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Biosensors for GMO Testing: Nearly 25 Years of Research

Marta S�anchez-Paniagua L�opez, Carmen Lorena Manzanares-Palenzuela, and Beatriz L�opez-Ruiz

Secci�on Departamental de Qu�ımica Anal�ıtica, Facultad de Farmacia, Universidad Complutense de Madrid, Madrid, Spain

ABSTRACT
In the nearly two decades since genetically modified organisms (GMOs) were first commercialized,
genetically engineered crops have gained ground on their conventional counterparts, reaching
185 million hectares worldwide in 2016. The technology has bestowed most of its benefits on enhancing
crop productivity with two main traits currently dominating the market: insect-resistant and herbicide-
tolerant crops. Despite their rapid and vast adoption by farmers worldwide, GMOs have generated heated
debates, especially in European countries (EU), driven mostly by consumers concerned about safety of
transgenic foods and about the potential impact on the environment. The need to monitor and to verify
the presence and the amount of GMOs in agricultural crops and in food products has generated interest in
analytical methods for sensitive, accurate, rapid, and cheap detection of these products. DNA biosensors
have been envisioned as a novel DNA-detection technology that would one day substitute current
amplification-based methods, providing hand-held, quick, and ultrasensitive gene-level detection. This
review summarizes the contributions made in nearly 20 years of research regarding the application of
genosensing technology for the qualitative and quantitative determination of transgenic traits.
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Introduction

The advent and application of genetically modified organisms
(GMOs) have undoubtedly revolutionized agronomic practices
over the past 20 years. GMOs are defined as “organisms, with
the exception of human beings, in which the genetic material
has been altered in a way that does not occur naturally by mat-
ing and/or natural recombination.”[1] The result is the expres-
sion of new, specific protein(s) conferring desirable feature(s)
to the – genetically – modified crops, e.g. insect and herbicide
resistance. Some benefits of genetic engineering in agriculture
include increased crop yields, reduced costs for food produc-
tion, reduced need for pesticides, enhanced nutrient composi-
tion and food quality, resistance to pests and disease, among
others. Progress has also been made in developing crops that
mature faster and tolerate environmental stressors, allowing
plants to grow in conditions where they might not otherwise

flourish.[2] All of which is aimed at facing the critical challenge
of producing sufficient food for a growing human population
living in a changing and unstable climate.[3]

According to International Service for the Acquisition of
Agribiotech Applications (ISAAA), 185.1 million hectares of
biotech crops have been cultivated in the world until 2016, a
year that marked the 21st anniversary of the commercialization
of biotech crops.[4]

The rapid adoption of transgenic crops in the United States,
Argentina, and Canada stands in strong contrast to the situa-
tion in the European countries (EU) where there is a high level
of consumer rejection and strict legislation concerning official
approval.[5] Opposition to GMOs has been based on concerns
about the potential impact of releasing transgenic crops into
the environment ranging from gene flow to the development of
insect resistance and their impact on non-target organisms.
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Health-related concerns include possible transfer of antibiotic
resistant genes to bacteria in the gastrointestinal tract, toxicity
(presence of anti-nutrients), and allergenicity of foods derived
from GMOs.[5,6]

As a result, the EU has established one of the strictest legal
frameworks for the regulation of biotech crops aimed at (i)
establishing safety assessment before any GMO is placed on the
market, (ii) drawing harmonized procedures for risk assess-
ment and authorization of transgenic events, (iii) setting label-
ing thresholds for GMOs placed on the market in order to
provide freedom of choice to consumers as well as professionals
(e.g. farmers and food feed chain operators), and (iv) establish-
ing procedures to ensure the traceability of GMOs in the mar-
ket. According to European legislation, the presence of GM
material in food and feed is governed by Regulation EC 1829/
2003 of the European Parliament and the European Council,[7]

which insists on a labeling procedure for all products contain-
ing GM-based materials. The regulation is supplemented by
Regulation EC 1830/2003,[8] which ensures traceability and
labeling of GMOs placed on the market. All products contain-
ing GM-based materials must be labeled when the content of
any authorized GM ingredient exceeds 0.9% of the food/feed
ingredients when considered individually. Below this threshold,
labeling is not mandatory provided that the presence of GM
material is proven to be accidental or technically unavoidable.
For non-authorized GM ingredients, the threshold is set at
0.5%, given that the source of the GMO has been pre-evaluated
and an appropriate detection method for its presence is
available.

This is why the need to monitor and to verify the presence
and the amount of GMOs in agricultural crops and in food
products has generated interest in analytical methods for sensi-
tive, accurate, rapid, and cheap detection of these products. In
this regard, genosensors have been envisioned as a novel DNA-
detection technology that would one day substitute current
amplification-based methods, providing hand-held, quick, and
ultrasensitive gene-level detection. This review summarizes the
contributions made in nearly 20 years of research regarding the
application of genosensing technology for the qualitative and
quantitative determination of transgenic traits.

Genetic modifications of plants

Advances in the field of genetic engineering have allowed for
precise control over the genetic changes introduced into an
organism. In a broad sense, this is achieved by selecting and
extracting genes of interest normally from other organisms,
such as bacteria, and inserting the desired DNA fragment into
the plant genome.[2] This plant-breeding process is called trans-
genesis and it refers to the incorporation of foreign/new genes
from one species into a completely unrelated species. Genetic
transfer is commonly achieved using Agrobacterium tumefa-
ciens (biological vector) or biolistic (particle bombardment)
technologies.[9] Although both methods have been practiced
for more than three decades, contributions in genome editing
techniques, e.g. the CRISPR – Cas9 tool, have dramatically
enhanced plant genome research and transformation in recent
years.[3,10] The use of a biological vector is the most frequent
transformation method, which involves the infection of the

host plant by Agrobacterium strains leading to genetic transfer
from the bacterium and integration into the plant nuclear
genome.[11]

Vector constructs for plant transformation contain several
genetic elements required for insertion into the plant genome.
In addition to the trait gene(s), i.e. sequences that are intended
to be inserted into the target organism to confer the desirable
trait, a vector construct includes promoter and terminator
sequences that enable the plant to express the gene of interest.
Promoters are regions of the DNA upstream of a gene’s coding
region that contains specific sequences recognized by proteins
involved in the initiation of transcription.[12] One source of
such promoters is CaMV, which is a double-stranded DNA
virus affecting plants in the Cruciferae, Resedaceae, and
Solanaceae. The 35S promoter of Cauliflower mosaic virus is a
functional, well-characterized, and constitutively expressed
promoter that enables high levels of gene expression in the host
organism. Hence, it has been incorporated into numerous con-
structs and used to produce many of the genetically engineered
crops commercially used today, such as maize, soy, canola,
and papaya. PEP carboxylase promoter, which encodes a pho-
tosynthetic enzyme, is used less frequently in GMOs.[13] The
terminator gene is a DNA sequence that serves as the “stop sig-
nal” for gene transcription. The nopaline synthase gene from
Agrobacterium tumefaciens, namely NOS, serves as a polyade-
nylation site in most constructs.[14]

GMO detection and quantification

Threshold labeling levels set in different countries vary from 0
to 5%. They are either mandatory (Australia, Brazil, Chile,
China, EU, India, Indonesia, Israel, Japan, Philippines, Russia,
Saudi Arabia, South Korea, Taiwan, and Thailand) or voluntary
(Argentina, Canada, and USA).[15] This fact has driven the need
to develop analytical methods able to detect and quantify
GMOs at low DNA levels (e.g. tens of genome copies in some
cases) in different types of samples, from raw material (agricul-
tural crops) to food and feed commercial samples. The most
common detection approach relies on the knowledge that part
of the genetic information in GM plants differs from that of the
wild-type line. Thus, the genetic modification is by definition
detectable at the DNA level. But also, another approach
involves the detection of the protein(s) encoded by the inserted
trait gene via immunoassays, such as ELISA. However, given
their – generally – lesser stability, proteins are often not consid-
ered suitable for GMO detection in a wide range of products
(e.g. processed food/feed).[16,17]

According to the DNA targets present in GMOs, DNA-
based methods can be categorized into different levels of speci-
ficity (Figure 1) [16,18]: (i) screening methods, which are the least
specific methods because the targets include common DNA ele-
ments in GMOs, such as promoters and terminators that are
present in many different events, (ii) gene-specific methods,
which detect a part of the trait gene associated with the specific
genetic modification, (iii) construct-specific methods, which
target the junction between two DNA elements, such as the
promoter-trait gene or trait gene-terminator, and (iv) event-
specific methods, which provide the highest level of specificity
because the target is the unique junction, characteristic of each
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event, found at the integration locus between the inserted DNA
construct and the recipient genome.

Qualitative detection methods can be used as an initial
screening of food products, i.e. to investigate whether GMO-
specific fragments are present. Qualitative analysis could thus
be performed on packaged products samples led from the
shelves of supermarkets, from stocks at the supply chain, or
from raw material. If the qualitative analysis provides an indi-
cation of the presence of GMOs, a subsequent quantitative
test might give a decisive answer concerning the labeling
requirement.[19] In the EU, legislation on GMO labeling drove
analysts to harness the initially complex analytical challenge of
quantifying GMOs. When implemented, the legal tolerance
level did not explicitly specify which measurement units were
to be used to calculate the final GMO content in a sample.[20]

In 2004, the EU Recommendation 2004/787/EC[21] proposed
that this should be done in terms of DNA copy number, i.e.
results should be expressed as the ratio of event-specific DNA
copy numbers in relation to the target taxon-specific DNA
copy numbers, calculated in terms of haploid genomes. This is
because the labeling threshold was established for each individ-
ual ingredient, so that quantification is based on each GM
ingredient in proportion to the global amount of the same
ingredient, e.g. GM soybean in proportion to the total amount
of soybean. This should to be carried out with event-specific
methods.

The GMO analytical procedure can be approached as a
modular process starting with sample collection and including
all steps performed to determine the presence, identify, and
quantify (when necessary) GMOs until finally a measurement
result is provided (GMO %).[16] Accordingly, sample prepara-
tion, DNA extraction, and detection of individual target
sequences can be treated as separate modules that together
form a method. A module can therefore be defined as a distinct
and limited operation, each of which involves its own input
and output material/data. In GMO monitoring, the following
modules are usually performed (Figure 2): (1) a sample prepa-
ration module where the input material is processed to its
homogenized form, e.g. grains to flour; (2) a DNA extraction
and purification module where the input material is the
homogenized sample and the output material is purified DNA

in aqueous solution; (3) an amplification stage in which the
specific target region is fragmented and copied exponentially
until detectable amounts are obtained (i.e. through the poly-
merase chain reaction (PCR) or isothermal approaches); (4) a
detection module where the input material is purified DNA in
aqueous solution and the output material is measurement data,
e.g. collection of fluorescence data and translation into a num-
ber of target sequence copies; and (5) a data evaluation module,
e.g. the number of copies of the taxon-specific and event-spe-
cific targets are processed into a final quantitative result.

GMO detection is generally carried out by enzymatic
amplification of DNA sequences specific of the transgenic
insert by PCR-based methods. Quantitative methods are
based in the real-time variant of this technique, which relies
on the use of fluorescent molecules to generate real-time
data during the different stages of amplification. This allows
us to collect fluorescence in the exponential phase, where it
is possible to achieve quantification of the amplified DNA
fragment (amplicon). Despite the fact that PCR is the refer-
ence methodology for DNA detection and quantification,
there are still some drawbacks that have motivated
researchers into developing alternative methods. These are
intended to be less expensive and suitable for decentralized
applications and for resource-limited settings. DNA biosen-
sors and sensing platforms have been proposed as low-cost,
sensitive, and robust alternatives for DNA sequence-specific
detection.

DNA biosensors as platforms for GMO detection

Biosensors are analytical devices that translate a biological
event into a measurable signal. When this recognition system
involves nucleic acids as receptors and the hybridization reac-
tion as recognition event, the term “DNA biosensor” or “geno-
sensor” is used.[22] The biorecognition event (hybridization
reaction) takes place via Watson-Crick base-pairing fundamen-
tally between two complementary sequences, i.e. the support-
immobilized synthetic probe and the target sequence. DNA is
especially suited to get selective devices because of the high
specificity of the base-pairing interaction between complemen-
tary sequences, even in the presence of mismatches.

Figure 2. GMO analytical procedure. Adapted from Holst-Jensen et al. [16].

Figure 1. Levels of specificity of GMO methods based on the targeted DNA region: screening (blue-dashed square), gene-specific (purple square), construct-specific
(green), and event-specific (red). Adapted from Holst-Jensen et al. [16].
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The design and construction of a genosensor usually
involves the following stages (Figure 3): (a) transducer selec-
tion; (b) target-sequence and probe-sequence (complementary
to the latter) selection; (c) selection of a convenient probe-
immobilization strategy; (d) labeling, although this step will be
necessary or not depending on the detection method used; and
(e) readout. The optimization of each step is required to
improve the overall performance of the device.

Although several transducers have been used in biosensors,
as far as we know, only DNA biosensors with optical, piezoelec-
tric, and electrochemical transduction have been successfully
developed for the detection of GMO sequences, as was recently
reviewed.[23] Figure 4 summarizes the quantity of publications
in nearly 20 years of research in DNA biosensors for GMO
detection. When the search included the keyword “electro-
chemical or optical or piezoelectric,” the chart indicates that
most devices were based on electroanalytical techniques.

In GMO detection, the selection of the target sequence is rel-
atively easy. It depends on the aim of the assay (i.e. screening,
qualitative, or quantitative). The nucleic acid sequences of
authorized or pre-evaluated transformed plants are well charac-
terized and described in open-access databases (http://www.
gmo-compass.org/eng/gmo/db/, http://gmo-crl.jrc.ec.europa.
eu/gmomethods/, and http://gmdd.shgmo.org/). The taxon-
specific or reference genes have also been described in official
PCR methods, which are necessary for the relative quantifica-
tion of GMOs and for species identification.

Most DNA biosensors have been reported for screening pur-
poses, followed by gene-specific methods. However, only few
works have been developed describing the detection of event-

specific sequences, which is the highest level of specificity. Of these,
all the biosensors proposed are with electrochemical transducer
(Figure 5).

The probe immobilization step plays a major role in deter-
mining the performance of a DNA biosensor. Control of the
surface chemistry and coverage is crucial for the analytical per-
formance of DNA biosensors and sensing schemes. The key
features of DNA-modified surfaces are DNA density and
hybridization accessibility.[24] Moreover, the immobilization
chemistry should be sufficiently specific for probe binding and
offer efficient surface blockage in order to avoid unspecific
adsorption by other molecular species, e.g. proteins, short oli-
gonucleotides, genomic DNA, etc.

Given the importance of the transducer, we will now
describe the different genosensors proposed so far according to
the transducer used. We will give a brief overview of each type
of biosensor regarding their contributions to the field of GMO
testing, with the aim of painting a broad picture of the applica-
tion of these attractive technologies for food control and legisla-
tion compliance.

Electrochemical biosensors

Electrochemical DNA biosensors and sensing platforms for
GMO testing have been the most popular amongst the other
types of transduction schemes. The interest in this field, dem-
onstrated by research groups worldwide, has been encouraged
by the simple and relatively low-priced instrumentation, the
high selectivity of the base-pairing biorecognition process
(hybridization), and the high sensitivity and versatility of elec-
trochemical detection principles through which DNA hybrid-
ization can be monitored, e.g. redox enzyme-amplified
signaling, surface impedance measurements, electron transfer
mediated by DNA binders or intercalators, etc.[13]

A great variety of immobilization strategies has been
explored in electrochemical biosensors for GMO detection.
The formation of self-assembled monolayers (SAMs) of thio-
lated probes onto gold electrodes have permitted very low lim-
its of detection, such as picomolar levels for 35S detection [25]

or even femtomolar levels for a gene-specific target.[26] Cova-
lent immobilization has been also reported using ethylenedi-
amine as connector.[27,28] Carbon nanotubes are also used due
to their high electrical conductivity and long-term stability.[29–
33] Hybrid materials based on nanoparticles and polymers have
also been reported with the aim of increasing the immobiliza-
tion surface area and, as a result, the sensitivity.[34–37]

Figure 3. Steps in the design of a genosensor with a labeled target.

Figure 4. Number of publications reporting GMO DNA sensors since 2001 till 2017.
The publications were retrieved from ISI Web of Knowledge and Scopus.
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Most of the described electrochemical biosensors are
based on screening methods, the least specific level. Electro-
chemical biosensors targeting other sequences have also
been described, namely PAT (inducing tolerance to glufosi-
nate herbicide), nptII (responsible for antibiotic resistance)
genes, CP4 EPSPS (inducing tolerance to glyphosate herbi-
cide), and cry1Ab (inducing insect resistance). All the sys-
tems have presented high specificity and sensitivity,
highlighting their relevance for GMO analysis. Most geno-
sensors based on gene-specific detection use PAT gene as
target, and many authors reported the simultaneous deter-
mination of NOS and PAT. Only a few works reported
event-specific genosensors, targeting the event of MON810
maize,[38–40] soybean 40–3-2 and A5547–127, maize NK603,
T25 and LY038,[41] soybean A270412, [42] and soybean 40–
3-2.[43–46] Table 1 summarizes the electrochemical genosen-
sors reported for GMOs.

Although some devices for the simultaneous detection
of different GMO sequences have been described with
electrochemical devices,[38,39,41] it has not yet been possi-
ble to develop a multiplex quantitative sensor with analyt-
ical characteristics that compete with the quantitative
PCR in real samples. There have been a few reports where
quantification has been addressed with real samples, yet
overall the contribution of the electrochemical field to
GMO testing has not reached that of the PCR-related
technologies. Figure 7 shows a timeline of the evolution
of electrochemical biosensors and PCR for GMO testing,
highlighting the most prominent achievements of each
technology throughout the years. More specifically, what
has been accomplished so far in terms of simultaneous
determination is an electrochemical magneto-assay for the
detection of a specific event of transgenic soybean,[43]

which comprises the use of streptavidin-coated magnetic
beads for the immobilization of biotinylated capture
probes (Figure 6).

Optical biosensors

They are based on the transduction of the variation in optical
properties of the system because of the interaction of the ana-
lyte and the biorecognition layer. Optical biosensors have also
been reported for GMO detection due to the high selectivity of
the technology that involves the interaction between the selec-
tive biomolecule binding layer and the transducer, high sensi-
tivity, and possibility of multiple detection using different
wavelengths. Surface plasmon resonance (SPR) is the optical
technique that is used more in GMO detection, but electrolu-
minescence and surface-enhanced Raman scattering (SERS)
spectroscopy are also applied. SPR responds with high sensitiv-
ity to changes in the dielectric constant of the adjacent medium,
and consequently, to the refractive index. This feature makes it
very suitable for detecting the formation of affinity complexes,
such as antigen-antibody or hybridization event between com-
plementary DNA strands.

Different immobilization systems of the capture probe in the
gold film have been reported as covalent union,[69,70] biotin–
streptavidin union [71–76], and self-assembled monolayers.[77–79]

As in electrochemical biosensors, most of the optical sensors
are for GMO screening, detecting 35S promoter, and NOS ter-
minator. Other SPR-based devices detect a part of the train
gene associated with the specific genetic modification, called
“gene-specific methods.” Detection of Cry1Ab genes or CP4
EPSPS has been reported, among others.

Most of the systems address the detection of synthetic oligo-
nucleotides and, in some cases, the use of certified reference
materials. Table 2 presents the optical genosensors reported for
GMOs detection.

Piezoelectric biosensors

Piezoelectric biosensors are a type of mechanical biosensors
that use the piezoelectric effect, i.e. the production of

Figure 5. Frequency of reported genosensors based on the specificity level and the transducer used: (1) electrochemical biosensor, (2) optical biosensor, and (3) piezo-
electric biosensor.
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electricity/acoustic waves caused by mechanical stress or
pressure. These sensors enable the selective and label-free
detection of biological events in real time. Quartz crystal
microbalances (QCM) are the most commonly devices for
biosensing, and are made of a bulk piezoelectric material,
i.e. a quartz crystal sandwiched between two metallic elec-
trodes, typically gold. Biorecognition elements are com-
monly immobilized onto the gold surface. After the
hybridization process, an increase in mass and a decrease in
the resonance frequency occur. These devices have shown

promising results for label-free, real-time, and direct detec-
tion of DNA for GMO analysis.

There are several reports involving GMO detection with
QCM that not only target screening sequences, most com-
monly promoter (35S) and terminator (NOS) DNA fragments,
but also the Cry1Ab and CP4 EPSPS genes. Different immobili-
zation strategies of DNA probes have been reported, such as
biotin–streptavidin union,[82,83] by amino groups [84] and via
thiol union.[82,83] Most of the biosensors reported the use of
synthetic oligonucleotides for optimization and flours, seeds, or

Figure 6. Scheme of the (I) single assays and (II) multiplex assay divided into two steps, recognition (A) and measurement (B): (1) attachment of capture probe(s) to the
surface of magnetic beads; (2) homogeneous hybridization between a labeled-probe and target sequence; (3) heterogeneous hybridization with capture probe bound to
the beads; (4) addition of the Fab-enzyme conjugate; (5a–6b) enzymatic reactions occurring after adding the enzymatic substrate (TMB/NPP); (6a) chronoamperometric
measurement of TMB reduction at the electrode surface; (6b) voltammetric measurement of naphthol oxidation current at the electrode surface. Only showed part II
[reproduced from Manzanares-Palenzuela et al. [43], with permission from Elsevier].

Figure 7. Timeline of the evolution of PCR technologies and electrochemical DNA biosensors and their achievements in GMO testing.
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processed food as the target raw material. Table 3 summarizes
the piezoelectric genosensors reported for GMOs.

A general view and challenges involved in GMO
sensing

Compliance with GMO labeling thresholds must be guaranteed
throughout the production chain, for which GMO quantifica-
tion is ultimately required. This is a highly demanding analyti-
cal task that is, at present, solely fulfilled by qPCR methods,
which are not utterly available in resource-limited environ-
ments and are often inadequate for decentralized and on-field
analysis. DNA-based biosensors, represent viable alternatives
for this end. However, there are still fundamental limitations
regarding the performance of these devices that limit them
from becoming the gold standard for GMO detection.

Depending on each of the categories addressed in this
review, i.e. electrochemical, optical and piezoelectric detection
systems, we have summarized the limitations based upon the
inherent properties of the detection technique, the estimated
time for biosensor preparation and level of complexity of such
procedures, and probability of reproducibility problems based
upon the robustness of the probe immobilization and bioconju-
gation chemistries.

Regarding the detection techniques, there is a tendency
towards electrochemistry over optical and piezoelectric strate-
gies (see Tables 1–3). This trend can be owed to the cost-effi-
cient feature of most electrochemical techniques and their high
sensitivity. However, optical and piezoelectric systems can offer
an important advantage in the detection of binding reactions,
allowing the kinetic evaluation of affinity interactions. SPR, for
example, can offer versatility in chip design and simplicity of
the measurement in terms of label-free schemes. Yet, despite its
advantages, the capabilities in discriminating between specific
and non-specific interactions with the sensor surface might be
limited. Such statement can be extended to other label-free
schemes, such as piezoelectric, which can also be unable to dif-
ferentiate between target and non-complementary DNA partic-
ularly when dealing with real samples.[83,87] As well as EIS, the
label-free electrochemical variant, can also present these prob-
lems. In addition, label-free strategies often fail to support mul-
tiplex analysis. In this sense, label-based approaches provide
the highest levels of specificity and multiplex capabilities, but it
should be noted that such protocols also provide other limita-
tions, such as time-consuming procedures and often expensive
label reagents. Moreover, optical label-based biosensors that
rely on visual readout are attractive strategies for quick
screening,[69,70] although their ability to quantify DNA sequen-
ces can be limited.

As to the biosensor preparation, in many cases nanomateri-
als and/or polymers, as well as their composites, are incorpo-
rated in both label-free and label-based schemes to increase the
sensitivity of these devices.[49,54] Whereas the implementation
of nanotechnology in biosensors is an exciting field that has
been widely explored, the lingered and often difficult-to-repro-
duce synthesis methods are a major drawback for these
biosensors. In addition, these strategies usually involve the elec-
trostatic immobilization of the probe sequence, which may lead
to its detachment throughout the preparation steps, and the

sensitivity to pH or ionic strength changes, all of which hamper
the analytical reproducibility and robustness of the final device.

Regarding the actual applications of these devices, we note
that although there are several works that address the determi-
nation of GMOs in synthetic samples and in some cases in ref-
erence materials, the scarce “real-sample” application and lack
of quantitative analysis regarding taxon-specific-to-event-spe-
cific ratios stand out as two of the most important gaps of the
biosensing technology. Moreover, most of the reported GMO
sensors have been focused on screening purposes, while very
few attained event-specific detection.

The first aspect to consider is that a GMO genosensor is
designed to detect a specific fragment contained within a geno-
mic DNA extract, in which the ratio between the target and
interfering species will often be very low. Although some genes
are present in high copy numbers in the genome of some spe-
cies, analysts generally deal with single-copy genes when work-
ing with GM plants, making amplification necessary. So far,
PCR has been the most frequent amplification process coupled
to genosensing. However, other amplification strategies, such
as isothermal amplification, could be coupled to biosensors, but
this type of amplification is not of widespread use in the field of
GMO sensors.[89] An enormous breakthrough in the field
would be provided by non-PCR genosensors, meaning that
these would surpass the need to incorporate an amplification
step prior to readout. Although PCR-free piezoelectric detec-
tion of GM DNA from tobacco leaves has been accomplished,
this is not the general case for most sensing methods, especially
those regarding DNA from foodstuffs.[85] This is a major chal-
lenge yet to be conquered in the GMO biosensing field and to
achieve this, ultrasensitive devices are required. Methods that
combine micro- or nanomaterial-modified surfaces with con-
ductive, area-enhancing materials generally provide the highest
sensitivities. However, as previously mentioned, the fabrication
of these sensors often appeared to be time-consuming and
laborious owed to multiple-step synthesis procedures and lin-
gered electrode modifications. In this sense, the development of
simpler and genuinely easy-to-execute protocols remains a
challenge. Nonetheless, it is important to highlight that the
ultrasensitive genosensors reported so far, which show promis-
ing potential for application due to their prominent analytical
performances, suffer from a major limitation related to the lack
of true quantitative capacity.

Another aspect to be considered is that the GMO content
should be determined in relation to a taxon-specific gene and
not simply as an absolute estimation of marker sequences. This
fact seriously limits the applicability of the methods up to now
reported that remain restricted to simple identification or
quantitation of transgenic events in an absolute fashion that is
not acceptable to establish compliance with legislation, which
requires the GMO content to be expressed as the ratio GMO
DNA copies/taxon-specific DNA copies, which is a very unbal-
anced ratio. In order to address this problem, some biosensors
have been described for the simultaneous detection of different
GMO sequences,[38,39,41] but it has not yet been possible to
develop a multiplex quantitative sensor with analytical charac-
teristics comparable to those of quantitative PCR. So far, the
closest that has been achieved, in terms of simultaneous deter-
mination, is an electrochemical magnetoassay for the detection
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of a specific event of transgenic soybean,[43,44] being necessary
to perform the amplification and electrochemical measurement
separately. One important goal to achieve yet would be to pro-
vide a multiplex device enabling simultaneous determination of
at least two different DNA sequences (reference gene and
inserted gene), in which all phases of the assay, i.e. extraction,
amplification and measurement, occur simultaneously. In this
sense, the development of DNA biosensors with multiple elec-
troactive markers that allow the detection of different trans-
genic events is a very promising aspect hardly explored to date.

Other considerations to keep in mind when designing a
GMO biosensor for the analysis of highly processed samples
are as follows: on one hand, only the DNA biosensors are suit-
able for this purpose, since the integrity of the proteins are
affected by the technological processes and small DNA frag-
ments should be targeted in order to ensure the detection of
GMOs. In these cases, the selectivity of the device becomes of
crucial importance. On the other hand, DNA extraction, which
is a decisive step in the analysis, must result in high quality and
in sufficient DNA quantities from a variety of samples. More-
over, the amplification step must also be carefully optimized to
obtain close-to-linear responses with the sensor. Overall, all the
necessary steps that come before the sensing step must be thor-
oughly evaluated to obtain accurate results. Ideally, all of these
steps would be integrated in a single platform, but this envi-
sioned sensing technology is yet to be accomplished.

The interest in DNA biosensors for GMO detection has been
growing due to their possibility for automation and microfabrica-
tion based on simple and portable detection systems. Electro-
chemical microarray-based systems for multiplex DNA detection
have become the most interesting kind of approach, given that
several construct elements can be co-detected, thus allowing
high-throughput GMO diagnostics.[90] Optical platforms based
on fast, visual results are also attractive at the consumer level.

Although a remarkable advance in biosensor technology for
GMO testing has been reached, there is still much to explore and
to achieve in the field, given the increasing interest in enforcing
food control regulations and in guarantying transparency
regarding food composition to the growingly aware consumers.
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