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Background: The increasing incidence of fraud demands for new robust methods to assess food authenticity. Over
the past decades, biosensors have emerged as practical testing devices with exponential growth in diverse
research fields. Their numerous advantages have contributed to their implementation in the food sector, with
applications ranging from the identification of pathogens, chemical compounds and allergens to spoilage
detection and Genetically Modified Organisms (GMO) identification in various food products.

Scope and approach: This review explores the development of DNA-based biosensors for food authenticity
assessment with a focus on species identification. The role and versatility of nucleic acids as analytes and bio-
recognition elements are discussed, and the available conventional methods are presented. The main transducing
principles involved in biosensing, and the use of nanomaterials are briefly introduced. The application of various
DNA-based biosensors over the last decade is shown, highlighting the main innovations and how these have
contributed to the improvement of their performance. The final section addresses how different technologies can
influence biosensor manufacturing and optimization, so these can become established rapid on-site testing de-
vices used to assess food authenticity.

Key findings and conclusions: In the food sector, little research has been carried out in food authenticity regarding
biosensors. The development of these devices is mainly aimed at species identification in meat and derived
products, although other equally relevant products should be targeted. Several recent technological advances
have been successfully integrated into biosensors and must be further explored to promote the establishment of
these devices in food authenticity assessment.

1. Introduction protected by Protected Designation of Origin (PDO) or Protected

Geographical Indications (PGI) labels. As these certified products have

The assessment of food authenticity is a major concern for producers,
manufacturers, retailers and inspection bodies who aim to ensure that
no deliberate product alterations are made to increase profits. If such
alterations are detected, they usually lead to a reduction of consumer
confidence and loss of profits for producers (Sotirchos, Georgiou, &
Danezis, 2017).

A food product is considered authentic if its composition, processing,
and origin comply with the information provided to the consumer
(Gonzalez-Dominguez, 2022). Nowadays, various food products with
specific geographical origins and production methods are officially

higher market value, they are more vulnerable to fraudulent practices by
unscrupulous producers who buy cheaper raw materials from other
species, varieties or regions and illegally sell the product under the same
label (Camin et al., 2017).

The best way to guarantee that food products meet the legal stan-
dards is to ensure their monitoring throughout the entire process from
production to consumption (Ye, Guo, & Sun, 2019). Advances in science
and technology and the improvement of global living standards led to
the establishment of various methods throughout laboratories to solve
food-related issues (Ou, Jin, Fang, Tian, & Zhou, 2020). Currently, the
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most applied analytical methods in food fraud detection are based on
polymerase chain reaction (PCR) (Mafra, Ferreira, & Oliveira, 2008),
enzyme-linked immunosorbent assay (ELISA) (Asensio, Gonzalez, Gar-
cia, & Martin, 2008), Fourier transform infrared spectroscopy (FTIR)
(Rodriguez-Saona & Allendorf, 2011) and mass spectrometry (MS) (Dou
et al., 2023). These are used depending on the characteristics of the
targeted analytes (DNA, RNA, proteins, or metabolites) and the type of
food samples analyzed. While PCR-based methods are used to detect
nucleic acids, ELISA is directed mainly for proteins, FTIR for atoms and
small molecules, and MS for metabolites and proteins. FTIR and MS are
advanced high throughput techniques that require more complex
instrumentation and data analysis than conventional PCR and ELISA.
The two aforementioned methods provide fast and reliable results and
are the most used for food authentication (Mohamad et al., 2022).

The potential of DNA as target for food authenticity assessment
analysis has been uncovered throughout the last decades and is still a
research topic of interest in the food field. In the review of Sultana,
Azlan, Desa, and Mahyudin (2023), different PCR derived techniques for
the identification of microbial and animal species in food products are
presented, focusing on conventional DNA-based methods, and their
advantages and limitations are also thoroughly discussed. While these
traditional laboratory methods remain accurate and highly relevant in
the food authenticity field, the time-consuming processes involved may
hinder real-time responsiveness. The integration of DNA-based bio-
sensors for onsite applications can offer a proactive, efficient, and
cost-effective approach to ensure authenticity throughout the supply
chain. It represents a decentralized strategy, aligned with the evolving
needs of the food industry, promoting agility, sustainability, and prompt
response to emerging challenges in the complex landscape of food fraud.
Biosensors allow real-time monitoring at the point of production, pro-
cessing, distribution, and at the retail level, which is crucial for quick
decision-making and implementation of corrective actions if fraud is
detected. While reducing the time and logistics associated with sending
samples to centralized laboratories, the application of these devices can
also reduce overall costs by eliminating the need for sample trans-
portation and laboratory fees. This is especially relevant when routine
screening and monitoring are required, for instance, to ensure the
authenticity of large product quantities. In addition, biosensors are more
user-friendly and require minimal technical expertise, so non-expert
individuals such as quality control personnel or even frontline staff,
can efficiently perform authenticity evaluations in food products.

Although there is currently a wide variety of published reviews
discussing the application of biosensors in food analysis, those in the
scope of food authenticity are scarce. In their review, Khalil et al. (2021)
explored the DNA-based methods for the authentication of species, and
those globally established in laboratories and their specific application
in the authentication of meat species are presented. The authors also
describe different electrochemical and optical biosensing configurations
incorporating nanomaterials, that can be suitable for DNA detection. As
practical examples, they present biosensors developed for a broader
scope of applications including the detection of pathogenic microor-
ganisms, cancer biomarkers and food allergens. Mohamad et al. (2022)
undertook a more directed analytical perspective, and focused on the
production and application of DNA fragments to detect different adul-
terants found in food products, from metabolites, amino acids and
proteins to whole cells, pathogens, and chemical compounds. The au-
thors propose potential detection targets that can be used generally in
food research, and in sensing platforms to expedite authentication
analysis. Xia et al. (2022) explored the application of isothermal nucleic
acid amplification in food safety, where the detection of nucleic acid and
non-nucleic acid targets is discussed. Among other topics, the authors
briefly discuss the implementation of this methodology into biosensing
devices developed for authenticity assessment, through the detection of
genetic markers present in meat species. In the review published by
Melinte, Hosu, Cristea, and Marrazza (2022), the authors summarize the
recent progress of electrochemical and optical DNA-based biosensors,

Trends in Food Science & Technology 145 (2024) 104350

developed to detect various contaminants in food products, including
pathogens, toxins, allergens, pesticides, and other chemicals/additives.

While these publications shed light on different relevant individual
topics, the current literature lacks a unified view on the development of
DNA-based biosensors for food authenticity assessment, with focus on
species identification. The purpose of this review is to fill the gap on the
existing research regarding this field. Our main aim is to merge the
current knowledge on the role of DNA as target for species identification
strategies, with the potential of biosensors as alternative platforms for
authenticity assessment of food products. To provide an overview on the
evolution of these devices regarding authenticity, the biosensors
described in the literature during the last decade are presented, high-
lighting the main innovations that were incorporated into their config-
urations. Different recent technological advancements that can
contribute to the enhancement of biosensors are also discussed. Overall,
this work can be a starting point for the development of new and
improved devices, capable of performing a more broad and practical
authenticity evaluation of food products through specific DNA analysis.

2. Targeting DNA in food- authenticity markers detection
through conventional methods

DNA analysis is the basis of various methods for species identifica-
tion and discrimination, a task often performed to assess food authen-
ticity and a relevant research topic in the field (Hellberg, Hernandez, &
Hernandez, 2017; Piredda et al., 2022; Verdone, Rao, Coppola, & Cor-
rado, 2018). Compared to proteins, metabolites and other molecules,
DNA is more stable and can endure harsh conditions. It is also abundant
in all cell types and can be easily extracted from most samples. These
properties make DNA an ideal target for the detection and quantification
of food fraud and adulteration (Khalil et al., 2021).

Presently, the process of species identification in food is largely
based on DNA marker analysis. These allow the identification of genetic
variability in a genome and can be very useful in highlighting diversity
on an inter and intra-species level (Scarano & Rao, 2014). DNA markers
can be identified in genes from the nuclear genome, the mitochondrial
genome, and the chloroplast genome. In animal samples and derived
products, most applied markers are located in the mitochondrial
genome. These include the ATPase subunit 6 and 8 genes (ATPase6 and
ATPase8), the cytochrome b gene (cytB), the cytochrome c¢ oxidase
subunit I, IT and III genes (COI, COII, and COIII), mitochondrial D-loop
region fragments, 12S ribosomal RNA (12SrRNA) and 16S ribosomal
RNA (16SrRNA) genes, tRNA valine (tRNA-Val), NADH dehydrogenase 5
(ND5) and NADH dehydrogenase 2 (ND2) genes (Ali, Razzak, & Hamid,
2014). These genes have a higher copy number in the cells and are
suitable for qualitative analysis. Since their copy number varies between
species, organisms and even tissues in the same organism, they are not
suitable for quantitative assessment. In these cases, markers present on
nuclear genes are preferred (Bohme, Calo-Mata, Barros-Velazquez, &
Ortea, 2019).

In plant species identification, most applied markers are located in
genes of the chloroplast genome, as their mitochondrial genomes are too
stable to provide sufficient variation. The main DNA markers used are
located in the RuBisCO large subunit (rbcL) gene, the maturase K (matK)
gene, and the intergenic regions trnH-psbA, atpF-atpH and psbK-psbl.
Analysis of the ITS region in the nuclear genome has also been re-
ported, but as it is highly conserved, it can only be used to discriminate
organisms at the level of orders, classes, and phyla (Nehal, Choudhary,
Nagpure, & Gupta, 2021). Other nuclear DNA markers are reported to be
able to discriminate between varieties of the same species, mainly
simple sequence repeats (SSRs) and single nucleotide polymorphisms
(SNPs), for example in olive cultivars (Carvalho et al., 2021; Gomes,
Breia, Carvalho, Carnide, & Martins-Lopes, 2018), in grapevine varieties
(Gomes, Castro, et al., 2018; Pereira et al., 2017) and in rice varieties
(Vieira, Faustino, Lourengo, & Oliveira, 2022; Yuan et al., 2022).

Over the years, new analytical techniques based on DNA marker
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analysis have been developed to verify the authenticity of food (Fig. 1).
The polymerase chain reaction (PCR) stands as the standard technique
for DNA detection. It is based on the amplification of an initial small
amount of DNA fragments, whereby several cycles of sequential dena-
turation, annealing and extension steps result in a much larger amount
of a specific target sequence (Bohme et al., 2019). Further methods
derived from conventional PCR promptly emerged. These include
species-specific PCR, PCR-restriction fragment length polymorphism
(PCR-RFLP), random amplified polymorphic DNA (RAPD), multiplex
PCR, real-time PCR, digital droplet PCR (ddPCR), High Resolution
Melting (HRM), DNA sequencing and DNA barcoding (Dawan & Ahn,
2022; Li, Yu, Xu, Chen, & Han, 2023).

These techniques are known for their selectivity and sensitivity and
provide good results in most samples. Despite numerous advances, there
are still limitations related to sample complexity. They rely mostly on
the analysis of relatively larger DNA fragments, which are very difficult
to obtain from highly processed and complex food samples, hampering
the success of the analysis (Sultana et al., 2023). Regardless of the
chosen method, performance always depends on sample preparation,
analyte extraction and purification steps. Extraction buffers, reagents,
and other parameters must be optimized according to the type of food
sample tested. Another limitation is the instability of the analytes,
especially when they are present in processed food items (Mohamad
et al.,, 2022). During food processing, DNA fragments can undergo
heating treatments, pH changes and fermentations that can impact their
stability and alter their structure (Bogani et al., 2009). This can render
the analysis ineffective or lead to false negative results, as the analyte
may be present in the sample, but it is simply too altered to be detected.
The occurrence of artifacts can also complicate the interpretation of
results, as has been reported in real-time PCR analysis of sample extracts
collected from processed samples (Ali, Hashim, Mustafa, Che Man, &
Yusop, 2011). Other limitations can be pointed out from a more tech-
nological perspective. These types of laboratory-based techniques are
dependent on specialized technicians, equipment, and infrastructures,
as well as complex protocols, resulting in time-consuming and expensive
analyses. This can limit the number of samples that can be processed and
makes the application of these methods for rapid on-site monitoring of
food samples impossible.

3. Biosensors - an alternative approach

Biosensors arose as a promising alternative to established methods in
various areas of research (Justino, Duarte, & Rocha-Santos, 2017; Lino
et al., 2022; Pohanka, 2019), including the food sector (Barrias, Fer-
nandes, Eiras-Dias, Brazao, & Martins-Lopes, 2019; Griesche &
Baeumner, 2020). A biosensor can be defined as an analytical device
that combines a biorecognition element with a physicochemical
component working that acts as a transducer and generates a measur-
able signal to detect a biological analyte: target DNA/RNA, enzyme
substrate, antigen, whole cells, among others (Perumal & Hashim,
2014). The implementation of these devices depends on the fulfilment of
several requirements: high sensitivity, reliability, portability,
cost-effectiveness, and rapid response (Labuda et al., 2010; Lehotay &
Chen, 2018).

DNA Advantages
More stable and resistant than other analytes; ::g: :Z:‘escl‘t:z“:ly’
Abundant in all cell types; SE22 Effective in several samples
Can be extracted from most samples. ‘D
‘ 4 Limitations
) < Require high quality DNA
; @ Detection methods Target large fragments
&S ssPCR Multiplex PCR - HRM o el e
B . Specialized equipment
(Q; PCR-RFLP - Real-time PCR - DNA sequencing Specialized technicians
RAPD ddPRC DNA barcoding Time consuming

Costly analysis

Fig. 1. Food authenticity using conventional DNA-based methods, their ad-
vantages and limitations.
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There are numerous configurations that can be designed taking
advantage of the many materials and biomolecules applicable to
biosensor construction. These devices can use different biorecognition
elements, such as antibodies, aptamers, enzymes, or cells (Bhalla, Jolly,
Formisano, & Estrela, 2016). The binding of the analyte to these mole-
cules causes a physicochemical change in its properties that is detected
by the transducer, which converts it into a type of signal that is usually
proportional to the extent of the interaction between the analyte and the
bioreceptor (Tetyana, Shumbula, & Njengele-Tetyana, 2021). The pri-
mary role of a biorecognition element is to capture the specific target
analyte that the biosensor is designed to detect. It determines the
specificity of the biosensor, where a strong and selective binding be-
tween the biorecognition element and the target analyte must occur
(Morales & Halpern, 2018).

3.1. Applying nucleic acids as biorecognition element in biosensors

Recent advances in the synthesis and analysis techniques of nucleic
acids, along with their enhanced biocompatibility, durability, and flex-
ibility, have made them efficient and desirable biorecognition elements
for biosensor development. The convenience of designing and synthe-
sizing their sequence and structure to serve as a probe and match a target
analyte, as well as the achievement of high selectivity and sensitivity,
are fundamental factors to ensure the efficiency of biosensors. In addi-
tion, nucleic acids can be utilized as the basis for different signal
amplification strategies, further increasing the sensitivity of DNA-based
biosensors (Shalileh, Sabahi, Golbashy, Dadmehr, & Hosseini, 2023).
The advantages of DNA-based biosensors in relation to other configu-
rations, such as immunosensors or enzymatic biosensors, are inherent to
these advantages of using nucleic acids as biorecognition elements. DNA
biosensors are very customizable and allow the detection of a variety of
target analytes besides nucleic acids, as proteins, small molecules, and
cells. They also have higher thermal stability, longer shelf life and the
ability to be regenerated and reused without significantly reducing their
functionality (Yu, He, Wang, & Cui, 2023).

During the last decades, a class of single-stranded oligonucleotide
sequences, known as aptamers, became increasingly used in biosensing,
mainly due to the systematic evolution of ligands by exponential
enrichment (SELEX) method (Ellington & Szostak, 1990; Tuerk & Gold,
1990). This technology allows to efficiently generate specific nucleic
acid probes against nucleic and non-nucleic acid targets, with high af-
finity and specificity in a relatively short time. Aptamers also present the
advantages of easy scale synthesis, long-term stability, and low pro-
duction costs, which tend to decrease with the further development of
SELEX technology itself (Douaki et al., 2022). They can also be easily
modified with a variety of chemical groups (thiol, amine groups, biotin,
etc.) to optimize their immobilization in different surfaces (Xing, Sun,
et al., 2022). After synthesis and selection of the best design, the spec-
ificity of the selected aptamer needs to be validated through different
binding experiments before it can be used in biosensing (Mohamad
et al., 2022).

Other nucleic acid derivatives obtained through SELEX are deoxy-
ribozymes or simply DNAzymes, synthetic DNA sequences capable of
performing catalytic activities. They can be easily synthesized and
designed to perform rapid binding with high target affinity and high
selectivity towards undesired targets (McConnell et al., 2021). Con-
ventional biosensors have mostly used enzymes (Bollella et al., 2018;
Varmira et al., 2018; Zhou et al., 2021) and antibodies (Freitas, Neves,
Nouws, & Delerue-Matos, 2021; Melo et al., 2016; Zhang et al., 2019) as
biorecognition elements, but their synthesis and optimization for
different analytes can be expensive, inconsistent, and difficult to scale
up. This can hamper their application in biosensing devices, at a time
when there is a great demand for new and improved biosensors for large
scale testing on a vast variety of samples. In comparison, DNAzymes
provide better stability and detection sensitivity when incorporated into
biosensors, and once initially identified, these elements can be easily
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produced in large quantities at a fraction of the cost (Khan et al., 2021).

DNA can also be used as a building block to form more complex 2D
and 3D nanostructures applied as biorecognition elements. These can be
precisely synthesized with personalized size and shape, resulting in
various designs, including Y-shaped scaffolds, DNA tetrahedrons, poly-
hedrons, prisms, DNA dendrimers, DNA hydrogels and DNA origami
(Wang et al., 2021). The increasing complexity of these structures results
in difficulties and disadvantageous properties, starting with their pro-
duction. A large number of sequences must be obtained to assemble the
nanostructure, increasing the production costs and making
manufacturing more time-consuming than synthesizing other
DNA-based probes. The process of obtaining reproducible functional
nanostructures can also be laborious and greatly dependent on previ-
ously acquired experience. In addition, the lack of consensus regarding
the stability and nuclease resistance of DNA nanostructures in different
media has been discussed (Chandrasekaran, 2021). This can make them
unsuitable for the construction of a biosensor for food analysis, due to
the nature of most food samples that need to be tested. Nevertheless,
DNA probes are still very interesting due to the possibility of using many
modifiable sites within the probe sequence, their predictable structure,
their high thermal stability, and biocompatibility.

3.2. Transduction principles applied in biosensors

The wide variety of elements available for the development of bio-
sensors extends from the class of biorecognition elements to the class of
transducers. According to the transduction principle underlying its
functioning, a biosensor can be classified into different categories
(Fig. 2), of which electrochemical, optical, and gravimetric are the most
common.

The most developed and commercialized biosensors are electro-
chemical. They are relatively easy to functionalize and do not require
expensive manufacturing processes (Huang, Xu, Liu, Wang, & Chen,
2017). These biosensors use several types of inexpensive and easily in-
tegrated electrodes to convert biological events into measurable elec-
trical signals and can be further categorized as amperometric,
voltammetric, conductometric, impedimetric, potentiometric and
field-effect transistor (FET)-based (Thevenot, Toth, Durst, & Wilson,
1999). Overall, electrochemical biosensors offer a number of
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advantages, such as low manufacturing cost, portability and miniaturi-
zation potential, fast and scalable signal acquisition with low back-
ground noise, good selectivity and high sensitivity, and the ability to
perform multiple analyte detection. On the other hand, their perfor-
mance can be affected by electromagnetic interference, so one must
consider the environment in which the device is to be used (Campuzano,
Montiel, Serafin, Yanez-Sedeno, & Pingarrén, 2020; Singh et al., 2021).

Optical biosensors are based on the detection of changes in the op-
tical properties of the system, caused by the interaction between the
analyte and the biorecognition element. These devices are particularly
interesting, mostly due to their sensitivity and selectivity (Qiao, Fu, Lei,
& Li, 2020), although their application may be ineffective in opaque or
turbid samples, due to naturally present pigments or other fluorescent
substances (Shruti, Bage, & Kar, 2024). To surpass this, samples can be
diluted, which can be very problematic if a scarce initial amount of
analyte is present. Another aspect to consider when developing an op-
tical biosensor is the fact that ambient light also affects detection. Some
subtypes of these optical biosensors are based on fluorescence,
surface-enhanced Raman scattering (SERS), photonic crystals, guided
mode resonance or plasmonic (Chen et al., 2020). Chemiluminescent
(CL), electrochemiluminescent (ECL) biosensors (Roda et al., 2016) and
colorimetric biosensors can also be counted as optical subtypes (Mad-
dali, Miles, Kohn, & O’Carroll, 2021). The advantages of colorimetric
biosensors are naked-eye analyte detection, the simplicity, the low cost,
and the fact that no expensive measuring devices are required (Dai, Li,
Zhang, Fu, & Li, 2018). Photoelectrochemical biosensors (PEC) combine
features of optical and electrochemical sensing; the detection process
relies on the irradiation of a photoactive material by a light source,
which leads to charge transfer reactions between this material, the an-
alyte and an electrode (Devadoss, Sudhagar, Terashima, Nakata, &
Fujishima, 2015). When compared with optical biosensors, analyte
detection using PEC biosensors is more rapid, simple, and specific.
Moreover, their production is cheaper and have greater miniaturization
potential. In comparison to electrochemical biosensors, these devices
achieve higher sensitivity due to the reduced background signals (Zhao,
Xu, & Chen, 2014).

Gravimetric biosensors are based on the detection of mass exchange
between the analyte and the biorecognition element. They are based on
the piezoelectric effect that some crystalline classes possess. With the

Analyte binding

Transducer

Detection

tat A

& =l

Electrochemical Optical Photoelectrochemical Gravimetric
Amperometric Fluorescence QCM
Voltammetric SERS SAW
Conductometric Photonic crystals FBAR
Impedimetric Guided mode resonance » MEMS
Potentiometric Plasmonic CMUT
FET-based Colorimetric

CL
ECL

Fig. 2. Biosensor classification according to the transduction principle used for detection upon target analyte binding.
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help of this effect, a mechanical resonance oscillation can be triggered in
specially shaped crystals by applying a favorably aligned electric field to
the crystal (Walton, O’Flaherty, Butler, & Compton, 1993). The most
used piezoelectric biosensor platform is the quartz crystal microbalance
(QCM), which usually consists of a piezoelectric quartz crystal inserted
between two metal electrodes, typically made of gold. Such biosensors
measure changes in the resonant frequency of the crystal caused by mass
changes at one of the electrodes of the sensor device (Ferreira, da Silva,
& Tomé, 2009). The mass changes are caused by the interaction between
the bioreceptor immobilized on the electrode surface and the biological
analyte (Pohanka, 2018). Other gravimetric biosensor subtypes are
based on surface acoustic wave (SAW), film bulk acoustic resonators
(FBAR), microelectromechanical systems (MEMS) and -capacitive
micromachined ultrasonic transducers (CMUT) (Cali, Tuccori, & Per-
saud, 2020). These sensors allow label-free and real-time detection of
biological events, but practical applications can be hindered by the small
size and fragility of the crystalline materials employed (Pramanik,
Pingguan-Murphy, & Osman, 2013). Since they are based on mass
changes, a major limitation of these biosensors is interference from
non-targeted molecules present on real samples, capable of binding to
the transducer surface, resulting in non-specific adsorption (Tombelli,
Minunni, & Mascini, 2005).

Looking at the variety of biorecognition elements and transduction
methods available for biosensor development (Fig. 3), the advantages of
individual elements compared to others can be easily pointed out.
However, the performance superiority of one biosensor configuration
over another is not so direct and always depends on the specific appli-
cation intended for the device, the predicted interaction between the
sensing layer and the analyte, and the characteristics of the sample itself.
All factors must be considered when choosing the most appropriate
platform for food testing.

3.3. Construction of the sensing interface

A critical aspect in biosensor development is the construction of the
sensing interface, where the biorecognition and detection processes are
carried out. It involves careful optimization that ultimately determines
the sensitivity, selectivity, and overall performance of a functional
biosensor. Surface modification and DNA probe immobilization are key
steps involved in the construction of this interface (Shi et al., 2022).

A sensing interface surface can be modified using physical or
chemical techniques. Physical modification changes the surface
morphology while avoiding any chemical alteration. It usually involves
ultraviolet, plasma, or laser irradiation onto the surface. On the other
hand, chemical modification alters the surface chemistry at its most
superficial layer, through application of single-layer or multilayer
coatings (Roh, Jang, Yoo, & Seong, 2023), which may be composed by
different materials such as metals, metal oxides, carbon-based materials,
magnetic nanoparticles (MNPs) and polymers (Sonawane & Nimse,
2016). The immobilization of DNA probes and the overall performance

Mitochondrial

Nuclear

PO

Choroplast y-

Food sample Genetic marker
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of the sensing interface are dependent on surface characteristics that are
altered during modification, including hydrophilicity/hydrophobicity,
surface charge, surface topography and surface area. These parameters
are discussed with more detail by Tjong et al. (2014).

Surface modification can also provide ligands for specific probe
immobilization and prevent non-specific interactions by blocking the
vacant surface space, inhibiting the binding of untargeted molecules.
This non-specific binding can lead to high background signals and
interfere with the detection process (Reimhult & Hook, 2015). This is an
important aspect in developing biosensors to test complex samples,
which is the case for most food samples, that contain multiple different
molecules besides the target analyte. Otherwise, these could bind to the
sensing surface and compromise biosensor analysis. Depending on
substrate material, untargeted molecule binding can be blocked using
various molecules, including bovine serum albumin (BSA), dithio-
threitol (DTT), 6-mercaptohexanol (MCH) and 3-mercaptopropionic
acid (MPA) and polyethylene glycol (PEG) (Campuzano, Pedredo,
Yanez-Sedeno, & Pingarron, 2019). These can also act as spacers and
contribute to a correct orientation of DNA probes during immobiliza-
tion. Probe density and orientation are two correlated factors that must
be controlled during immobilization, to assure that the probes are
accessible for target binding. At lower probe densities, the lateral
spacing between DNA probes increases and these tend to lie horizontally
and flat on the vacant surface by nonspecific adsorption, becoming
inaccessible to target binding. If higher probe densities are used during
immobilization, the repulsion between the negatively charged phos-
phate backbone of DNA probes forces them to assume an upright
orientation away from the surface. However, if the probe density is too
high, the target binding can be inhibited due to steric hindrance and
electrostatic forces, resulting in very low or absent detection signals (Ye,
Zuo, and Fan (2018).

The immobilization of DNA probes is a fundamental topic that has
been thoroughly reviewed by many authors, per example Khan et al.
(2021), Thapa, Liu, and Wang (2021) and Zhang and Hu (2014). These
publications provide a detailed description of the different immobili-
zation methods, from which we can highlight three main strategies. The
most straightforward method relies on the direct immobilization of
unmodified DNA probes onto surfaces by physical adsorption. Although
direct and simple, the adsorption can be weak and nonspecific, resulting
in high background noise, low target binding efficiency and low sensi-
tivity. Another method requires the modification of DNA probe at one
end, adding an appropriate functional group such as aldehyde (CHO),
amine (NHy), carboxyl (COOH), or thiol (SH), so they can form a co-
valent bond with the corresponding functional group present on the
surface. This immobilization method is slower and more complex than
physical adsorption, but it usually results in higher binding strength and
higher probe stability. Other immobilization strategy is based on the
bioaffinity interaction between biotin and avidin/streptavidin. In this
method, biotinylated probes are immobilized onto an avidin/streptavi-
din modified surface by a strong non-covalent bond between these
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Fig. 3. Different options to consider while designing a DNA-based biosensor aimed at food authenticity assessment.
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molecules. This results in an overall stable and highly specific binding,
but the process involves multiple steps, which increases the fabrication
costs. Given than avidin and streptavidin are proteins, their structure
and binding affinity may be affected by storage and assay conditions,
hampering the functionality of the sensing interface. Considering the
binding stability, cost and complexity of all methods, the immobilization
of modified DNA probes by covalent binding may be the most
well-suited approach to take in the assembly of a biosensor to analyze
most food samples.
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3.4. Enhancement of biosensor performance: application of
nanomaterials

To ensure the quality and reliability of the results obtained through
biosensor analysis, the analytical performance of the device must be
evaluated and validated. This is achieved by defining their figures of
merit, e.g. sensitivity, selectivity, limit of detection (LOD), and limit of
quantification (LOQ) (Justino, Rocha-Santos, & Duarte, 2010). These
parameters can be enhanced using a variety of nanomaterials to modify

Table 1
Developed DNA-based biosensors for food authentication through species identification.

Biosensor Gene marker Biorecognition Tested samples DNA extraction PCR LOD Reference

classification Element
Fluorescent cytB DNA aptamer Pork meat samples, processed Yes No 1% Ali et al., 2011; Ali,
meat samples and cooked (commercial adulteration Hashim et al., 2014
meatballs. kit)
Colorimetric Accg8, Sad, Ivrl, Lectin, DNA aptamer Peanut, cotton, palm, sesame, Yes (optimized Yes 0.1 fmol Bai et al. (2011)
Arah2, Helianthinin, Ses maize, sunflower, soybean and protocols)
il, MT3-B. rape leaves and oil samples

Colorimetric GAG56D, SPS, Ivrl, DNA aptamer Wheat, corn, potato, pea, soybean  Yes (optimized Yes 0.1 fmol Bai et al. (2013)
Lectin, legS, ST-LS1 and rice flour protocol)

Colorimetric D-loop region, cytB DNA aptamer Deer, rabbit, duck, chicken, beef, Yes (optimized Yes 0.001% Wang, Zhu, Chen, Xu,
horse, sheep, and pork meat protocol) adulteration and Zhou (2015)
samples, processed meat
products.

Colorimetric COI, ITS2 DNA aptamer Perch and saffron samples. Yes Yes 1% Valentini et al. (2017)

(commercial adulteration
kit)

Amperometric D-loop region RNA aptamer Beef, horse, turkey, chicken, and No No 0.5% Montiel et al. (2017)
pork meat samples, mixed meat adulteration
samples

CL 12SrRNA DNA aptamer Chicken, beef, lamb, turkey, pork  Yes (optimized No 1% Torelli et al. (2017)
and beef meat samples, mixed protocol) adulteration
meat samples

Colorimetric Geg DNA aptamer Raw meat from 22 animal Yes No 10 pg Xu et al. (2017)
samples, processed meat products  (commercial

kit)

ECL cytB DNA aptamer Sheep, ostrich, turkey, goat, Yes No 0.1 pg/uL Azam et al. (2018)
buffalo, duck, horse, pig and wild (commercial
boar, processed food samples, kit)
meat mixtures.

Colorimetric Prolactin receptor gene, DNA aptamer Sheep, pig, horse, beef meat Yes Yes 0.01% Magiati, Myridaki,

GHR, p-actin samples, mixed meat samples (commercial adulteration Christopoulos, and
kit) Kalogianni (2019)

Optical LPG F3H DNA aptamer Grapevine leaf, must and wine Yes (optimized No - Barrias et al. (2019)
samples protocol)

Voltammetric cytB DNA aptamer Pork meat samples, cooked Yes No 0.58 pg/mL Hartati et al., 2019;
meatballs (commercial 0.135 pg/mL Hartati et al., 2023

kit)

Colorimetric Species specific nuclear DNA aptamers Cow, sheep and goat yogurt and Yes Yes 0.01% Bougadi and Kalogianni

DNA fragments mixed yogurt samples (commercial adulteration (2020)
kit)
Optical SPR Donkey DNA marker DNA aptamer Cooked sausages Yes No 1% Mansouri et al. (2020)
(commercial adulteration
kit)
Voltammetric Bovine specific DNA DNA aptamer Cattle muscle samples Yes (optimized No 8.2 fM Zhang, Wang, Lin, Liu,
sequence protocol) and Zhou (2020)
SERS cytB DNA aptamers Pork meat samples Yes No 1fM Khalil et al. (2020)
(commercial
kit)

Voltammetric cytB DNA aptamer Pork and beef meat samples, No No 1% Flauzino et al. (2021)
mixed samples adulteration

Impedimetric cytB DNA aptamer Pork and beef meat samples, No No 9% Flauzino, Nguyen et al.,
mixed samples adulteration 2022

SERS/ ND2 crRNA fragment Lamb roll, pork, beef, mutton, Yes No 0.05%/0.1% Liu et al. (2021)

colorimetric steak, duck meat samples, mixed (commercial adulteration
meat samples. kit)

SERS cytB crRNA fragment Goat milk products Yes No 224 aM Pan et al. (2022)
(commercial
kit)

FET-based F3H DNA aptamer Grape and wine samples Yes Yes 0.19 aM Purwidyantri et al.
(commercial (2022)
kits)

Table 1 abbreviations: CL — chemiluminescent; ECL - electrochemiluminescent; FET — Field effect transistor; LPG — Long period grating; SERS — Surface-enhanced

Raman spectroscopy; SPR — Surface plasmon resonance.
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the surface of the transducer.

The development of DNA-based biosensors in which nanomaterials
are incorporated into the configuration is currently a hot topic for re-
searchers and industry. They present remarkable selectivity, sensitivity,
low cost, miniaturization power and on-site application potential (Vik-
rant, Bhardwaj, Bhardwaj, Kim, & Deep, 2019). Nanomaterials have
various optical, electromagnetic, and structural properties that can
greatly improve the performance of the transducer surface. They can be
applied in the immobilization of biorecognition elements, in the label-
ling of biomolecules, as catalytic agents in electrochemical reactions and
to enhance electron transfer at the transducer surface (Khalil et al.,
2021). The progress achieved in material characterization led to the
emergence of different types of nanomaterials: nanoparticles (metal,
metal oxide and magnetic); carbon nanotubes (single-walled carbon
nanotubes — SWCNTs, multi-walled carbon nanotubes - MWCNTS);
graphene nanostructures (graphene oxide — GOx, graphene quantum
dots - GQDs); polymer nanocomposites — PNCs, and fullerenes (Malik,
Gupta, Malik, & Ameta, 2021). Besides nanomaterials, metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs) have also
gathered a lot of attention in biosensor development. These are porous
crystalline materials with large surface area, variable structures, and an
abundance of functional sites (Yuan, Li, & He, 2021).

Overall, the implementation of these materials aims to improve
biosensor sensitivity, while lowering the LOD in a minimal response
time.

4. DNA biosensors developed for species identification in food
products

The development of DNA-based biosensing devices has increased
substantially in the last decade with a great impact in the food sector.
Their applications have been thoroughly discussed in numerous reviews,
and include the detection of pathogens, pesticides, heavy metals, aller-
gens and genetically modified organisms (GMO). In comparison, the
development of such devices for food authentication remains less pur-
sued, even considering their potential in identifying the species present
in food products through the analysis of DNA samples. In Table 1 are
shown the different DNA-based biosensors developed for species
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Analyte amplification
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identification in several food products, some of which are discussed in
more detail on the following topics. In Fig. 4 are presented the different
parameters and alternatives that are usually considered in the devel-
opment of the most typical biosensor configurations for food
authenticity.

4.1. Meat samples and derived products

The meat industry represents an extremely valuable market that is
also very susceptible to fraudulent practices. The addition or substitu-
tion of lower quality and lower value meat from undeclared animal
species, in order to increase profits is a common occurrence. This can
have serious implications to the consumers, either from a religious and
cultural perspective, (noncompliance with halal and kosher standards)
or from a health standpoint (appearance of new allergies to different
meat proteins) (Flauzino, Alves, Rodovalho, Madurro, & Brito-Madurro,
2022). Therefore, species identification in meat products has become the
main objective of a wide range of authenticity assessment methods, and
this trend can also be observed in biosensor development, with most
reported biosensors being used for this particular task.

Ali et al. (2011) developed a fluorescent biosensor to detect and
quantify pork DNA in raw meat samples and products subjected to
autoclave conditions. They immobilized a DNA aptamer complementary
to a cytB gene fragment on the surface of citrate-coated gold nano-
particles (AuNPs). Upon hybridization between the aptamer and the
targeted DNA resultant of target binding, changes in the structural
conformation of the functionalized nanoparticles generated a fluores-
cent signal that was sensitive and specific to the hybridization. Three
years later, the same group used the same biosensor configuration to
detect and quantify pork DNA in raw and cooked meatballs to further
prove the applicability of the device in more processed and complex
meat samples. The detection process was dependent on DNA extraction
but did not require PCR amplification, and the biosensor was able to
detect up to 1 % pork adulteration in beef meatball preparations (Ali,
Hashim, et al., 2014). In 2015, Wang et al. used a colorimetric biosensor
to detect DNA from eight animal species in meat samples and processed
commercial food products. They coupled eight DNA aptamers targeting
different fragments of mitochondrial DNA (mitochondrial DNA D-loop
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region from duck and cytB gene from the other species) to a silicon-based
optical thin-film biosensor, allowing simultaneous detection of different
species in a single sample. In addition, the detection limit of 0,001 %
(w/w) achieved for beef/deer meat in mixtures shows the high sensi-
tivity of the device as well as its multiplexing potential.

Montiel et al. (2017) developed an amperometric biosensor to detect
adulteration with horsemeat in meat samples. Unlike other biosensors,
this configuration consisted of an RNA aptamer coupled to magnetic
microbeads, targeting a fragment of the equine mitochondrial DNA
D-loop region, and a screen-printed carbon electrode (SPCE) as trans-
ducer. This biosensor represents a significant advance over other plat-
forms. No PCR amplification is required, and the system is capable of
detecting horse DNA in mitochondrial lysates — completely eliminating
the requirement of DNA extraction protocols or kits - with a low
detection limit of 0.5 % (w/w) horse meat in spiked beef samples. The
simplification of DNA isolation and the elimination of PCR steps really
streamlines the detection process and makes the biosensor ideal for
rapid on-site analysis. This was also a concern of Torelli, Manzano, and
Marks (2017), who developed a chemiluminescent optical fiber
biosensor for the detection of porcine DNA in meat mixtures, using DNA
aptamers targeting a fragment of mitochondrial 12S rRNA. The authors
focused on establishing an improved DNA extraction protocol to reduce
the total time of analysis to 2.5 h, which is considerably faster than the
application of commercial kits for the same purpose, that require several
hours just for DNA extraction.

If for some reason DNA amplification cannot be excluded from the
biosensing process, there are currently other methods that can replace
PCR. Xu et al. (2017) developed a colorimetric biosensor to detect
mammalian DNA in processed food and meat mixtures. They used a DNA
aptamer complementary to the Gcg gene, a reference gene specific to
mammals, and AuNPs deposited on the membrane of a lateral flow de-
vice (LFD). The novelty of this device was the application of
loop-mediated isothermal amplification (LAMP) instead of conventional
PCR. LAMP is one of the most used isothermal nucleic acid amplification
methods, a class of alternative, low-cost approaches to PCR that are
capable of amplifying DNA/RNA in a short period of time at a constant
temperature and with simple equipment. The reaction takes place
without the need for temperature cycles or thermal cyclers and results in
high amplification and highly sensitive detection, starting from small
amounts of nucleic acids. When implemented to biosensor development,
LAMP can be used for signal amplification resulting from an initial
recognition event set by aptamers or other derived structures (Xia et al.,
2022). This increases the sensitivity and overall performance of the final
device, which can be of great value in food authenticity assessment
where very low concentrations of analytes are typically found.

Azam, Roy, Lim, and Uddin Ahmed (2018) also applied LAMP to
develop an electrochemiluminescent biosensor to detect pig extracted
DNA in meat samples from nine animal species and processed foods. In
similarity to other configurations, the DNA aptamer used was specific to
a fragment of the porcine cytB gene in pig, and the detection was based
on the interaction between the LAMP products, reporter molecules and
the surface of an SPCE. For this biosensor, the authors report a very short
detection time of 5 min after DNA extraction and a high specificity and
sensitivity with a low detection limit of 0.1 pg/pL in binary meat
mixtures.

It is noticeable that the development of biosensors has accompanied
the technological advances through time. With the advent of new
techniques and materials, more intricate configurations have been
described to improve the performance of biosensors in food testing, and
these developments have exploded in recent years, as shown below. For
example, Hartati, Suryani, Agustina, Gaffar, and Anggraeni (2019)
developed a voltammetric biosensor for the detection of porcine DNA in
raw and processed meat samples using an SPCE in which a bioconjugate
was immobilized, composed by AuNPs and a DNA aptamer. The authors
propose the use of bioconjugates containing nanoparticles to shorten the
detection time while increasing the sensitivity of the biosensor, as they
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suggest that these bioconjugates amplify the detection signal and in-
crease the signal-to-noise ratio. In fact, the detection limit of this
biosensor was set at 0.58 pg/mL, which is lower than many of the pre-
viously reported biosensors for the same application.

In 2020, Mansouri et al. proposed an optical surface plasmon reso-
nance biosensor for the detection of donkey DNA in meat samples and
cooked sausages. They used a DNA aptamer coupled to a gold chip and
gold nanostars to enhance signal transduction. Using extracted DNA,
this device was able to detect 1 % donkey meat adulteration in mixed
sausages and achieved a limit of quantification of 1 nM using synthetic
targets, without the need for PCR or other amplification strategy. Khalil
et al. (2020) developed a SERS biosensor to detect porcine DNA in pork
meat samples, also using DNA aptamers in conjugation with different
nanomaterials - graphene oxide, gold nanorods and AuNPs. In the
presence of hybridization between the aptamers and target DNA, these
nanomaterials interacted between themselves, enhancing the SERS
signal emitted by the device. The biosensor was able to discriminate
between DNA sequences from other non-target species (goat, rat, sheep,
cow, horse and buffalo) and a mismatched DNA sequence by one SNP.
When tested against DNA extracted from pork samples, a remarkably
low LOD value of 1 fM was registered.

Also applying nanomaterials, Flauzino, Pimentel, Alves, Madurro,
and Brito-Madurro (2021) developed a voltammetric biosensor to detect
bovine DNA in beef, pork and mixed meat samples, again using a DNA
aptamer coupled to a graphene electrode modified with a graphene
oxide nanocomposite. Besides its high sensitivity, their approach
involved a simple preparation step for retrieving DNA from lysates,
instead of extensive extraction protocols and showed good storage sta-
bility (six weeks) and reusability (five uses without loss of signal loss). In
2022, the same group proposed an electrochemical impedimetric
biosensor with a similar application composed by a cytB DNA aptamer
immobilized on a graphene acid modified SPCE (Flauzino, Nguyen,
et al., 2022). The modification of the electrode surface with this type of
carbon nanomaterial is advantageous as it improves the sensing prop-
erties of the electrodes and facilitates the immobilization of bio-
molecules on its surface.

One of the latest and most exciting technologies to enter biosensor
development is the CRISPR/Cas system. In 2021, Liu et al. developed a
dual-mode optical SERS/colorimetric biosensor for the detection of duck
DNA (fragment of mitochondrial ND2 gene) in a variety of samples. This
approach combines a LAMP reaction, the CRISPR/Cas12a reaction sys-
tem, liposomes encapsulating reporter molecules, and AuNPs to provide
dual signal readout: target recognition triggering both SERS signal in-
tensity and color change. While LAMP replaces conventional PCR, the
CRISPR/Cas12a reaction provides intrinsic signal amplification along
with ultra-sensitive and highly specific detection capacity. The CRISPR/
Cas mechanism has revolutionized the fields of genome editing and
nucleic acid identification (Jinek et al., 2012). Since the discovery of the
first CRISPR/Cas system, other variations have been found and applied
in different research areas. The CRISPR/Casl2a is composed of a
single-stranded crRNA that is responsible for recognizing and binding to
the target DNA. Upon binding, the Casl2a enzyme is activated, trig-
gering its non-specific cleavage activity of single-stranded DNA (ssDNA)
(Mao et al., 2022). In the biosensor proposed by Liu et al. (2021) ssDNA
linkers are used to capture liposomes encapsulating reporter molecules.
In the presence of target DNA, the linkers are cleaved by Cas12a and can
no longer capture the liposomes. Consequently, the reporter molecules
are not released and do not interact with the transduction element in
either of the two transduction methods employed in this device. Taking
advantage of this signal amplification strategy, the biosensor achieved a
LOD of 100 aM and 10 pM for the SERS and the colorimetric method,
respectively.

In 2022, Pan et al. also combined LAMP and CRISPR/Casl2a to
develop an optical SERS biosensor for the detection of bovine DNA in
several commercialized goat milk products. Instead of using reporter
molecules encapsulated in liposomes and AuNPs, the authors used



S. Barrias et al.

nanolabel-tagged ssDNA and bimetallic Au@Ag nanoparticles. These
bimetallic nanoparticles combine the remarkable amplification capacity
of Ag nanomaterials with the biocompatibility of Au nanomaterials.
They present enhanced performance as SERS substrates, better stability
and dispersibility than those consisting of a single noble metal compo-
nent (Awiaz, Lin, & Wu, 2023). The combination of these technologies
and nanomaterials resulted in a biosensor exhibiting an ultra-low
background noise and a low LOD value of 224 aM.

4.2. Dairy products, flour, edible oils and wine

The dairy industry is another sector where fraudulent partial or total
substitution of milk from other lower value species has been globally
reported (Mafra, Honrado, & Amaral, 2022). Considering the high de-
mand for dairy products and their broad presence in the diet of con-
sumers, the development of biosensors for their monitoring is relevant
and should be pursued. Nonetheless, descriptions of DNA biosensors for
milk testing aimed at species identification are rare. In 2020, Bougadi &
Kalogianni proposed a colorimetric biosensor to detect cow, sheep and
goat DNA in yogurt samples and binary yogurt mixtures. The device was
developed using three DNA aptamers complementary to nuclear genes
specific of the three animal species, and AuNPs to allow naked-eye
detection. Following DNA extraction and PCR amplification, detection
was achieved, and the biosensor achieved a LOD value of 0.01 % adul-
teration of sheep and goat yogurt with cow milk, which according to the
authors, is much lower than other methods available for milk authen-
ticity testing. The success of this biosensor proves the applicability and
potential of these devices for milk testing, so it is not clear why their
development is not at the level of biosensors for meat authenticity.

The identification of species through biosensor detection is also
pertinent in food products of high added value. This can be the case for
olive oils, which have both economic and nutritional benefits. Extra
virgin olive oil (EVOO) is typically the most high-priced edible oil, due
to its excellent organoleptic properties and high content in antioxidants
and vitamins and plays an important role in the economy of many
producing countries (Salah & Nofal, 2021). Although no DNA-based
biosensor has been reported for species or cultivar identification in
olive oil, a biosensor has been proposed for testing the composition of
other edible oils, proving their potential in handling this type of food
matrix. Bai et al. (2011) developed a colorimetric thin-film biosensor
coupled with DNA aptamers, capable of detecting eight plant
species-specific nuclear genes, to identify the crop species present in
vegetable oil samples. They applied the biosensor to PCR amplicons
obtained after amplification of DNA extracted from leaves of the eight
plant species (peanut, cotton, palm, sesame, maize, sunflower, soybean
and rapeseed) and also from the corresponding oils, having obtained
similar results with both sample types (although the results of oil sam-
ples analysis are not shown). The authors also state that the biosensor is
more sensitive than other previously reported PCR-based methods, with
a low detection limit of 0.1 fmol. They later applied a similar biosensor
to determine the plant species present in six common crop flours (wheat,
maize, potato, pea, soybean and rice). Again, DNA aptamers targeting
specific fragments of nuclear genes from the six crop species were used
as capture probes and a similar detection limit was reported (Bai et al.,
2013).

Another great opportunity to explore the value of biosensors in
authentication lies in analyzing highly quoted wines, which belong to a
billion-euro sector and are also preferred for fraudulent practices (Per-
eira et al., 2018). Barrias et al. (2019) developed an optical long-period
grating biosensor to identify grapevine varieties in different stages of the
wine production chain. A DNA aptamer complementary to a region of
the F3H gene was used, in which three SNP markers were identified as
being appropriated to discriminate the tested varieties. The probe was
immobilized on the surface of an optical fiber and several types of
extracted DNA were tested, namely leaf, must and wine DNA. In this
case, no PCR amplification was required, and the device was able to
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discriminate within the specie (at the variety level), which is a step
further than other reported devices. Even though this was a preliminary
study, the results obtained through the detection of DNA extracted from
wine, a highly complex matrix, reveals that the further optimization of
the biosensor is worth pursuing.

In 2022, Purwidyantri et al. developed an FET-based electrochemical
biosensor to discriminate grapevine varieties present in wine samples.
They also used a DNA aptamer targeting a fragment of the F3H gene to
functionalize a FET chip modified with graphene. In similarity to the
device proposed by Barrias et al. (2019), the aim of this biosensor goes a
step further than species identification, as it is designed to discriminate
varieties within the same species. The authors tested the platform in
DNA extracted from grape and wine samples, using different commercial
extraction kits and purification steps, as well as PCR amplification of
these samples. In comparison to other reported biosensors for food
analysis, this seems to be more time consuming due to all the required
sample preparation steps preceding the biosensor detection. Neverthe-
less, the biosensor showed a very low LOD of 0.19 aM, which is quite
remarkable considering the complexity of the tested samples.

5. A brief look at the detection of non-nucleic acid adulterants

As previously mentioned in this review, the synthesis of aptamers
targeting nucleic acids and other targets can be achieved through SELEX
methods, as a mean to generate DNA/RNA biorecognition elements used
in DNA-based biosensing. This allows for new aptamer applications that
go beyond the detection of nucleic acids for species identification, to the
detection of other adulterants.

A wide variety of analytes present in both raw and processed prod-
ucts can be used to produce specific aptamers, from simple molecules to
more complex compounds: amino acid, peptides, proteins, fatty acids,
volatile chemicals, and other derivatives (Mohamad et al., 2022). In
2015, Kumar et al. developed a dual-mode readout color-
imetric/fluorescent biosensor for the detection of urea in processed milk
samples, with a detection limit of 20 nM. Urea is a common adulterant
used to misleadingly increase protein content in milk. Through the
SELEX method, the authors obtained a urea-specific DNA aptamer that
they coupled to AuNPs. This was the first reported application of an
aptamer as the biorecognition element of urea, as until then its capture
was mainly performed by the enzyme urease. Regarding the results, the
authors concluded that the performance of the biosensor is comparable
to commercially available urea detection kits, with the advantage of
retrieving results in a direct and simpler manner.

Xing, Zheng, et al. (2022) developed an optical SERS biosensor to
detect melamine in raw milk samples. Like urea, melamine is another
adulterant found in milk and infant formula that is added to increase the
protein content in these products. Ingestion of melamine in high con-
centrations leads to many health problems and after a major incident in
2008 in which 300,000 children were poisoned and six died (Shalileh
et al., 2023), the development of new effective methods to detect mel-
amine has become a top priority for researchers and food inspection
authorities. Regarding this biosensor, the authors developed a
melamine-specific aptamer able to form a complex with silver nano-
particles (AgNPs) to detect melamine through Raman peak intensity
comparison. The authors reported a detection time of approximately 20
min, with a LOD of 43.5 ppb.

In 2023, Qin et al. reported a dual-mode readout color-
imetric/fluorescent biosensor for the detection of capsaicin, a compound
frequently found in adulterated edible oils. Using the SELEX method, the
authors selected a capsaicin-specific aptamer, that was immobilized on a
graphene oxide/AuNPs nanocomposite, previously deposited onto a
paper test disk. They tested the device in commercial pretreated edible
oil samples spiked with capsaicin and reported a LOD value of 0.14
ng/mL and a detection time of only 1 h.
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6. Future trends

Recently, there have been several technological advances that can
contribute to the production and optimization of improved DNA bio-
sensors for food authentication, some of which are shown in Fig. 5.
Although several biosensors have been proposed in the last decade,
there is still a massive gap between the development of DNA-based
biosensors for food authenticity and biosensors developed for other
applications. This can be mainly related to the difficulty in handling
samples from complex food sources. Regardless of the biosensor
configuration, the target analyte must always be available for detection,
which is why special attention must be directed to sample preparation.
Species identification strategies rely on the detection of nucleic acids,
predominantly DNA, so an extraction protocol or kit is usually required
to obtain these DNA fragments. To make biosensors competitive with
other conventional technologies, lengthy DNA extraction protocols
should be avoided and replaced by simpler sample processing steps, such
as the preparation of lysates. In cases where DNA extraction cannot be
avoided, great efforts should be put into establishing the most rapid and
simple protocol that can guarantee a sufficient amount of analyte for
testing.

If the initial amount of analyte is still too small and an increased
quantity is required, various methods of isothermal nucleic acid
amplification are currently available, such as LAMP, which are more
convenient than performing target amplification by PCR. These alter-
native amplification methods also have the potential to be miniaturized
and integrated into small microfluidic chips (Jiang et al., 2023), which is
also interesting in biosensor fabrication.

During biosensor planning, it is important to consider the bio-
recognition element to apply. The promising 2D and 3D DNA nano-
structures may seem attractive, but as versatile and innovative as they
are, at this point their stability still needs to be improved before being
broadly applied in biosensors for food testing. If further developments
are achieved to simplify their synthesis, resulting in more reproducible
and cost-effective DNA nanostructures, their application as capture el-
ements could become more pursued. Until then, the use of aptamers in
food biosensing will continue to be preferred.

One new technology that can really improve performance and take
biosensors to the next level is the CRISPR/Cas12a system. When applied
in biosensor design, its underlying mechanism can be used as a simple
and rapid signal amplification strategy that increases the specificity and
sensitivity of the final device. Currently, the implementation of CRISPR/
Cas systems in biosensors is still at a very early stage and some con-
straints still need to be surpassed. For instance, the crRNA molecule and
the Casl2a protein can be affected by the reaction temperature, the
concentration of divalent ions and the presence of RNases (Shi et al.,
2021). Nevertheless, currently there is a lot of research focused on
improving CRISPR/Cas technology for biosensing, considering the
increasing number of recent publications on the topic, so new
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breakthroughs can be expected soon.

Another technological advance that can be applied to biosensor
technology is the use of machine learning algorithms (Mohamad et al.,
2022). These can help to predict and classify new authenticity bio-
markers before specific aptamers are selected, and lead to the discovery
of markers in species and food products where these have not yet been
found. The newly obtained data can be regularly uploaded onto data-
bases, to improve the accuracy of the algorithms. The feasibility of this
strategy was reported in a study by Erban et al. (2019), where new
metabolic seed markers were identified, but the combination with other
data analysis methods was advised until further testing, which high-
lights its early-stage state.

Regarding transducer performance and new configurations, the ad-
vances in the fabrication of new nanomaterials have greatly promoted
the growth of new biosensors in numerous application fields (Zhou et al.,
2020). Nanomaterial research is thriving, rapidly evolving and directed
towards the current trends in establishing “green” synthesis methods,
that guarantee sustainability and environmentally friendly applicability
(Garcia-Guzman, Lopez-Iglesias, Bellido-Milla, Palacios-Santander, &
Cubillana-Aguilera, 2020). These are also current concerns in biosensor
development, so an exponential integration of new and improved
nanomaterials in biosensors for food authenticity testing should be
expected.

An additional aspect to consider when developing a biosensor is the
possibility of using 3D-printed components for its layout. This is a
simple, reproducible, and reasonably inexpensive way to produce ver-
satile and customized parts, that can be used in user-friendly portable
devices applied in food analysis (dos Santos et al., 2022). Other features
can be combined during biosensors development to allow their appli-
cation as real-time testing devices in field conditions. The ability to
perform multiplex target detection in the same response time using a
single sample can be interesting, especially when dealing with food
samples of scarce quantity and difficult to obtain. The integration of
miniaturized microfluidic modules is also favorable, as it reduces the
detection time and the volume of reagents needed for the reactions,
while contributing to the portability and convenience of biosensors
(Weng & Neethirajan, 2017). Lastly, biosensors can greatly benefit from
incorporating smartphone-based signal readout, leading to simpler and
more direct results interpretation in different testing scenarios.

In summary, there are many ways in which all the technologies and
new materials can support the development of biosensors in any part of
the food sector, including food authenticity. They can contribute to
reduce manufacturing costs, achieve more sensitive and specific detec-
tion, and make biosensors overall more competitive with commercial
alternatives for food authenticity assessment, so that they can transition
from the labs onto the market.

7. Concluding remarks

The increasing demand for food and its susceptibility to fraudulent
practices seeking profit is dictating the necessity of implementing new
alternatives to the conventional methodologies for food authenticity
assessment. DNA-based biosensors are practical and efficient devices
that can be applied in continuous monitoring and practical on-site
testing for species identification, a key parameter in food origin
assessment. This review highlights, to this point, how the development
of these devices has been mostly aimed at the identification of animal
species in meat samples and derived processed products. A massive
discrepancy can be observed in the introduction of DNA-based bio-
sensors for other food products that are also in demand. Some of these
are highly priced, so the application of biosensors would be particularly
attractive in such products.

When developing a DNA-based biosensor for food authenticity, the
biorecognition element and transducer choice will depend on several
factors: the general characteristics of the food sample to be analyzed; the
requirement and complexity of DNA extraction or other analyte
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isolation protocols; the desired sensitivity and/or selectivity; the need
for reusability and the available economic and technical resources. In
view of the DNA-based biosensors discussed in this review, we can point
out some general considerations. The colorimetric biosensors can
perform rapid detection but may face sensitivity challenges. Although
their sensitivity can be enhanced by performing PCR amplification of the
target sequence, the complexity of the analysis and overall detection
time will increase. These biosensors can be suitable for the analysis of
food products with more permissible legal thresholds that do not require
ultra-low detection limits, and in low-resource settings where simple
and rapid monitoring is required. On the other hand, electrochemical
biosensors usually involve longer detection times but have higher
sensitivity. The simultaneous integration of various nanomaterials in
electrochemical biosensors can be easily achieved, so their performance
can be significantly improved. This makes them particularly efficient at
detecting extremely low trace amounts of target sequences/molecules.
SERS biosensors combine high sensitivity with quick detection, due to
the implementation of diverse signal amplification strategies: LAMP,
CRISPR/Cas12a and nanomaterials incorporation as excellent SERS
substrates. Nevertheless, complex matrices in food samples can interfere
with SERS signals and hamper the analysis, so their efficiency usually
depends on DNA extraction. They also have a more complex instru-
mentation, which, in comparison to other biosensors, can somewhat
limit their application in routine analysis. After reviewing the variety of
biosensor components available, it is extremely difficult to point out a
perfect universal configuration for food authenticity. The establishment
of the final product will result from balancing several factors to obtain
an adequate biosensing platform for the intended aim.

An expansion of DNA-based biosensors for food authenticity assess-
ment is expected as the methods for nucleic acid probe synthesis become
more affordable and simpler, and new methods for marker discovery are
being developed. In addition, various other technologies are progress-
ing, resulting in new materials, and manufacturing techniques becoming
available for the establishment of innovative configurations with
improved sensitivity and selectivity, capable to surpass the constraints
related to food sample complexity.
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