosensors and multibranched hybridization chain reaction amplification. Anal. Chem. 

2014, 86:7843–7848. 

•• Pioneering work on the applicaction of hybridization chain reaction to the amplified 

electrochemical detection of breast cancer cells using novel DNA tetrahedral probes. 

50. Chen YX, Huang KJ, He LL, Wang YH: Tetrahedral DNA probe coupling with 

hybridization chain reaction for competitive thrombin aptasensor. Biosens. Bioelectron. 

2018, 100:274–281. 



  

 27 

51. Ge L, Wang W, Hou T, Li F: A versatile immobilization-free photoelectrochemical 

biosensor for ultrasensitive detection of cancer biomarker based on enzyme-free 

cascaded quadratic amplification strategy. Biosens. Bioelectron. 2016, 77:220–226. 

• A very interesting example of a combination of two amplification strategies: catalytic 

hairpin assemby and hybridization chain reaction. 

52. Liu H, Xu S, He Z, Deng A, Zhu J-J: Supersandwich cytosensor for selective and 

ultrasensitive detection of cancer cells using aptamer-DNA concatamer-quantum dots 

probes. Anal. Chem. 2013, 85:3385–3392. 

•• This versatile HCR cytosensor shows the dual detection feasible with quantum dots 

loading the supersandwich structure and quantifies its amplification power. 

53. Jie G, Jie G: Sensitive electrochemiluminescence detection of cancer cells based on 

a CdSe/ZnS quantum dot nanocluster by multibranched hybridization chain reaction on 

gold nanoparticles. RSC Adv. 2016, 6:24780–24785. 

54. Yin P, Choi HMT, Calvert CR, Pierce NA: Programming biomolecular self-

assembly pathways. Nature 2008, 451:318–322. 

55. Jiang Y, Li B, Milligan JN, Bhadra S, Ellington AD: Real-time detection of 

isothermal amplification reactions with thermostable catalytic hairpin assembly. J. Am. 

Chem. Soc. 2013, 135:7430–7433. 

56. Zhao J, Ma Z: Ultrasensitive detection of prostate specific antigen by 

electrochemical aptasensor using enzyme-free recycling amplification via target-

induced catalytic hairpin assembly. Biosens. Bioelectron. 2018, 102:316–320. 

• The only approach using catalytic hairpin assembly alone with electrochemical 

detection for a cancer biomarker such as PSA. It is an enzyme-free amplification 

scheme. 



  

 28 

57. Shi K, Dou B, Yang J, Yuan R, Xiang Y: Target-triggered catalytic hairpin 

assembly and TdT-catalyzed DNA polymerization for amplified electronic detection of 

thrombin in human serums. Biosens. Bioelectron. 2017, 87:495–500. 

58. Díaz-Fernández A, Miranda-Castro R, de-los-Santos-Álvarez N, Lobo-Castañón 

MJ: Post-translational modifications in tumor biomarkers: the next challenge for 

aptamers? Anal. Bioanal. Chem. 2018, 410:2059–2065. 

59. Lee K-A, Ahn J-Y, Lee S-H, Singh Sekhon S, Kim D-G, Min J, Kim Y-H: 

Aptamer-based sandwich assay and its clinical outlooks for detecting lipocalin-2 in 

hepatocellular carcinoma (HCC). Sci. Rep. 2015, 5:10897. 

60. Huang C-J, Lin H-I, Shiesh S-C, Lee G-B: An integrated microfluidic system for 

rapid screening of alpha-fetoprotein-specific aptamers. Biosens. Bioelectron. 2012, 

35:50–55. 

61. Dong L, Tan Q, Ye W, Liu D, Chen H, Hu H, Wen D, Liu Y, Cao Y, Kang J, et al.: 

Screening and identifying a novel ssDNA Aptamer against alpha-fetoprotein using CE-

SELEX. Sci. Rep. 2015, 5:15552. 



  

 29 

CAPTIONS FOR THE FIGURES 

Figure 1. Schematic illustration of aptamer-based assays incorporating rolling circle 

amplification (RCA). (A) Sandwich format. (B) Target-induced strand displacement 

assays where the aptamer or (C) a partially complementary DNA sequence (cDNA) are 

immobilized on the transducer surface (inset: hyperbranched RCA). 

Figure 2. Electrochemical aptasensors based on exonuclease-assisted target recycling 

amplifications for different cancer biomarkers: (A) platelet-derived growth factor BB, 

(B) human epidermal growth factor receptor-2, (C) mucin-1, and (D) prostate specific 

antigen. Reprinted and adapted from [34] (A), [36] (B), [37•] (C) and [38] (D) with 

permission from Elsevier. 

Figure 3. Electrochemical aptasensor based on proximity hybridization-mediated 

exponential amplification reaction (EXPAR) for PDGF-BB. 

Figure 4. Schematic illustration of aptamer-based assays incorporating toehold-

mediated strand displacement amplifications. (A) Hybridization chain reaction (HCR) 

coupled to a sandwich format. (B) Target-induced catalytic hairpin assembly (CHA). 
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Table 1. Overview of current electrochemical aptamer-based assays and sensors coupled to isothermal nucleic acid amplification methods for cancer-

related targets. 

Target Amplification system Transduction method Detection limit Linear range Reference 

CCRF-CEM cells HCR ASV 50 cells mL-1 102 to 106 cells mL-1 [52••] 

CEA RCA SWV 0.05 pg mL-1 (0.25 fM*) 0.1 pg mL-1 to 1 ng mL-1 [13] 

 TdT CA 5 fM 50 fM to 500 nM [26•] 

 CHA-HCR PEC 70 ag mL-1 70 ag mL-1 to 500 fg mL-1 [51•] 

HepG2 cells RCA DPV 3 cells mL-1 10 to 106 cells mL-1 [24] 

 HCR DPV 5 cells mL-1 102 to 107 cells mL-1 [48] 

HER2 Exonuclease (RecJf) DPV 4.9 ng mL-1 10 to 150 ng mL-1 [36] 

MCF-7 cells HCR CA 4 cells 4 to 1000 cells [49••] 

Mucin 1 NEase-RCA ECL 0.71 fg mL-1 10-2 to 104 pg mL-1 [23] 

 Exonuclease (Exo I) DPV 0.40 pg mL-1 1 pg mL-1 to 50 ng mL-1 [37•] 

PDGF-BB RCA  LSV 10 fM 10 fM to 100 pM [11••] 

 HRCA LSV 1.6 fM 5 fM to 80 pM [17•] 

 Exonuclease (Exo III) DPV 20 fM 0.1 pM to 1 nM [34] 

 EXPAR DPV 52 fM 0.1 pM to 1 nM [42•] 

PSA RCA DPSV 0.020 fg mL-1 (0.07 

aM*) 

0.05 to 500 fg mL-1 
[12••] 

 RCA SWV 22.3 fM 100 fM to 10 nM [16] 

 RCA-Exonuclease (Exo-III) PEC 16.3 pg mL-1 0.05 to 40 ng mL-1 [25] 

 Exonuclease (Exo T) LSV 0.11 pg mL-1 1 pg mL-1 to 160 ng mL-1 [38] 

 CHA SWV 2,3 fg mL-1 10 fg mL-1 to 100 ng mL-1 [56•] 

Ramos cells HCR ECL 230 cells mL-1 500 to 100000 cells mL-1 [53] 

Abbreviations:  ASV ,anodic stripping voltammetry; CA ,chronoamperometry; CEA ,carcinoembryonic antigen; CHA ,catalytic hairpin assembly; DPSV ,differential pulse 

stripping voltammetry; DPV ,differential pulse voltammetry; ECL ,electrochemiluminescence; EXPAR ,exponential amplification reaction; HCR ,hybridization chain reaction; 

HER2 ,human epidermal growth factor receptor-2; HRCA ,hyperbranched rolling circle amplification; LSV ,linear sweep voltammetry; NEase ,nicking endonuclease; PDGF-BB 

,platelet-derived growth factor BB; PEC ,photoelectrochemical; PSA ,prostate specific antigen; RCA ,rolling circle amplification; SWV ,square wave voltammetry; TdT ,terminal 

deoxynucleotidyl transferase). 

(*) In order to compare the different methodologies, LOD values were expressed as molarity using 200 and 28 kDa as molecular weights for CEA and PSA, respectively. 


