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Abstract: Early diagnosis and treatment have always been highly desired in the fight against cancer, 

and detection of circulating tumor DNA (ctDNA) has recently been touted as highly promising for 

early cancer screening. Consequently, the detection of ctDNA in liquid biopsy gains much attention 

in the field of tumor diagnosis and treatment, which has also attracted research interest from the 

industry. However, traditional gene detection technology is difficult to achieve low cost, real-time 

and portable measurement of ctDNA. Electroanalytical biosensors have many unique advantages 

such as high sensitivity, high specificity, low cost and good portability. Therefore, this review aims 

to discuss the latest development of biosensors for minimal-invasive, rapid, and real-time ctDNA 

detection. Various ctDNA sensors are reviewed with respect to their choices of receptor probes, 

detection strategies and figures of merit. Aiming at the portable, real-time and non-destructive char-

acteristics of biosensors, we analyze their development in the Internet of Things, point-of-care test-

ing, big data and big health. 
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sensitivity, Internet of Things. 

 

1. Introduction 

From the development of the first biosensor glucose sensor to the present, biosensor 

technology has become an interdisciplinary field of biology, chemistry, physics, medicine, 

electronic technology and other disciplines [1]. In recent years, biosensors are becoming an 

increasingly important candidate for realizing early cancer screening and tumor marker 

detection [2]. In the detection of tumors, traditional biopsy requires a fragment of the tumor, 

cannot be performed frequently, and can be rather invasive to the patient. Therefore, to 

make early detection of cancer possible during routine checkup, there is an urgent need 

for a minimal invasive, low cost and near real-time detection technology [3].  

In recent years, circulating tumor DNA (ctDNA) detection technologies have been 

widely studied, and was rated as one of the top ten breakthrough technologies in 2015 by 

MIT Magazine [4]. CtDNA is mainly composed of single or double stranded DNAs and a 

mixture of single and double stranded DNAs. It is around 166 nucleotides free DNA re-

leased by circulating tumor cells after necrosis and apoptosis. It exists in the peripheral 

blood, and can potentially act as a diagnostic biomarker with high specificity and sensitiv-

ity [5]. General ctDNA detection techniques can be divided into digital PCR [6], droplet dig-

ital PCR [7], magnetic bead emulsion amplification [8], and label amplification depth se-

quencing [9], etc. However, these technologies generally suffer from the disadvantages of 

high cost, poor portability, frequent occurrence of false positive and long assay time, which 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 November 2021                   

©  2021 by the author(s). Distributed under a Creative Commons CC BY license.

doi:10.20944/preprints202111.0357.v1

mailto:xglin@cqu.edu.cn
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20944/preprints202111.0357.v1


 

are not suitable for on-site detection and mobile medical treatment. As a contrast, ctDNA 

biosensor technology has high potential to be implemented for field deployable detection, 

because of its specificity, portability, high sensitivity and fast response [10]. 

 

Figure 1. Schematic diagram of ctDNA biosensor detection system. 

As shown in Fig.1, a ctDNA biosensor is a device that converts the biological signal 

generated by specific binding between the recognition probe with the target ctDNA into 

an electrical signal for detection, and an electroanalytical biosensor can analyze biological 

information from the impedance of multiple frequencies or one frequency band [11,12]. In 

addition, their unique advantages of low cost, portability and near real-time detection 

make them suitable for on-site screening [13] and mobile health monitoring, and could be-

come an enabling tool for personalized medicine of big data, Internet of Things and big 

health [14,15]. 

This paper reviews the research progress of ctDNA biosensor in recent years, focus-

ing on the types of recognition elements on the electrode surface of ctDNA biosensor. The 

organization is as follows: Section 2 describe the categories of recognition elements for 

ctDNA biosensor; Sections 3 and 4 summarizes the research progress of ctDNA electroan-

alytical biosensors in recent years; Section 5 discusses other types of ctDNA biosensors. 

Finally, the characteristics of ctDNA biosensors are summarized. 

2. Structure of surface-based biosensor 

Biosensors generally consist of two main parts: one is the biomolecular recognition 

element, as shown in Table 1, which has the ability of molecular recognition. Biosensors 

use a bioactive unit as their bio-sensitive element, which has high specificity to recognize 

the target analyte [16]. The biomolecular recognition elements of ctDNA biosensor can be 

categorized into enzymes, nucleic acids, simulated enzymes, immune substances, etc [11]. 

Biomolecular probes can be fixed on the surface of biosensor by physical adsorption [17], 

covalent bonding [18-20], embedding [21-23], self-assembled membrane [24-26], affinity [27,28] and 

other methods, as shown in Fig.2. The second part is signal conversion, namely the trans-

ducer, mainly including thermistor, electrochemical and optical detection elements [29]. 

They can transform the biochemical reaction into electrical signals which may be further 

amplified and processed to yield the concentrations of the target analytes. Therefore, a 

variety of surface modification techniques and different transducers can be used to con-

struct ctDNA detection techniques. 
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Figure 2. Schematic diagram of sensing surface structure. 

Table 1. Biomolecular recognition devices. 

Biosensitive element Bioactive unit 

Enzyme Varity of enzymes 

Nucleic acid DNA, RNA, etc. 

Organization Tissue sections of plants and animals 

Cells The cells of bacteria, fungi, plants, and animals 

Organelles Mitochondria, chloroplasts 

Simulation of enzyme Macromolecule polymer 

Immune substances Antigens, antibodies, etc. 

A substance with biological affinity Ligand, receptor 

 

At present, clinical detection of ctDNA is mainly based on polymerase chain reaction 

(PCR) technology and gene sequencing, while there are few reports on ctDNA biosensors, 

partly due to the small sizes of ctDNA. Compared with PCR and gene sequencing, ctDNA 

biosensors are of lower cost, higher sensitivity, and are easier to integrate and carry, mak-

ing them more suitable for on-site detection and mobile medical development.  

In the following, different biosensing approaches applied to ctDNA detection are dis-

cussed based on the existing ctDNA biosensor reports. 

3. Nuclei acid probe-based detection 

Nuclei acid identification biosensors are widely used in clinical diagnosis [30,31], mi-

crobial detection [32] and environmental monitoring [33] because of their high sensitivity, 

fast response, simple operation, low price and miniaturization. The probe can recognize 

the target DNA molecule by specific hybridization and transform the reaction into electri-

cal signal for analysis. 

 

 

3.1. PNA probe 
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Figure 3. Schematic illustration of DNA electrochemical biosensor and ctDNA detection. The PNA 

probe was fixed with gold nanoparticles on the working electrode. PNA will bind to ctDNA with a 

specific form. At the same time, mAb-LPA will specifically bind to ctDNA to release potential, but 

not to ncDNASchematic diagram of sensing surface structure. 

At present, DNA sensors mainly use peptide nucleic acid (PNA) as a probe to specif-

ically bind ctDNA, to capture the target DNA. Since there is no electrostatic repulsion 

between PNA and DNA, the ability of PNA to hybridize with DNA molecules is superior 

to DNA/DNA. The PNA probe is fixed on the surface of the sensor using covalent bond 

modification technology, that is, the sulfhydryl group of PNA forms an Au-S bond with 

the gold electrode, so that the PNA is immobilized on the electrode surface. Chunyan et 

al. [34] proposed a dual biomarker detection platform based on a PNA probe-gold nano-

particles and lead phosphate apoferritin for the detection of PIK3CA gene tumor charac-

teristic mutation and methylation, in order to quantify ctDNA, which is described in Fig. 

3 [34]. The DNA methylation refers to the DNA methylation transfer enzyme under the 

action of the genome CpG dinucleotide cytosine 5 carbon covalent bond combined with a 

methyl group.  

Firstly, a large amount of PNA was fixed on the surface of a screen-printed electrode 

(SPE) with gold nanoparticles as the carrier through covalent bonds. PNA probe can form 

stable complexes with DNA though complementary base pairing or Hoogsteen base pair-

ing principle [35,36]. When a solution of ctDNA with mutant sites was dropped onto the 

SPE’s working electrode, the mutant sites bound to the PNA probe in a complementary 

and specific way. Afterwards, monoclonal antibody carrier lead phosphate apoferritin 

(LPA) solution was added, which could amplify the selectivity of ctDNA, thus enhancing 

the electrochemical detection signal. In contrast, when normal ctDNA (ncDNA) solution 

was dropped to the electrode, ncDNA could neither bind complementary to the PNA 

probe, nor bind to mAb-LPA, resulting in almost no potential change. Compared to nor-

mal cells, the genetic changes after cell carcinoma were the methylation level of the anti-

cancer gene increased, and the methylation level of the primary cancer gene decreased. 

Therefore, abnormal levels of ctDNA methylation also can be used to verify whether a 

tumor is present in the body. This new method based on DNA probe complementation 

had excellent selectivity and ultra-high sensitivity, and the detection limit is 1.0 ×10-14 

mol/L. 
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To further improve the selectivity of PNA probe based ctDNA sensor, Das et al. [37] 

designed a DNA clutch probe to prohibit the recombination of ssDNA stands. The PNA 

probe was fixed on the gold electrode by covalent bonding method, which specifically 

bound the mutated target gene ssDNA, resulting in the change of electrode potential. Po-

tential changes were detected to reflect the mutation of ctDNA in serum.  

3.2. DNA probe 

For the detection of ctDNA, Mahbubur et al. [38] modified graphene oxide coated gold 

nanostar onto the glassy carbon electrode and fixed the target probe through the - in-

teraction between DNA bases to detect ctDNA in the peripheral blood of gastric cancer. 

The hybridization of the probe DNA with ctDNA caused the resulting dsDNA to detach 

from the electrode's surface, leading to an increase of electrical current. The detection limit 

was as low as 1.0 ×10-20 mol/L. This method was used to analyze ctDNA in serum samples 

of cancer patient, which has great potential for the application of ctDNA detection in real-

time detection research. 

Wei Zhange et al. [39] established a MoS2 nanosheet polymer biosensor based on 

poly-xanthurenic acid film functionalization. As described in Fig.4 [39], this polymer bio-

sensors were electropolymerized by Poly-xanthurenic acid (PXA) on the surface of the 

MoS2 electrode prepared in advance, thus forming an ideal interface for the PIK3CA 

gene expressed in the peripheral blood of patients with gastric cancer. Then the probe 

ssDNA was directly fixed on the PXA/ MoS2 nanocomposite, and the change of self-sig-

nal after ssDNA hybridization with target DNA was induced by cyclic voltammetry and 

electrochemical impedance spectroscopy [39]. The limit of detection of the polymer bio-

sensor was reported to be 1.8 ×10-17 mol/L for the PIK3CA gene [39].  

 

Figure 4. Schematic display of high-performance polymer biosensor based on poly-xanthurenic 

acid functionalized 𝐌𝐨𝐒𝟐 nanosheets. 

In 2018, Wang HF et al. [40] designed a multifunctional label-free circulating tumor 

DNA KRAS G12DM enzyme electrode biosensor based on the terminal deoxynucleotide 

transferase (TdT) and ribonucleic acid HII (RNase HII) dual-enzyme co-group amplifica-

tion strategy. As shown in the Fig. 5 [40], the biosensor consisted of a triple-helix molecu-

lar switch (THMS) as molecular recognition and signal transduction probe, ribonuclease 

HII (RNase HII) and terminal deoxynucleotidyl transferase (TdT) as dual enzyme as-

sisted multiple amplification accelerator [41]. Signal transduction probe (STP) is released 

under the action of RNase HII, and the capture probe fixed on the gold electrode is hy-

bridized with STP, and then TdT is used to achieve TdT-mediated cascade expansion to 

generate a stable DNA dendritic structure. Finally, the electrically active molecule meth-

ylene blue (MB) was obtained. The labeled electroactive tree achieved highly sensitive 

and accurate detection of ctDNA. The limit of detection was down to aM [40]. In the same 

way, Zhou Q et al. [41] proposed a new design idea, construction of SWNT-based SERS 

assay coupling with RNase HII-assisted amplification for highly sensitive detection of 

ctDNA in human blood. The limit of detection of the new method was reported to be 3.0 

×10-16 mol/L for the KRAS G12DM gene. 
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Figure 5. Schematic illustration of the enzyme biosensor using THMS probe and TdT and RNase 

HII dual amplification. 

4. Antibody probe-based detection 

Antibody have been widely used in disease diagnosis and treatment, food safety 

control and environmental monitoring [42]. Specific binding by antibody is the foundation 

for the detection of pathogens, micro molecules, cells, bacteria, and other molecules with 

biological characteristics. Detection based on antibody probe has the advantages of re-

ducing non-specific interference and lowering the lower limit of detection. Antibody 

specific to target ctDNA is immobilized on the electrodes. Captured ctDNA was de-

tected by electrochemical method or enzyme-linked immunosorbent assay.  

At present, DNA site-specific methylation has been increasingly used as a bi-

omarker [43-45]. In addition, ctDNA methylation is an important epigenetic modification to 

control tumors, and detection of ctDNA methylation level can effectively determine the 

degree of malignancy of tumors [46]. The methods for analyzing ctDNA methylation 

mainly include PCR, sequencing and microarray, etc., but all of these methods require 

ctDNA pretreatment [47,48]. In contrast, 5-methylcytosinine (5-MC) monoantibodies can be 

directly immobilized on the electrode by covalently coupling method, which can be used 

to capture methylated ctDNA without sample pretreatment. In 2018, Povedano et al. [49] 

proposed to use a 5-mC single antibody as a ctDNA receptor, and used a hydrogen per-

oxide/hydroquinone (H2O2/HQ) system to process screen-printed carbon electrodes 

(SPCE) for ampere testing. As shown in Fig. 6 [49], this immunosensor used two different 

antibodies. The first of them is a 5-mC antibody immobilized on the surface of carboxylic 

acid-modified magnetic beads, capable of capturing any ssDNA with ctDNA methyla-

tion sequence. The second was an antibody labeled with peroxidase (HRP-anti-ssDNA) 

as a signaling antibody, recognizing any ssDNA [49]. In 2019, Povedano et al. [50] reported 

that their ctDNA biosensor was able to detect methylation in RNA with a lower limit of 

1.25 ×10-15 mol/L without changing the modified antibody of the sensor. Compared with 

traditional methods, the sensor electrode physically adsorbs the antigen, which is simple 

to operate and low in cost, and can specifically identify ctDNA methylation. Therefore, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 November 2021                   doi:10.20944/preprints202111.0357.v1

https://doi.org/10.20944/preprints202111.0357.v1


 

the sensor strategy is more suitable for applications in the field of real-time detection 

and mobile health care. 

 

Figure 6. Schematic display of the immunosensor and ctDNA detection. 

5. Other ctDNA biosensing methods 

For the completeness of the discussion on ctDNA biosensors, the optical sensing 

methods of ctDNA are briefly presented as follows. Chang et all. [51] proposed a fluores-

cence polarization method to detect ctDNA based on DNA dissociation probe and chain 

exchange mechanism, and used toehold-mediated strand displacement reaction (TSDR) 

to identify the specific binding of probes to target mutated DNA to generate fluorescence 

for qualitative analysis. Jin J et all. [52] designed and synthesized a water-soluble cationic 

fluorescent probe, and found that fluorescence intensity was linearly proportional to 

ctDNA concentration at a certain concentration. Especially important, Li R et all. [53] pro-

posed an amplified colorimetric biosensor for ctDNA. The colorimetric biosensor utilized 

the amplification property of HCR and the high peroxidase with asymmetric catalytic ac-

tivity to split G-quadruplex DNA zymes, with produces color signals in the presence of 

ctDNA, and has been successfully applied in complex biological environments such as 

human blood plasma for ctDNA detection, with the detection limit corresponding to 1.0 

×10-10 mol/L [59]. The realization of ctDNA detection based on fluorescent and colorimetric 

provides valuable theoretical knowledge for ctDNA biosensors in the field of real-time 

detection and mobile health. 

Although the detection method based on ctDNA optical reaction can be better used 

in mobile medicine, its detection limit can only reach pM level. CtDNA detection methods 

based on electrochemistry have higher sensitivity and detection limits can almost reach 

the level of fM, as shown in Table 2. 

Table 2. Comparison of different methods. 

Methods Level  Reference 

Electrochemical method based on 

DNA probe 
fM [34],[38],[39],[41],[42] 

Electrochemical method based on an-

tigen antibody 

fM [51],[52] 

Fluorescence method pM [57],[58] 

Amplified colorimetric method pM [59] 

 

6. Conclusions and Prospects 

This paper reviews the new advances in electroanalytical biosensors for the detection 

of ctDNA. Among the traditional and common clinical technologies for ctDNA detection, 
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PCR and DNA sequencing are mainly used, but these technologies require expensive in-

struments, complex operations, low sensitivity and high false positive, which are not suit-

able for point-of-care testing and Internet of Things. Sensitive and specific biosensors with 

simpler operation and real-time monitoring will become a powerful tool for the detection 

of ctDNA. As biosensors can be easily made into portable and low-cost devices, the bio-

sensors will become a trend of the new technological revolution in ctDNA detection and 

point-of-care testing. This review mainly analyzes the detection of ctDNA by electroana-

lytical biosensors with details on the strategies of sensor modification and signal amplifi-

cation. In the end, this paper introduces the other biosensing methods for ctDNA detec-

tion. At present, the implementation of this method in the field of precision medicine and 

mobile health is full of opportunities and challenges, with many challenges to be over-

come. 
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