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Abstract 

Background: Biosensing techniques have been the subject of exponentially increasing 

interest due to their performance advantages such as high selectivity and sensitivity, 

easy operation, low cost, short analysis time, simple sample preparation, and real-time 

detection. Biosensors have been developed by integrating the unique specificity of 

biological reactions and the high sensitivity of physical sensors. Therefore, there has 

been a broad scope of applications for biosensing techniques, and nowadays, they are 

ubiquitous in different areas of environmental, healthcare, and food safety. Biosensors 

have been used for environmental studies, detecting and quantifying pollutants in water, 

air, and soil. Biosensors also showed great potential for developing analytical tools with 

countless applications in diagnosing, preventing, and treating diseases, mainly by 

detecting biomarkers. Biosensors as a medical device can identify nucleic acids, 

proteins, peptides, metabolites, etc.; these analytes may be biomarkers associated with 

the disease status. Bacterial food contamination is considered a worldwide public health 

issue; biosensor-based analytical techniques can identify the presence or absence of 

pathogenic agents in food.  

Objectives: The present review aims to establish state-of-the-art, comprising the recent 

advances in the use of nucleic acid-based biosensors and their novel application for the 



 

detection of nucleic acids. Emphasis will be given to the performance characteristics, 

advantages, and challenges. Additionally, food safety applications of nucleic acid-based 

biosensors will be discussed.  

Methods: Recent research articles related to nucleic acid-based biosensors, biosensors 

for detecting nucleic acids, biosensors and food safety, and biosensors in environmental 

monitoring were reviewed. Also, biosensing platforms associated with the clinical 

diagnosis and food industry were included.  

Results: It is possible to appreciate that multiple applications of nucleic acid-based 

biosensors have been reported in the diagnosis, prevention, and treatment of diseases, as 

well as to identify foodborne pathogenic bacteria. The use of PNA and aptamers opens 

the possibility of developing new biometric tools with better analytical properties. 

Conclusions: Biosensors could be considered the most important tool for preventing, 

treating, and monitoring diseases that significantly impact human health. The aptamers 

have advantages as biorecognition elements due to the structural conformation, 

hybridization capacity, robustness, stability, and lower costs. It is necessary to 

implement biosensors in situ to identify analytes with high selectivity and lower 

detection limits.  

Key words: Biosensors, Nucleic acid-based biosensors, Bioreceptor, Diagnosis and 

monitoring of diseases, Biomarkers, Pathogens identification, Food safety. 

  

Resumen 

Antecedentes: Las técnicas de biodetección han sido objeto de un interés cada vez 

mayor debido a ventajas, tales como alta selectividad y sensibilidad, facilidad de 

manejo, bajo costo, tiempo de análisis corto, preparación sencilla de muestras y 

detección en tiempo real. Los biosensores se han desarrollado integrando la 

especificidad única de las reacciones biológicas y la alta sensibilidad de los sensores 

físicos. Por lo tanto, las técnicas de biodetección han tenido un amplio campo de 

aplicación y hoy en día son omnipresentes en diferentes áreas del medio ambiente, la 

salud y la seguridad alimentaria. Se han utilizado biosensores para estudios ambientales, 

detectando y cuantificando contaminantes en el agua, el aire y el suelo. Los biosensores 

también mostraron un gran potencial para desarrollar herramientas analíticas con 

innumerables aplicaciones en el diagnóstico, prevención y tratamiento de enfermedades, 

principalmente mediante la detección de biomarcadores. 

Los biosensores como dispositivo médico pueden utilizarse para identificar ácidos 

nucleicos, proteínas, péptidos, metabolitos, etc. Estos analitos pueden ser biomarcadores 

asociados al estado de la enfermedad. La contaminación bacteriana de los alimentos se 

considera un problema de salud pública mundial; se pueden utilizar técnicas analíticas 

basadas en biosensores para determinar la presencia o ausencia de agentes patógenos en 

los alimentos.  

Objetivos: La presente revisión tiene por objeto establecer los últimos adelantos en la 

utilización de biosensores basados en ácidos nucleicos y su novedosa aplicación para la 

detección de ácidos nucleicos. Se hará hincapié en las características del desempeño, las 

ventajas y los desafíos. Además, se examinarán las aplicaciones de los biosensores 

basados en ácidos nucleicos para la inocuidad de los alimentos.  

Métodos: Se examinaron artículos de investigación recientes relacionados con los 

biosensores a base de ácidos nucleicos, los biosensores para la detección de ácidos 

nucleicos, los biosensores y la inocuidad de los alimentos, y los biosensores para la 



 

vigilancia del medio ambiente. También se incluyeron plataformas de biosensores 

asociadas al diagnóstico clínico y a la industria alimentaria.  

Resultados: Es posible apreciar que se han reportado múltiples aplicaciones de 

biosensores basados en ácido nucleico para el diagnóstico, prevención y tratamiento de 

enfermedades, así como para identificar bacterias patógenas transmitidas por los 

alimentos. El uso de PNA y aptámeros abre la posibilidad de desarrollar nuevas 

herramientas biométricas con mejores propiedades analíticas.  

Conclusiones: Los biosensores pueden ser considerados como los instrumentos más 

importantes para la prevención, el tratamiento y la vigilancia de las enfermedades que 

tienen un impacto significativo en la salud humana. Los aptámeros tienen ventajas como 

elemento de biorreconocimiento debido a la conformación estructural, capacidad de 

hibridación, robustez, estabilidad y menores costos. Es necesario implementar 

biosensores in situ para identificar analitos con alta selectividad y menores límites de 

detección. 

Palabras clave: Biosensores, biosensores basados en ácidos nucleicos, bioreceptores, 

diagnóstico y monitoreo de enfermedades, biomarcadores, identificación de patógenos, 

inocuidad alimentaria. 
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1.Introduction 

 

 
A biosensor is a unified device that can detect analytes (bacteria, fungi, cancer cells, 

biomarkers, drugs, peptides, proteins, hormones, pollutants, food, and additives, etc.) 

found in complex matrices (water, air, soil, biological samples, in vitro systems, 

etc.)(1). Biosensing techniques have gained exponential interest due to their advantages, 

such as high selectivity and sensitivity, short analysis cycle, and real-time sensing (2). 

They have been developed by integrating the unique specificity of biological reactions 

and the high sensitivity of physical sensors (2). A biosensor can be defined as an 

analytical electronic device that generates an electronic signal through receptor-target 

analyte interactions (3). Its main principle is to detect the molecular recognition event 

and transform it into a measurable signal in a process called signalization (4–6). As 

shown in Figure 1, its basic components include (i) a bioreceptor or biological 

recognition system capable of detecting the analyte, (ii) a transducer required to convert 

the biorecognition event into a measurable signal, and (iii) a signal processing system to 

prepare the signal for display in a user-friendly manner (4–7).  

 



 

Figure 1. Schematic representation of a biosensor. SPR: surface plasmon 

resonance; SPRi: surface plasmon resonance imaging; SAW: surface acoustic 

waves-based; QCM: quartz crystal microbalance. (Adapted from (3–7). 
 

Biosensors can be classified based on the nature of the bioreceptor or transducer 

employed, as shown in Figure 1. First, in relation to the biomolecules comprising the 

recognition system, a biosensor can be protein-, peptide-, cell-, nucleic acid-, enzyme-, 

antibody-, or biomimetic-based. And second, with regards to the type of transducer, a 

biosensor can be classified as optical (absorption, reflection, refraction, fluorescence, 

luminescence, etc.), mass-based (piezoelectric), electrochemical (potentiometric, 

amperometric, impedimetric, etc.), or calorimetric, among other possibilities (3,5–7). 

In order to develop a biosensor, several things need to be considered: first, the 

identification of the target analyte, then the selection of a suitable bioreceptor molecule 

with the appropriate immobilization method, and last, the determination of a suitable 

transducer (8). However, as the process continues, it is necessary to quantify and 

optimize parameters such as the measurement range, linearity, interference, and 

biosensor packaging (8). An ideal biosensor could be characterized as having high 

selectivity, sensitivity, reproducibility, accuracy, reliability, robustness, and stability 

(8,9).  

In the field of biosensing techniques, researchers often aim to develop a portable device 

that can perform rapid detection, be reusable, and have the potential to prevent costly 

laboratory tests(8). Moreover, biosensors are expected to match the ASSURED criteria 

established by the World Health Organization (WHO), which stands for Affordable, 

Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free, and Deliverable 

to end-users (10). Recently, portability has gained importance because of its potential 

applicability to the point of care (11). 



 

Biosensing techniques have broadened their scope of applications and nowadays are 

ubiquitous in different fields, including clinical disease monitoring, medical devices, 

and drug delivery systems (Figure 2) (4). The recognition of disease status at the 

biomolecular level has attracted wide attention from researchers (12). Due to their 

relation to gene expression, nucleic acids are among the most important biomarkers and 

are the most frequently investigated among biomolecules (9,13). Even small changes in 

nucleic acid sequences can lead to notable biological and biomedical implications 

(9,13). For instance, single nucleotide polymorphisms (SNPs) are believed to reveal the 

genetic basis of individual susceptibility to disease and the diverse responses to 

treatment (2). Thus nucleic acid-based biosensors are required to incorporate 

amplification strategies to detect the presence of low-abundant mutations (9).  

 
Figure 2. Scope of applications for biosensing techniques. (Adapted from (4,6).) 

 

A nucleic acid-based sensor or genosensor is a biosensor that functionalizes a single 

strand of nucleic acid as the biorecognition element and immobilizes it on the surface of 

a transducer (3). The biorecognition event will be detailed in the next section (7). 

Considering that the sensing elements employed are oligonucleotides, genosensors can 

detect specific DNA, RNA, or aptamer sequences. The central importance of nucleic 

acid-based biosensors is associated with detecting disease biomarkers, early disease 

diagnostics, gene therapy, and pathogen determination (9,13–15). Furthermore, nucleic 

acid detection is essential in food safety, especially for the monitoring of foodborne 

disease pathogens and mycotoxins (14). Nucleic acids can be immobilized in the 

biosensor, working as the biorecognition element, but they can also constitute the target 

analyte. 

A major safety concern for using biosensors for in vitro diagnostics is associated with 

the risk of misdiagnosis due to a false‐positive or false‐negative result. This would lead 

to inappropriate patient management and even to an inadequate public health response 

(16). In order to reduce the risk of misdiagnosis, regulatory agencies, such as the United 

States Food and Drug Administration (FDA), have developed guidelines, standards, 



 

operating procedures, and performance criteria applicable to major aspects of biosensor 

manufacturing and use (16). However, good reproducibility of results in the final 

prototype could still be a challenge, interfering with the compliance of regulatory 

aspects (17). 

Considering the advantages of biosensing techniques such as easy operation, low cost, 

and simple sample preparation; their potential development for point-of-care diagnostics 

in developing countries has been investigated (17). In these countries, where main 

complex medical infrastructures are unavailable, infectious diseases and antimicrobial 

resistance cause a large disease burden (17). However, further efforts should be directed 

towards implementing biosensing techniques as diagnostic tools in developing 

countries. 

This review aims to establish state of art, comprising the recent advances in the use of 

nucleic acid-based biosensors and their novel applications to the detection of nucleic 

acids. Particular emphasis will be given to the performance characteristics, advantages, 

and challenges. Additionally, food safety applications of nucleic acid-based biosensors 

will be discussed.  

 

 

2.Biosensors as medical devices 

 

 
Numerous applications of biosensing techniques have been reported in healthcare and 

clinical fields. Throughout the history of biosensing techniques, there has been an 

intrinsic association with medical devices and, in many cases, has prompted the 

development of novel biosensors (6,7). 

The earliest reported biosensor was the Leyland Clark coated oxygen electrode, which 

contained the glucose oxidase enzyme and was helpful  measuring levels of blood 

glucose (7,18). The glucose oxidase enzyme converts the glucose substrate into 

gluconolactone and hydrogen peroxide, with an important oxygen consumption feature. 

The drop in the dissolved oxygen that could be measured, and indirectly, the levels of 

blood glucose could be calculated (7,18). This biosensing principle of immobilizing the 

glucose oxidase enzyme can be applied to almost any oxidase enzyme, enabling the 

development of other enzyme-based biosensors with clinical applications (19–21). 

Currently, glucose biosensors continue to be used; some devices are used in situ as a 

drug delivery system to monitor and regulate the patient’s glucose levels. These 

biosensors have been applied to diagnose and monitor diabetes mellitus, where precise 

control over blood glucose levels is required(22,23). 

Moving on to antigen–antibody interactions, the first commercially available 

immunoassay was responsible for detecting the presence of human chorionic 

gonadotrophin (hCG), also known as the home pregnancy test. Initially, it was only 

possible to detect the presence or absence of hCG, displaying the result as pregnant or 

not. But later models have used colorimetric quantitation to assess hCG levels and 

estimate the elapsed time since conception (6). 

Biosensors for protein determination can be involved in detecting diseases and 

pathogenic microorganisms such as viruses, bacteria, parasites, and fungi, and even in 

the identification of antimicrobial resistance patterns (24–30). Some of the most 

important proteins detected using biosensors are the p53 protein, expressed in more than 



 

90% of cancers (31,32), the Tau protein, useful for the diagnosis of Alzheimer's (33), 

and C-reactive proteins, involved in inflammation processes (34). Recently, the 

monitoring of antigenic proteins of SARS-CoV-2 has been reported, which could be 

implemented for the rapid detection of Covid-19 (35). Additionally, there are biosensors 

used to detect RNA-viruses that could have potential application in detecting Covid-19 

which use nucleic acids as biorecognition elements (for example, aptamers and antigen-

Au/Ag nanoparticles) and can be coupled to a variety of transducers such as 

electrochemical, optical, and surface plasmon resonance (36). Biosensors are also useful 

for detecting peptides, which can be biomarkers for early disease detection. For 

example, the determination of beta-amyloid peptides could enable an earlier diagnosis 

of Alzheimer’s disease (37). 

The main difficulty in the biosensor design is identifying the target analyte related to the 

disease. Hepatocellular carcinoma (HCC) requires the earliest diagnosis due to the 

limited therapeutic options. The diagnosis is based on the level of -fetoprotein, but 

their up-regulation is also a consequence of other liver diseases and pancreatitis; for this 

reason, it is considered a biomarker of low sensitivity and specificity. Several proteins 

have been identified as related to HCC as α-fetoprotein-L3, annexin-2, des-gamma-

carboxyprothrombin, Golgi protein-63, glypican-3, midkine, osteopontin, squamous cell 

carcinoma antigen, thioredoxins, and urokinase plasminogen activator receptor. Most of 

these analytes are of low abundance and will require a biosensor with high sensitivity. 

This is an example of the importance of identifying the biosensor target analyte, which 

is the major issue to resolve (38). 

The development of whole cell-based biosensors has rapidly accelerated, demonstrating 

their huge potential in biomedical diagnosis and analysis of environmental and food 

matrices (15,39,40). The major advantages of these systems are high sensitivity and 

selectivity, reagentless rapid detection, and cost-effective testing during routine 

inspections or at the points of care (25). For example, a novel biosensor has been 

designed to detect Staphylococcus aureus, a pathogen responsible for causing foodborne 

diseases (41). 

Moreover, other reported biosensors include a surface plasmon resonance-based 

biosensor optimized to monitor hemoglobin levels in human blood, a biosensor for 

quantifying cardiac markers in undiluted serum, and a microfluidic impedance platform 

for controlling endothelin-induced cardiac hypertrophy, among others (42,43). In 

particular, in the drug discovery and development pipeline, there are numerous reports 

of fluorescent biosensors used for hit identification, lead optimization, and 

pharmacokinetic evaluations (44–48). 

 

 

3.Biosensors in food and environmental monitoring 

 

 
Water environments contain numerous pollutants such as petroleum-related products, 

pesticides, pharms, drugs, etc. The pharmaceutical industry, hospitals, geriatric and 

healthcare houses are the main sources of drug pollutants in water that affect humans, 

plants, and animals(49). Antibiotics, hormones, analgesics, and cytostatics or β-blockers 

have been associated with a high risk of negative effects on the environment and public 

health, such as reproductive impairment (50–52), increased incidence of cancer, and 



 

development of antibiotic-resistant bacteria (53). Moreover, increased toxicity due to 

synergistic effects has also been reported (54). Since biosensing techniques could offer 

important advantages, rigorous validation studies with environmental samples should be 

carried out (55).  

The use of biosensing techniques has been reported in monitoring residues from 

veterinary drugs used in food-producing animals (55). Endocrine-disrupting chemicals 

are contaminants of water and soil; estrogens can interfere with the balance of hormone 

metabolism in the organism, affecting physiological functions such as growth, 

development, and reproduction. In addition, synthetic estrogens are mostly used in 

contraception or hormone therapy(56). Exogenous substances in the environment can 

mimic the effects of estrogens, such as pesticides, veterinary drugs, feed additives, 

industrial chemicals, etc. The aptamers have great potential in biosensing to detect 

estrogens. Kim et al., identified DNA aptamers bound to 17b-estradiol and were applied 

to an electrochemical sensing platform to construct an electrochemical aptasensor with 

high sensitivity and specificity to 17b-estradiol(57). Similarly, Jo et al., isolated single-

stranded DNA aptamers that specifically recognize bisphenol A (58). Ma et al., 

fabricated an electrochemical aptasensor with AuNPs coated boron-doped diamond-

modified electrodes to immobilize aptamers. Bisphenol A biosensor had a linear range 

of 1.0x10-14 to 1.0x10-9 M and a detection limit of 7.2x10-15 M. The aptasensors were 

applied to measure commercial milk samples containing bisphenol A; the aptasensor 

was able to detect this estrogen with recoveries of 92-108%(59). The electrochemical 

aptasensor based on gold nanoparticles dotted graphene nanocomposite film modified 

electrode showed a linear concentration between 0.01-10 mM with a detection limit of 5 

nM. The bisphenol A content in liquid milk and milk powder was determined, being the 

average recovery of 105%. Abnous et al., developed an electrochemical aptasensor 

forming a bridge between the aptamer and its complementary strand; this aptasensor 

selectively detected bisphenol A with 0.08-15 nM detection range and a detection limit 

of 15 pM. This aptasensor allowed to determine the bisphenol content in grape juice 

samples; the recoveries were 88.6-97.3% (60). 

Nameghi et al., developed an electrochemical aptasensor for measuring 17b-estradiol; in 

this system, split DNA aptamers that bind 17b-estradiol were used as recognition 

elements to construct a split1-17b-estradiol-split2 complex. This aptasensor was tested 

on the milk samples spiked with 17b-estradiol, the detection limit was 0.7 pM with a 

linear range of 0,003-9 nM, and the recoveries were 89.4% to 101.7% (61). 

Rathnayake et al., isolated the bacterial strain B. megaterium from the soil; this 

bacterium was transformed with a GFP plasmid. The transformed bacteria VR1 was 

immobilized in a sol–gel matrix to be used as a whole-cell bacterial biosensor. The 

biosensor is based on the percentage survival of bacteria VR1 in the presence of 

different heavy metals. The results showed that bacteria strain was more sensitive to Cu, 

followed by Cd and Zn. The fluorescence signal depended on the cell density, and the 

optimal response was obtained with a cell density of 0.09. The linear range of the 

effective concentration curve of the survival of B. megaterium VR1 showed a 

coefficient of determination (R2) of more than 0.95 and p = 1.4×10-5; 1.1×10-6; 7.2×10-9 

for Cd, Cu, and Zn respectively at 95% confidence. The interaction between the toxicant 

and the microorganisms is inherent of biological relevance, and the response entirely 

depends on the individual organism used (62). 

 

 



 

4.Nucleic acid-based biosensors 

 

 
A nucleic acid-based biosensor can be defined as a device that brings together a nucleic 

acid as the biorecognition element and a transducer responsible for converting the 

biorecognition event into a measurable signal (4). Recently, these biosensors are gaining 

importance due to their broad usefulness in monitoring parameters, which is very 

important in the fields of clinical diagnosis, drug development, and the food industry, 

among others. Nucleic acid molecules can be classified as DNA, RNA, peptide nucleic 

acid (PNA), and aptamers. The principle behind nucleic acid-based biosensors lies in 

the biorecognition event, based on the hybridization mechanism (Figure 3). This event 

occurs when the probe sequence immobilized on the transducer has been designed to 

complement the target sequence and to exhibit selectivity for non-complementary 

sequences (5,7,63). On the contrary, in the case of aptamers, the detection principle is 

more similar to antigen-antibody or receptor-ligand interactions; it is usually 

accompanied by conformational changes in the aptamer (7). 

 

 

Figure 3. The biorecognition event in nucleic acid-based biosensors for the 

detection of nucleic acids corresponds to the hybridization process between the 

DNA probe and the target strands. (Adapted from (3–5)). 

 

It is also possible to classify the biosensor depending on the biorecognition element: 

DNA-based biosensors could be single-stranded DNA (ssDNA), also known as DNA 

aptamer, double-stranded DNA (dsDNA), stem-and-loop DNA, and triplex-helical 

DNA. Regarding RNA-based biosensors, the biorecognition element could be single-

stranded RNA (ssRNA), also known as RNA aptamers. In addition, PNA has also been 

reported as an alternative biorecognition element (14). 

 

 



 

4.1 Aptamers 

 

 
In biochemistry, these are a family of single-stranded DNA or RNA oligonucleotides. In 

biosensing techniques, aptamers are considered a type of biorecognition element under 

the nucleic acid-based biosensors category. Aptamers can bind to targets such as 

proteins, drugs, peptides, and cells. DNA aptamers have been reported to exhibit high 

selectivity and affinity, binding to diverse bioanalytes such as nucleic acids, cells, 

proteins, viruses, and small molecules such as aflatoxin B1, cocaine, dopamine, and 

metal ions. They have also been shown to have an ability to differentiate between 

enantiomers. However, RNA aptamers usually exhibit higher binding affinity than DNA 

aptamers compared to the same target sequence, owing to the 2' hydroxyl functional 

group in the RNA aptamers (64–67). 

The biorecognition event, in this case, the binding between the aptamer and the target 

ligand, induces a conformational change in the secondary and tertiary structures of the 

aptamer. Therefore, in aptamer-based biosensors, these structural changes are 

responsible for generating an often-easy-to-detect signal (7,64). The aptamer detection 

model has certain similarities with the antigen-antibody model regarding the binding 

pattern mechanism. But aptamers have a major advantage: their three-dimensional 

structure enables high affinity and binding specificity. 

Aptamers can resist harsh environmental conditions, be stored without special 

requirements, and be obtained with high reproducibility and low production costs 

(14,68,69). The major challenge in developing aptamer-based biosensors is the 

identification of the specific ssDNA/RNA sequences capable of binding to the target 

ligand. Consequently, the aptamer sequence is chosen by combinatorial methods and 

libraries of random oligonucleotides (7). The selection of aptamer candidates is made by 

an in vitro method called the systematic evolution of ligands by exponential enrichment 

(SELEX). The SELEX process aims to produce specific oligonucleotides that bind to a 

predefined target. It is a versatile tool because it allows some variants to be developed to 

optimize aspects such as the efficiency, specificity, and affinity of the aptamer. As 

shown in Figure 4, the SELEX process begins with generating a library containing 

around 1013 to 1015 random oligonucleotide sequences of 30–80 bp each. Second, the 

binding or incubation step begins as the random library sequences are incubated with 

the immobilized target molecule. The nucleic acids that bind to the target are considered 

aptamers, whereas the unbound nucleic acids are simply filtered out of the solution. 

Third, through an elution process, the separation of nucleic acids bound to the target 

occurs. Fourth, the obtained aptamers are copied using PCR in a process called 

amplification. A new optimized library is created, after which the newly synthesized 

library is used to start another cycle of the SELEX process (7). 

 



 

 
Figure 4. Representative scheme of the SELEX process. (Adapted from (5,7) 

 

The competitive binding in each new cycle of the SELEX process enables the 

identification of the species with the highest binding affinities. It is possible to introduce 

molecules with similar structures to optimize the affinity (64,70,71). 

Aptamers make possible the development of new biometric tools for food safety 

applications, detecting microorganisms, cadmium ions, mycotoxins, pesticides, and 

small molecules (71–74). 

 

 

4.2 Riboswitches 

 

 
Riboswitches are mRNA elements that bind to specific metabolite ligands and regulate 

mRNA expression on the same molecule that the riboswitch is coded in. Riboswitches 

are composed of an aptamer domain and an expression platform. The aptamer domain 

(synthetic or natural) acts as a receptor, because it includes the binding site for a small 

ligand such as a metabolite or a metal ion. The binding event between the aptamer 

domain and the ligand triggers a conformational change. This switching in the 

secondary structure of the riboswitch is responsible for modulating gene expression 

(75,76). Conceptually, riboswitches are considered to be an extension of aptamer-based 

biosensing technology (77–79). 

Riboswitches can directly bind with small molecules such as ions, small metabolites, or 

uncharged tRNA. Additionally, riboswitches can recognize different molecules with 

high specificities, such as peptides, coenzymes, carbohydrates, amino acids, metallic 

ions, and nucleic acids (77–80). Riboswitches can discriminate among molecules with 

similar structures, which makes them a promising alternative in biosensing techniques. 

For example, a novel biosensor capable of discriminating between adenosylcobalamin 

and methylcobalamin has successfully been applied to monitor adenosylcobalamin 

concentrations as a biomarker of the metabolic stage in the cell cycle of E. coli cultures 

(75,81). 



 

 

 

4.3 PNA 

 

 
The peptide nucleic acids (PNAs) are synthetic DNA analogs in which a neutral 

peptide-like backbone composed of repeated N-(2-aminoethyl) glycine units substitute 

for the sugar-phosphate backbone of the natural nucleic acids (82,83). Advantages of 

PNA over natural nucleic acid analogs DNA and RNA include higher stability, such as 

against enzymatic cleavage, enhanced selectivity, neutral charge, and the possibility of 

synthesizing it using regular peptide solid-phase synthesis protocols (83–86).  

PNA-based RNA or DNA detection biosensors have been developed for early disease 

diagnoses such as cancer, food safety applications, and environmental monitoring 

(87,88). Specifically, in the food safety field, a label-free PNA-based biosensor for 

ultrasensitive DNA detection with a graphene oxide transducer has been developed for 

microorganism detection (87–89). 

 

 

5.Immobilization techniques 

 

 
Nucleic acid-based biosensors are developed by immobilizing nucleic acids to a solid 

support and their coupling to a transducer. The immobilization process aids in probe 

orientation and accessibility to the target element (90–92). DNA is frequently preferred 

as the biorecognition element over other nucleic acid molecules because of its 

advantages, including signal and target amplifications and chemically stable and 

reusable bio-recognition layers formation (90). Therefore, this section focuses on 

immobilization techniques of DNA-based probes.  

In the design of a DNA-based biosensor, it is important to consider the DNA 

immobilization process before developing the sensor because it significantly influences 

the efficiency and response of the biosensor. Immobilization methods depend on the 

purpose of the biosensor and the nature of the transducer. In order to be considered an 

ideal immobilization, the transducer surface must: 1) exhibit specific binding to the 

DNA probe in solution, and 2) maintain the capacity to detect the presence of the 

analyte (90). 

 

 

5.1 Physical adsorption 

 

 
Immobilization through physical adsorption can be possible thanks to non-covalent 

interactions between the biorecognition element and the transducer surface, as shown in 

Figure 5A (93). A simple, well-known method for DNA immobilization is the glassy 

carbon electrode, which can be immersed or dropped into the probe solution and then 

left to dry. This is considered the simplest method because it does not require chemical 

reagents or modifications of the nucleic acid probe (94,95). 



 

The MoS2 nanosheets possess fluorescence quenching capability and different affinity 

towards ssDNA and dsDNA. A dye-labeled ssDNA was adsorbed on MoS2 nanosheets 

with quenched fluorescence; after adding the complementary target DNA, hybridization 

weakened the van der Waals interaction between nucleobases and nanosheet leading to 

desorption of DNA strand and restoration of fluorescence. This MoS2 nanosheet-based 

biosensor exhibited excellent performance for the rapid and homogeneous analysis of 

DNA, with a detection limit of 500 pM. The biosensor detection limit (5 μM) was 

increased using an adenosine aptamer as probe DNA, and a detection limit was achieved 

(96). 

Other transition metal nanosheets, such as WS2, MnO2, and Ta2NiS5 nanosheets, also 

exhibit high quenching efficiency and physisorption properties towards dye-labeled 

ssDNA. Zhang group adapted the sensing platform for multiplexed DNA detection by 

simultaneously adsorbing two different ssDNA probes targeting Influenza A virus 

subtype H1N1 gene and subtype H5N1 gene onto TaS2 nanosheets. The probes only 

responded to the specific target sequence and emitted corresponding fluorescence 

(ingle-Layer Transition Metal Dichalcogenide Nanosheet-Based Nanosensors for Rapid, 

Sensitive, and Multiplexed Detection of DNA(97). 

In electrical adsorption, before immobilization of the DNA probes can occur, a potential 

that generates roughness and hydrophobicity must be applied to the surface of the 

carbon electrode. The positive charge of the electrode surface and the negative charge 

found in the phosphate group of nucleic acids enables probe adsorption (67). 

Electrochemical DNA-based biosensors are ideal for detecting pathogens that cause 

foodborne diseases, because of their high reproducibility, low detection limit, and wide 

linear dynamic range (98). 

 

 

5.2 Covalent attachment 

 

 
Covalent attachment aims to create a bond between DNA probes and the transducer’s 

surface through hybridization (Figure 5B). This interaction will become more stable 

over time (99). 

In this field, it has been found that the use of cellulose nanofiber can have biosensor 

applications. Wang et al., (99) worked on the design of a dual-function cellulose 

nanofiber-based bionic biosensor. That investigation aimed to graft a DNA aptamer 

onto the surface of a dual-function cellulose nanofiber (CNF) to obtain a biosensor 

capable of detecting trace levels of Ag+. They demonstrated good sensitivity, with a 

LOD of 10-6 nM for Ag+, even in the presence of other metal ions. At the same time, 

this biosensor was able to detect acetylcholinesterase. 

 

 

5.3 Formation of the avidin-biotin complex 

 

 
Both avidin and streptavidin are quaternary proteins, and they have similar properties, 

such as weight and structure, and biotin is a vitamin with a strong affinity for avidin and 



 

streptavidin. The formation of an avidin-biotin complex or a streptavidin-biotin 

complex represents a strong non-covalent interaction (Figure 5C) (100).  

Chung et al., (101) designed an electrochemical DNA-based biosensor to detect the 

influenza type A virus by conjugating a biotinylated DNA probe (5’-biotin-ATG AGT 

CTT CTA ACC GAG GTC GAA-3’) and an avidin-modified glassy carbon electrode. 

Different concentrations of target DNA were employed. The calculated LOD was 

8.51×10−14M, and good sensitivity for detecting the target DNA was demonstrated. 

Terse-Thakoor et al., designed an electrical biosensor using a streptavidin-biotin system, 

graphene nanogap electrodes, and gold nanoparticles (102). The results showed a 

sensitivity of 0.3 µA/nM and a LOD of 0.25 pM for streptavidin detection. 

 

 
Figure 5. Schematic representation of DNA immobilization techniques: A) Physical 

adsorption. B) Covalent attachment C) Immobilization of biotinylated DNA-

probes C.1) Formation of the avidin/streptavidin complex C.2) Biotin/avidin or 

biotin/streptavidin complex. Adapted from (103). 

 

 

6.Biosensors for nucleic acid detection 

 

 
The study and detection of single molecules such as DNA have gained enormous 

relevance and have numerous applications in the clinical field (2). The detection 

principle of nucleic acids using a nucleic acid-based biosensor relies on the 

hybridization reaction (Figure 3) or target interactions in the case of aptamers (14,15). 

Moreover, nucleic acid-based biosensors for nucleic acid detection can be classified 

according to the biorecognition element, the structure of the bioreceptor, or the type of 

transducer (Figure 6). 



 

Accurate, rapid, and sensitive detection of nucleic acids in complex matrices plays an 

important role but remains challenging (13,104). One of the most investigated strategies 

for improving sensitivity is signal amplification, which refers to optimizing the 

biomolecules immobilized in the bioreceptor to enhance signal output and reliability (9). 

Particular examples of biosensors that employ signal amplification techniques will be 

addressed below in this chapter. 

 
Figure 6. Classification of nucleic acid-based biosensors for nucleic acid detection. 

Adapted from (3–7). 

 

It is important to mention that if the biorecognition event involves hybridization and the 

biosensor employs an electrochemical transducer, the detection can be mediated by two 

different pathways: label-free or labeled detection. Label-free electrochemical detection 

of DNA hybridization is based on intrinsic DNA signals of electroactive DNA bases 

such as guanine or adenine. On the contrary, labeled electrochemical detection of DNA 

hybridization employs redox-active probes as labels, which can selectively bind with 

dsDNA/ssDNA. The objective of these pathways is to obtain a measurable 

decrease/increase in the oxidation/reduction peak current, through electroactive DNA 

bases or electrochemical labels. 

In 2020, Wang et al., developed a novel electrochemical biosensor for nucleic acid 

detection, using the stable free nitronyl nitroxide monoradical 2,2,6,6-

tetramethylpiperidine 1-oxyl (TEMPO) as an electrochemical label. TEMPO constitutes 

a rational choice because of its high electrochemical activity, a clear electrochemical 

signal in aqueous solution, high stability, low pollution, and high utilization rate 

(13,105,106). Thus Wang et al., reported the first use of TEMPO as an electrochemical 

label for ssDNA-detection and highlighted its good performance (13). The 

biorecognition element used was PNA, which was immobilized on the surface of a 

glassy carbon electrode. Under optimal conditions, the linear range was found to be 10 



 

pM to 100 nM, and the LOD was calculated as 2.57 pM. The specificity of PNA 

conferred high selectivity to the biosensor. Likewise, the repeatability and storage 

stability were verified. Regarding the analytical performance of this method in complex 

serum samples, it was confirmed that the biosensor could effectively exclude interfering 

substances and detect the target DNA (13). 

Addressing the issue of early disease diagnosis, in 2020, Moccia et al., developed the 

first paper-based electrochemical PNA biosensor for the detection of miRNA-492, a 

suggested biomarker for pancreatic ductal adenocarcinoma (PDCA) (107,108). It is well 

known that clinicians face a great challenge concerning the silent progression of PDCA 

due to the complexity of an early diagnosis, which delays timely treatment (109–111). 

This reported paper-based biosensor was built on a miniaturized, sensitive, and robust 

paper-based platform by screen-printing a three-electrode system on previously wax-

patterned office paper. Thus, the screen-printed electrodes were built from silver/silver 

chloride ink for the pseudo-reference electrode and graphite ink for the counter and 

working electrodes. Therefore, the electrochemical transducer was based on a graphite 

working electrode, but it had a modified surface with gold nanoparticles, which enabled 

anchor points and controlled PNA immobilization (11). 

The selected biorecognition element was PNA because of its enhanced binding affinity 

detecting DNA and RNA molecules. Moccia et al., achieved a stable and effective 

duplex formation between PNA and miRNA-492, mainly by designing the PNA probe 

to fully complement miRNA-492 with antiparallel orientation (11,112). Later, the probe 

density was optimized for the concentration of 100 nM of PNA probe in the presence of 

a 50 nM miRNA-492 target, where the highest signal variation (33%) and lowest RSD 

(18%) were recorded. The linear range was between 50 and 100 nM, and the LOD was 

calculated as 6 nM (11). The selectivity was challenged by adding sequences with one- 

or two-base mismatches or a fully random sequence. The biosensor showed excellent 

selectivity towards the target analyte, with no significant signal change even when the 

interfering sequences were present at a higher concentration (11). Additionally, the 

paper-based biosensor was tested in undiluted blood serum as a complex matrix, 

achieving a LOD of 22 nM. Therefore, potential applicability for early PDCA diagnosis 

based on the quantification of miRNA-492 could be further explored (11). Ultimately, 

some unique advantages of a paper-based biosensor must be emphasized besides 

matching the ASSURED criteria, such as sustainability, cost-effective fabrication, 

portability, and reduction in waste management (10,113). 

Li et al., reported a DNA nanostructure-based platform that enables a recyclable 

biointerface for ultra-sensitive detection of nucleic acid. The probe DNA was, in fact, a 

nanostructure composed of chemically cross-linked branched DNA (CCLB-DNA) 

designed to increase probe distance and exposure of the interface in the solution phase. 

As a result, the signal was significantly enhanced, possibly because of an increased 

probability of collision between the DNA probes and the target DNA (T-DNA), further 

leading to an elevated capture rate of T-DNA. The rationale for designing a 

biorecognition platform with increased probe distance was based on a previous kinetic 

and thermodynamic analysis that revealed an enhanced hybridization process (114). The 

transducer employed was an electrical device that senses frequency changes of a quartz 

crystal resonator, which is known as a quartz crystal microbalance (QCM). While it 

enables label-free, sensitive DNA detection, quartz crystal chips have exhibited limited 

reuse capacity. Besides the elevated cost and pollution of the existing regeneration 



 

strategies, limitations include time consumption, inefficiency, or destruction to the 

functional layer (114–116). 

DNA was immobilized on the gold surface of the quartz crystal through Au-S bonds. 

Frequency shifts generated by the hybridization of the target T-DNA with the CCLB-

DNA probes were amplified by further hybridization of the DNA functionalized Fe3O4 

(M-Fe3O4) nanoparticles with the other end of the T-DNA. Finally, the chip was 

immersed in a urea solution in order to release the T-DNA and M-Fe3O4, demonstrating 

that the recognition layer was easily regenerated. No frequency attenuation was 

observed, and the stability was maintained after four cycles of detection and recovery. 

The excellent reusability characteristics exhibited by this biosensor make it an excellent 

prospect for engineering recyclable biointerfaces. Regarding the performance 

characteristics, the LOD was reported to be as low as 500 fM, and the concentration 

exhibited a linear relationship with the frequency shifts in a range of concentrations 

from 500 fM to 1 μM (114). It is important to point out that this CCLB-DNA-based 

biosensor successfully overcomes the alleged “size dilemma” of nanoscale sensors, 

which refers to a reduced collision probability between probes and target molecules due 

to the restricted quantity of immobilized probes that can fit in the limited space 

available (114,117–119). 

Tian et al., developed a graphene field-effect transistor (G-FET) biosensor with PNA 

probes for trace RNA detection. A control biosensor using traditional DNA probes was 

also manufactured to evaluate the advantages of the developed biosensor that employs 

PNA. The DNA probes exhibited the limitations of long hybridization time, background 

electrical noise, and relatively poor specificity (63). It was found that the PNA probe G-

FET (PNA-G-FET) biosensor achieved a LOD of 0.1 aM, while the DNA probe 

biosensor exhibited a LOD three orders higher (100 aM). An important advantage 

conferred by the PNA probe over the biosensor was enhanced sensitivity and specificity 

compared to the control device. A large electrical response of the PNA-G-FET sensor to 

the target RNA was reported. Since the hybridization of PNA-RNA is much faster than 

that of DNA-RNA, the authors demonstrated that the PNA-G-FET could shorten the 

detection time. The linear response displayed by the PNA-G-FET, was from 0.1 aM to 1 

pM, while for DNA probe-modified G-FET, it was from 100 aM to 1 pM. These results 

demonstrate that the PNA probe could be ideal for the G-FET biosensors for nucleic 

acid detection, associated with improvements in the sensing performance (63). It is 

important to highlight three fundamental theoretical aspects considered by Tian et al., 

that led to the design of their PNA-G-FET biosensor: (1) PNA probes can enhance the 

specificity of hybridization and shorten the detection time (120), (2) field-effect 

transistor sensors improve sensitivity, analysis efficiency, detection cost, and accuracy, 

and (3) graphene has a high specific surface area and elevated electron mobility, 

allowing easy interaction with biomolecules through π-π bond stacking (63,121). 

Pathogen diagnosis is essential for disease prevention and proper treatment (122). PCR 

is usually the preferred method for clinical pathogen diagnosis; however, it entails 

rigorous requirements, such as well-equipped laboratories, trained personnel, extensive 

time consumption, and complicated sample preparation (123). Therefore, alternative and 

competitive detection strategies would be desirable. 

For example, Dengue and Zika infections pose a great threat to human life, represented 

by their high morbidity and mortality rate. These infections usually entail a difficult 

clinical diagnosis due to similar clinical manifestations (124–126). Dengue and Zika 

viruses have certain similarities that would make simultaneous detection an essential 



 

tool for providing a timely treatment: both of these viruses share the transmission vector 

of the Aedes mosquitoes, sharing the geographical distribution as well as the seasonal 

correlation (127). Dengue and Zika diagnoses are usually based on virus isolation 

cultures, enzyme-linked immunosorbent assays (ELISA), and genomic RNA detection 

using PCR. However, simultaneous and synchronous detection for multiplexed nucleic 

acids has rarely been reported (127,128). 

In 2017, Xie et al., (127) reported a single-stranded probe DNA bioreceptor that 

simultaneously detects RNA sequences of Dengue and Zika viruses through a 

fluorescence transducer. They synthesized a water-soluble and stable metal-organic 

framework (MOF) that exhibits high affinity toward carboxyfluorescein or 5(6)-

carboxyrhodamine, triethylammonium salt (ROX)-tagged single-stranded probe DNA 

through π stacking and electrostatic interactions, thus quenching the fluorescence of the 

tag. Fluorescence transducers have been shown to exhibit high sensitivity and rapid 

response time. In contrast, MOFs as quenching platforms for fluorophore-labeled 

nucleic acid detection have been reported to enhance the sensitivity and reduce 

background noise (129–131). 

Employing a detection time of 36 min and 2 min, the calculated LOD was 332 and 192 

pM with the single detection method, and 184 and 121 pM with the synchronous 

detection method for Dengue and Zika viruses, respectively. Both assays were highly 

specific, with no interference by other mismatched RNA sequences, even down to 

single-base mismatched RNA sequences. There was no cross-reaction between the two 

probes for synchronous detection. The reported linear range was from 0 to 60 nM (127). 

A comprehensive summary of the performance characteristics of the discussed 

biosensors is shown in Table 1. 

 



 

Table 1. Summary of performance characteristics for the discussed biosensors for nucleic acid detection. 

Authors 
Biorecognition 

element 
Analyte Transducer LOD/ Linear range Additional 

Field of 

application 

Wang et al., 

2020 
PNA ssDNA GCE 2.57 pM/10 pM to 100 nM 

Electrochemical 

label: TEMPO 
NS 

Moccia et al., 

2020 
PNA 

miRNA-492 

suggested 

biomarker for 

PDCA 

Graphite working 

electrode/surface of 

gold nanoparticles. 

6 nM/50 to 100 nM 

Complex 

matrix: 

Undiluted blood 

serum (LOD 22 

nM) 

Early 

detection of 

PDCA. 

Li et al., 2018 

DNA 

nanostructure-

based platform 

Nucleic acids QCM 500 fM/500 fM to 1 μM N.A 
Recyclable 

biointerfaces 

Tian et al., 2020 PNA RNA G-FET 0,1 aM/0.1 aM to 1 pM N.A NS 

Xie et al., 2017. ssDNA RNA Fluorescence MOF 
184 pM Dengue; 121 pM 

Zika/0 to 60 nM 
ROX and FAM 

Early disease 

diagnosis 
TEMPO: nitronyl nitroxide monoradical 2,2,6,6-tetramethylpiperidine 1-Oxyl; PDCA: pancreatic ductal adenocarcinoma; QCM: Quartz Crystal 

Microbalance; MOF: metal-organic frameworks; FAM: carboxyfluorescein; ROX: triethylammonium salt; G-FET: Graphene Field-Effect Transistor. 

GCE: Glass Carbon Electrode. Ns: Not specified. 

 



 

In general, the performance characteristics of the biosensors mentioned above are 

aligned with the ASSURED criteria, demonstrating short detection time, competitive 

LOD, linear range, and specificity. Most studies emphasize parameter optimization, 

assessment of storage stability, regeneration potential, reproducibility of manufacture, 

and application to complex/real matrixes. The authors clearly explained the theory and 

rationale supporting the designed biosensors, which were very promising for develop 

new biosensing techniques. 

Even though the nucleic acid-based biosensors reviewed here share a nucleic acid 

analyte and the fundamental hybridization mechanism (except aptamers), the reported 

detection platforms are very diverse. The development of materials for biosensing 

platforms needs to be acknowledged: they are essential for novel biosensor designs and 

constitute a constantly expanding field. 

 

 

7.Nucleic acid-based biosensors in detection of foodborne 

pathogenic agents 

 

 
Food contamination can be categorized according to the nature of the causal agent: 

bacteria, viruses, parasites, prions, and chemicals, among others (132). Diverse 

biosensors have been designed to detect foodborne pathogenic agents, spanning the 

range from enzyme-based to immune and thermal-based mechanisms. Among nucleic 

acid-based biosensors, reported analytes related to food contamination include proteins, 

nucleic acids, and ions. Huo et al., (132) reported a nucleic acid-based biosensor to 

detect food contaminants that provides a rapid food-safety analysis. 

Bacterial contamination in food and water is a serious public health problem worldwide 

associated with increased animal and human mortality and higher health expenses (133). 

Most bacterial foodborne diseases have similar symptoms, including diarrhea, emesis, 

and fever, challenging timely detection and incidence estimation. According to the 

WHO, approximately 600 million illnesses and 420,000 deaths occur annually due to 

foodborne pathogenic bacteria (134,135). However, these data could be grossly 

underestimated because of misdiagnoses, under-reporting (in minor outbreaks), and 

inadequate sample collection or analysis (133). The infections that constitute major 

causes of illness, hospitalizations, and deaths worldwide are salmonellosis, 

campylobacteriosis, and Shiga toxin-producing Escherichia coli (STEC). However, 

despite listeriosis having a lower incidence, it is one of the most lethal foodborne 

diseases, with an associated mortality rate of 37% (136). 

Within this context, there is an urgent need to find new, rapid, and highly sensitive 

methods for detecting foodborne pathogenic bacteria. Conventional methods depending 

on cell culture can take several days to yield results; therefore, interesting alternatives 

include PCR, ELISA, surface plasmon resonance (SPR), and electrochemical 

impedance spectroscopy (EIS). Even though these alternatives can be more specific, 

more sensitive, and faster, they can also be more expensive in terms of instrumentation, 

involve tedious processes, or require highly qualified personnel for handling (137). For 

this reason, many efforts have focused on the search for inexpensive, rapid, and robust 

biosensors for the detection of foodborne pathogenic bacteria. This section presents the 

latest trends in this area. 



 

 

 

 

7.1Enterococcus faecalis 

 

 
Enterococci spp. are Gram-positive cocci that can survive in harsh conditions and 

dramatically expand in healthy individuals under certain conditions (138,139). 

However, “from the enterococcal species, only Enterococcus faecalis and Enterococcus 

faecium commonly colonize and infect humans in detectable numbers” (140). 

Associated infections may include bacteremia, bacterial meningitis, urinary tract 

infections, endocarditis, and wound infections, among others (141,142). Additionally, 

Enterococci spp. can produce biogenic amines that serve as a reservoir for virulence and 

can cause food intoxication (143,144). E. faecalis and E. faecium are the most 

commonly found strains in foods and are associated with human infection (145). 

Considering the high prevalence of E. faecalis infections, the difficulties involved in 

their effective diagnosis, and the limited available biosensors for their detection, an 

alternative method for detecting E. faecalis infections could represent an improvement 

in clinical diagnostics and therapy (146–151). Therefore, Nazari-Vanani et al., 

fabricated a new, PCR-free, label-free, and electrochemical E. faecalis DNA biosensor 

(Ef-biosensor) to quantify the bacterium genome (152). The design of the Ef-biosensor 

platform was based on the autonomous self-assembly process at the molecular level, 

which allows spontaneously rearranging components into ordered patterns (153,154). 

The objective was to obtain an immobilized, self-assembled, and aligned monolayer of 

the ssDNA probe to work as the detection platform for E. faecalis. Some advantages 

include the easy formation of stable self-assembled monolayers (SAMs) and reduction 

in the amount of biomolecule immobilized in the transducer (155). The main 

components of SAMs are 1) a head group that strongly binds to a substrate, 2) a spacer 

chain responsible for the SAM’s thickness and the flexibility of the immobilized 

species, and 3) a free end functional group that remains available for any modifications 

(152). 

Thiol-gold binding systems have been widely employed to fabricate biosensors and are 

commonly used for SAM formation due to the strength of the bond, inertness, 

biocompatibility, and easy formation (156). Because open-circuit potential values 

during thiol self-assembly remain within the range of gold stability (157), self-

assembled monolayers of thiols are formed without requiring the application of an 

external potential. Therefore, a gold disk electrode was used to immobilize the ssDNA 

probe. The immobilization time was optimized to seven hours, corresponding to a high 

concentration of the ssDNA probe on the gold electrode surface, conferring enhanced 

sensitivity (152). A ferricyanide/ferrocyanide mixed solution containing KCl and 

K3Fe(CN)6/K4Fe(CN)6 (1:1) was employed as a redox marker, which allowed 

monitoring the detection process through differential pulse voltammetry (DPV). 

Different concentrations of the synthetic ssDNA target were plotted against recorded 

DPVs, observing that the values of DVP decreased when the concentration of the target 

ssDNA increased. The obtained correlation coefficient was R2 = 0.9977 in a 

concentration range of 1.0 × 10-17 to 1.0 × 10-12 mol L-1 for the target ssDNA, and the 

calculated LOD was 3.3 mol L-1 (152). 

Regarding the performance characteristics, first, the fabrication reproducibility was 



 

demonstrated by manufacturing the Ef-biosensor five times, recording the DPVs for 

each Ef-biosensor, and obtaining a relative standard deviation (RSD) of 2.8%. Second, 

the regeneration ability of the Ef-biosensor was investigated by performing five cycles 

of hybridization/de-hybridization, recording DPVs, and obtaining an RSD of 5.1% 

(152). And third, the selectivity was challenged by measuring DPVs after exposure to 

sequences with one to three base mismatches or non-complementary sequences at the 

same concentration as the target sequence. The sharpest DPV decrease was observed 

when the Ef-biosensor hybridized with the ssDNA target sequence, and the smallest 

decrease was obtained with the non-complementary ssDNA sequence. Considering the 

inverse relationship between the concentration of the target ssDNA sequence and DPV, 

the biosensor displayed high selectivity and could discriminate among the mismatched 

sequences (152). 

Moreover, the ability of the Ef-biosensor to quantify the genomic DNA was explored by 

recording DPVs before and after hybridization with different concentrations of the E. 

faecalis genome. The inverse dependency was still observed between the E. faecalis 

genome concentration and DPV values. The calibration curve had a regression 

coefficient of R2 = 0.9912 in a concentration range of 1.1 × 10-7 to 1.1 ng mL-1, and the 

calculated LOD was 7.1 × 10-9 ng mL-1. Finally, the authors determined that the 

calculated LOD for both the synthetic and the genomic DNA was very low as compared 

with other methods of E. faecalis detection (152). The Ef-biosensor was successfully 

applied for E. faecalis detection in human samples. Genomic DNA was extracted from 

urine, stool, and abdomen de-identified samples discarded from routine clinical practice. 

PCR amplification followed by gel electrophoresis confirmed the presence of bacterial 

genome in the real samples, demonstrating the exactitude of the results obtained by the 

Ef-biosensor (152). 

Even though the previously-mentioned biosensors for nucleic acid detection exhibit 

excellent performance characteristics, other reported biosensors have included an 

amplification module in order to optimize the detection. Target amplification refers to 

any method that directly increases the number of copies of target molecules, while 

signal amplification uses highly sensitive probes to detect the target molecule, directly 

increasing the signal without increasing the amount of the target (158). PCR was the 

first nucleic acid amplification method developed. However, a major opportunity for 

improvement lies in the complex requirements of PCR for thermal cycling, high 

equipment cost, and elevated time consumption (158–160). Alternative methods have 

emerged, exploiting the use of isothermal conditions (158–160). The following 

biosensors that will be discussed have an included amplification module. 

 

 

7.2Group B Streptococci 

 

 
In 2015, Yuan et al., (161) developed an electrochemical biosensor for ultrasensitive 

and specific detection of nucleic acids by combining a defective T junction induced 

transcription amplification (DTITA), as shown in Figure 7. Primer extension reaction 

and in vitro transcription amplification were triggered to produce numerous single-

stranded RNA. These RNA products of DTITA could further hybridize with the 

detection probes and immobilize capture probes for enzyme-amplified electrochemical 

detection on the biosensor's surface (161).  



 

 

 
Figure 7. Defective T junction induced transcription amplification (DTITA). 

(Adapted from (161). 

 

In terms of performance characteristics, the isothermal DTITA strategy displayed 

remarkable signal amplification performance and reproducibility. The biosensor showed 

a very high sensitivity for target DNA, with a LOD of 0.4 fM, as low as 400 copies of 

genomic DNA, and a linear range of 1fM to 1nM. Moreover, the established biosensor 

was successfully verified for directly identifying Group B Streptococci in clinical 

samples (161).   

 

 

7.3Salmonella typhimurium 

 

 
In 2016, Yan et al., (162) developed an electrochemical biosensing strategy for 

ultrasensitive and specific detection of pathogenic nucleic acids by directly integrating 

homogeneous target-initiated transcription amplification (HTITA) with an interfacial 

sensing process in a single-analysis system, as shown in Figure 8. The HTITA 

amplification strategy resulted in numerous single-stranded RNA products, which could 

synchronously hybridize with the detection probes and immobilized capture probes for 

enzyme-amplified electrochemical detection on the biosensor surface. 

 



 

 
Figure 8. Diagram of homogeneous target-initiated transcription amplification 

(HTITA). (Adapted from (162). 

 

The proposed electrochemical biosensing strategy showed very high sensitivity and 

selectivity for target DNA, with a dynamic response range from 1 fM to 100 pM and a 

calculated LOD of 0.97 fM. Using Salmonella typhimurium as a model, the established 

strategy was successfully applied to directly detect the invA gene from genomic DNA 

extract (162). 

Alternatively, Shasha Li et al., (135) reported a new technique for detecting pathogenic 

bacteria, using the isothermal circular strand displacement polymerization strategy 

(ICSDP). This technique involves a polymerization reaction of a specific primer with a 

single-stranded template in the presence of polymerase. The target can be replaced by a 

second target during polymerization, which promotes more polymerization cycles and 

amplifies the detection. Even though ICSDP has been widely used to detect various 

analytes such as nucleic acids, proteins, small molecules, and toxic metals, this is the 

first report of bacterial detection (163–166). 

The working principle of the novel ICSDP developed for bacterial detection is described 

in Figure 4. The technique is made up of five elements: (i) the arched probe, used for 

the specific recognition of the target analyte, in this case, Salmonella typhimurium, (ii) a 

hairpin probe 1 (HAP-1) that functions as a template, (iii) a fluorescence-quenched 

hairpin probe 2 (HAP-2) that functions as a pre-primer and is the fluorescent signal 

indicator, (iv) DNA-polymerase enzymes (Phi-29), and (v) an endonuclease (Nt.AlwI), 

involved in the amplification cycles. The arched probe comprises an anti-S typhimurium 

aptamer, which is carefully designed to specifically recognize the bacteria and release 

the T trigger (Figure 9. Step 1). The T trigger recognizes the 5' terminal region of HAP-

1, which has a T * sequence, which generates a change in its three-dimensional 

structure, and its 3' terminal region is exposed (Figure 9, Step 2). This region will 

specifically recognize the S region of HAP-2, which will again change its three-

dimensional conformation to leave the L tail exposed and unpaired (Figure 9, Steps 3-

4). This tail is digested by the enzyme phi 29; meanwhile, the Dabcyl fluorophore 

present in the L tail is released, and the detectable fluorescent signal is generated 

(Figure 9, Step 5). Finally, the enzyme Nt.AlwI breaks the pairing of the T trigger with 



 

HAP-1, leaving the T sequence free to repeat the cycle (Figure 9, Step 8). 

 

 
Figure 9. General scheme of ICSDP-type biosensor for the detection of foodborne 

pathogenic bacteria. (Adapted from (135). 

 

The developed ICSDP strategy constitutes a robust detection method with shorter 

analysis times than conventional techniques and a simplified operation involving single 

reaction step. The method is highly sensitive, with a LOD below 1.5 CFU mL-1, and it is 

specific for S. typhimurium in the presence of different bacteria such as B. subtilis, 

Listeria, and E. coli, having fluorescence intensity values close to 1000 a.u for S. 

typhimurium and values less than 100 a.u. for the other bacteria under the same 

conditions. Finally, the authors challenged the method with complex milk matrices, 

demonstrating competitive efficiency with recovery percentages between 98% and 

109%, similar to conventional methods based on counting and cell culture (135). 

 

 

7.4 Salmonella enteritis and Staphylococcus aureus 

 

 
Fluorescence biosensors, such as SPR and surface-enhanced Raman scattering (SERPS) 

biosensors, have different action principles. Still, most of them share the same working 

pattern: (i) capture of the analyte, (ii) separation, (iii) flushing, and (iv) amplification 

and detection of the signal. These processes involve two major challenges for the 

development of bacterial biosensors. On the one hand, bacteria tend to be present in 

complex matrices, so they must be captured, separated, labeled, and rinsed before being 

detected, which involves tedious sample treatment processes. At the same time, given 



 

the low concentrations of the bacteria in food samples, biosensors must be highly 

sensitive. The latter could be achieved with high surface areas that enable efficient 

biosensor-analyte interaction (167). 

To face these challenges, Chen et al., (167) proposed a multi-channel structured 3D chip 

made up of an organic polymer of polymethyl methacrylate (PMMA) cut in the shape of 

a disk (Figure 10) (166). Given its high porosity, generated during the polymerization 

processes, the 3D chip has a high surface area, which facilitates mass transfer, offers 

many active sites, has good flexibility for the optical path of light, and simplifies the 

analytical process. The active sites of the 3D chip were occupied with an aptamer 

specifically designed to recognize a particular bacterium (Figure 10A). A complex 

sample is forced to flow through the disk, where the aptamer selectively captures the 

bacteria, and the other analytes are eluted (Figure 10B). Finally, through a strategy 

known as hybridization chain reaction (HCR), the signal of the immobilized bacterium 

is amplified in order to obtain a fluorescent signal, which is similar to the strategy 

proposed by Shasha Li et al., in 2019 (Figure 10C) (135,167). 

 

 
Figure 10. Multi-channel structured 3D chip for the detection of foodborne 

pathogenic bacteria. (Adapted from (167). 

 

The 3D multichannel chip biosensor is fast (15-minute analysis), inexpensive, and does 

not require multiple reaction steps. The designed biosensor efficiently detected two 

bacterial models: Salmonella enteritis and Staphylococcus aureus, reaching a LOD 

below 4 CFU mL-1 and a wide linear range that oscillates in the range of 4.5 × 101 to 4.5 

× 106 CFU mL-1. The 3D chip model opens new possibilities since it could be scaled to 

other optical detection strategies (167). 

 

 



 

7.5 Microcystin-LR 

 

 
Not only bacteria pose food contamination problems: also, the toxins they produce can 

lead to serious diseases, mainly because they remain in food and water at low 

concentrations. For example, cyanobacteria produce a group of biologically active 

toxins called microcystins, posing a serious threat to aquatic organisms and human 

health. Microcystin-LR (MC-LR) is the most common and dangerous ones in the group. 

It has been reported that exposure to low concentrations of MC-LR may be associated 

with the development of tumors, liver cancer, and chronic diseases. The WHO 

recommends a concentration of less than 1 µg mL-1 of MC-LR in water. Thus there is an 

urgent need to develop highly sensitive and precise biosensors that will allow reliable 

detection of MC-LR at low concentrations (168). 

Wu et al., (168) reported a novel biosensor that could be extrapolated to other similar 

analytes (Figure 11). It is made up of two strands (A and B) chemically bonded to a 

polyacrylamide polymer. Subsequently, these strands are joined together by an MC-LR 

aptamer that generates a hydrogel in which the aptamer will function as a crosslinking 

agent. Cu/Au/Pt nanoparticles are encapsulated within this DNA-hydrogel. Upon 

contact with the MC-LR analyte, the aptamer specifically binds to the target, forming a 

target-aptamer complex that disintegrates the membrane, releasing the metallic 

nanoparticles. The free metallic nanoparticles catalyze the reaction between TMB 

(Tetramethylbenzidine) and H2O2, thus generating a strong blue coloration that can be 

monitored using colorimetric techniques (168). 

 

 
Figure 11. General DNA-hydrogel scheme for the detection of MC-LR. (Adapted 

from (168). 

 

The authors demonstrated that this biosensor is reliable and feasible: it was tested fresh 

fish and spiked water samples, yielding recovery percentages between 95% and 107% 

and RSD lower than 5%. Additionally, the results obtained with this biosensor were 

consistent compared to the ELISA kit. A linear range of 0.004–10 µg L-1 and a LOD of 

3.0 ng L-1 were reported, exhibiting values much lower than those reported for other 

analytical techniques for the detection of MC-LR: chemiluminescence, using the 

antibody-antigen model (169), electrochemical, using 3D graphene electrodes (170), or 

fluorescence, using Eu nanospheres, among others (168). 

A comprehensive summary of the performance characteristics of the discussed 



 

biosensors is shown in Table 2. 

 

 



 

Table 2. Summary of performance characteristics for the discussed biosensors for detection of foodborne pathogenic agents. 

Authors 
Biorecognition 

element 
Analyte Transducer LOD Linear range Real Samples 

Amplification 

Strategy 

Nazari-

Vanani et 

al., 2019 

ssDNA 
Synthetic DNA 

of E. faecalis 

Gold 

electrode 
3.3 amol L-1 

1.0 × 10-17 to 

1.0 × 10-12 mol L-

1 

Genomic DNA 

LOD: 7.1 × 10-9 ng mL-1 

Linear range: 1.1 × 10-7 

to 1.1 ng mL-1 

N.A 

Yuan et al., 

2015 
Aptamer 

Synthetic DNA 

of Group B 

Streptococci 

Gold 

electrode 
0.4 fM 1fM to 1nM 

Genomic DNA from 

clinical vaginal/anal 

samples 

DTITA 

Yan et al., 

2016. 
Aptamer hairpin 

Salmonella 

typhimurium 

Gold 

electrode 
0.97 fM 1 fM to 100 pM. 

LOD: 105 CFU mL-1 

Linear range: 10-107 

CFU mL-1 

HTITA 

Shasha Li 

et al., 2019 

Arched probe 

aptamer, HAP-1, 

HAP-2 

Salmonella 

typhimurium 
Fluorescence 1.5 CFU mL-1 1000 a.u Milk 98-109% ICSDP 

Chen et al., 

2014 
3D chip-PMMA 

Salmonella 

enteritis and 

Staphylococcus 

aureus 

Fluorescence 4 CFU mL-1 
4.5 × 101 to 4.5 

× 106 CFU mL-1. 
N. A. HCR 

Wu et al., 

2020 

Polyacrylamide 

hydrogel: 

aptamer strands 

MC-LR Colorimetric 3.0 ngL-1 
0.004 to 10 µgL-

1 

Fresh fish 

%Recovery: 95-107 
N.A 

DTITA: defective T junction induced transcription amplification; HTITA: homogeneous target-initiated transcription amplification; ICSDP: isothermal 

circular strand displacement polymerization; HAP-1: Hairpin Probe 1 ; HAP-2: fluorescence-quenched hairpin probe 2; Phi-29: DNA-polymerase 

enzymes; Nt.AlwI: endonuclease; PMMA: polymethyl methacrylate; MC-LR: Microcystin-LR. 



 

In addition to the discussed novel applications of nucleic acid-based biosensors in food 

safety, it is important to emphasize several other reports that may be older but 

strengthen the importance of biosensing techniques in food quality monitoring. 

Escherichia coli is a bioindicator of fecal contamination in food and has been detected 

using potentiometric biosensors (171–173). The screening of food sweeteners through 

biosensors has been explored because of their association with dental caries, 

cardiovascular diseases, obesity, and type-2 diabetes (43). Commercially available 

biosensors have important applications in the fermentation industry because of their 

potential for online monitoring of critical metabolites that need to be controlled and 

optimized in the biological processes. Biosensors for detecting and quantifying 

biochemical parameters such as glucose, lactate, lysine, and ethanol, among others, have 

been reported (174). Glutamine deficit has been associated with pathologies such as 

malabsorptive disorders; therefore, requirements for supplementation have been 

increasing (175). An amperometric biosensor for detecting glucose, glutamate, and 

glutamine in cell-culture fermentation processes has been reported (176). The aging of 

beer has been monitored using enzymatic biosensors based on cobalt phthalocyanine 

(177). Biosensing techniques have also been reported to quantify organophosphates in 

milk (178) and carbamic and organophosphates in water, orange juice, and wine 

samples (179–181). 

 

 

Conclusions and future perspectives 

 

 
This review compiles research aimed at the design and development of biosensors to 

detect analytes in complex matrices. There is evidence of notable progress in the 

identification and/or quantification of analytes in biological and environmental samples 

with selectivity, specificity, and low detection limits. However, there is an urgent 

necessity to make progress in developing biosensors that can be used in situ, 

maintaining or improving the analytical properties achieved in the design phase. 

Biosensors as medical devices have proved valuable and promising tools for mitigating 

morbidity and mortality caused by high-impact diseases. Biosensors have been used for 

the early diagnosis of diseases, identification of biomarkers, monitoring of the evolution 

of pathologies during treatment and as drug delivery systems. The greatest challenge in 

designing biosensors for disease diagnosis is identifying the bioreceptor-analyte pair 

that allows selectivity, specificity, and sensitivity to ensure the absence of false 

positives. 

Aptamers are excellent biorecognition elements, with advantages such as (i) versatility, 

because they can be used for the identification of cells, proteins, nucleic acids, 

metabolites, pathogens, drugs, enantiomers, etc. (ii) they have both high affinity and 

specific binding to the target, due to their three-dimensional conformation, (ii) the 

ability to hybridization allows the dual function of immobilization to the support and 

interaction with the analyte, (iii) reproducibility, stability over time and low costs. 

Despite the great progress that has been made in developing analytical methods to 

monitor the presence of pathogens or toxins in the food chain (food production, storage, 

transport, and marketing), biosensors are urgently needed to ensure food safety. 
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