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Development of Electrochemical Genosensors and Immunosensors for Lipid
Transfer Protein Allergen Detection in Tomato Seeds

ABSTRACT

In Mediterranean areas tomato allergy has been dramatically increasing and cross-reactive
with other fruit allergies because of the similar protein structure between them. Sola | 7 belongs to
the non-specific lipid transfer proteins family and is the major allergen in tomato seeds - being one
of the key allergens related with several allergic symptoms namely anaphylaxis. To improve food
safety, biosensors have become an excellent device for (bio)chemical analysis, specially the

electrochemical biosensors which compete with conventional analytical methodologies.

This thesis reports the development of 2 new setups of electrochemical DNA-based sensors
for sola | 7 DNA detection, and a new electrochemical immunosensor for sola | 7 protein detection

and the implementation of these two procedures in a dual biosensor for simultaneous detection.

Functionalized magnetic beads (MBs) was used as immobilization platform for
electrochemical DNA-based sensor (DNA  magnetobiosensor) and  immunosensor
(magnetoimmunosensor). The implementation of screen-printed carbon electrodes (SPCEs) as
transducer and MBs makes these approaches more attractive because of the increased sensitivity,

reduced time of analysis and minimization of matrix effects.

A limit of detection (LOD) of 0.2 pM was obtained for the DNA magnetobiosensor whereas
a LOD of 1.4 ug mL* was obtained in the magnetoimmunosensor. Both approaches were tested in
real food extracts without previous amplification or preconcentration of the genetic/protein material
— which makes from them reliable and promising analytical tools for food safety and consumer

protection.

Key-words: Electrochemical biosensors. Magnetic Beads. Sola | 7. Tomato seeds allergy.
Amperometry. Sandwich format. Screen-printed carbon electrodes. Food Safety.



Desenvolvimento de Genossensores e Imunossensores Eletroquimicos para a
Detecao do Alérgeno Proteinas Transportadoras de Lipidos nas Sementes do
Tomate

RESUMO

Nas areas mediterranicas, a alergia ao tomate tem aumentado dramaticamente e é
reativa, de forma cruzada, com outras alergias a frutas pela similaridade entre as proteinas. A
proteina Sola | 7 pertence a familia das proteinas transportadoras de lipidos ndo especificas e é o
principal alérgeno nas sementes do tomate, sendo um dos principais componentes relacionados
com varios sintomas alérgicos graves, nomeadamente a anafilaxia. A fim de melhorar a seguranca
alimentar, os biossensores tornaram-se um excelente dispositivo para analise quimica e bioldgica,
especialmente os biossensores eletroquimicos que competem com os procedimentos analiticos

convencionais.

Esta tese descreve o desenvolvimento de dois novos formatos de sensores eletroquimicos
baseados em DNA para a detecdo do DNA so/a /, um novo imunossensor eletroquimico para
detecéo da proteina so/a / 7 e a implementacao destes dois procedimentos num biossensor duplo

para determinacao simultanea das duas biomoléculas.

As particulas magnéticas funcionalizadas (MB) tém sido utilizadas como plataforma de
imobilizacdo no desenvolvimento do sensor eletroquimico de DNA eletroquimico
(magnetogenossensor) e imunossensor (magnetoimunossensorensor). O uso de elétrodos de
serigrafados de carbono (SPCEs) como transdutor e de MBs tornam estas abordagens mais
atrativas devido a maior sensibilidade, menor tempo de analise e minimizacdo dos efeitos de

matriz.

Obteve-se um limite de detecao (LOD) de 0,2 pM no magnetogenossensor, ao passo que
no magnetoimunossensor foi de 1,4 ug mL*. Ambas as abordagens foram testadas em extratos
alimentares reais, sem amplificacao prévia ou pré-concentracdo do material genético/proteico, o
que confere a estas ferramentas analiticas confianca e serem promissoras para a seguranca

alimentar e protecao ao consumidor.

Palavras-chave: Biossensores eletroquimicos. Particulas Magnéticos. Sola | 7. Alergia a
sementes de tomate. Amperometria. Formato sanduiche. Elétrodos de carbono impressos em tela.

Seguranca alimentar.
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nsLTP: Non-specific lipid
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Figure 25. Schematic display of the disposable dual magnetobiosensor for the simultaneous determination
of Sola |7 protein and sofa / 7 DNA A); picture showing the SPACE and the homemade magnet holding
block B) and the modified MBs on the SPdCE assembled on the magnet holding block and in the specific
cable connector emerged in the electrochemical cell C). Relative sizes of the components are not drawn on
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Figure 26. Simultaneous amperometric responses measured with the dual magnetobiosensor for mixtures
containing different concentrations of Sola | 7 protein and the so/a / 7 DNA represented in the Table 9. E..,
=-0.20 V vs. Ag pseudo-reference electrode. Error bars were calculated as the standard deviation of three
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1 Scope of the thesis

Food allergy is an emerging public health problem where 1-2 % of the total human population
suffers from clinically proven food allergies. Hidden ingredients in food are in the origin of accidental
contamination, thus a great concern arises both to producers and allergic consumers [1].
Moreover, their vestigial presence in food are usually enough to have an allergic reaction, thus their
detection in foodstuffs can be a very hard task in addition to the natural interference of the whole
food matrix [2].

A number of analytical methods described in the literature have been successfully applied to
evaluate the presence of allergens in foods. Most of the methods for allergens detection are mainly
divided in two great groups: the immunological and the DNA-based assays. In general, the
immunological methodologies are based on specific binding between epitopes on the target
molecule (ie. a known allergen or a specific protein present in the allergenic food) and an
immunoglobulin specifically raised against the target [3]. Alternatively to the immunological
methods, the DNA based assays involve the extraction of a specific allergen (or marker protein)
encoding-DNA fragment [4].

While still not very used for routine analysis, novel biosensors such as the electrochemical
genosensors and immunosensors provide unique features that can make them excellent analytical
tools, e.g sensitive, selective, less expensive, in some cases able for real-time measurements,
environmentally friendly, reusable and fast (especially when automated and/or miniaturized), and
able to effectively replace the classical methodologies [2].

The basis of functioning of electrochemical genosensors lies on the electrochemical detection
of the hybridization reaction of two complementary DNA strands. The construction of genosensors
involves several steps, that can be briefly summarized in the immobilization of an oligonucleotide
probe onto the electrode surface and subsequent detection of the complementary strand (the
target) by hybridization. Conversely, electrochemical immunosensors depend on a specific non-
covalent binding between antibodies (commonly used as analyte-specific probes) and antigens
(analytes). The enzyme-linked immunosorbent assay (ELISA) approaches — which falls into two
major formats, the sandwich and competitive — represent the most popular technology for the
implementation of immunoassays offering low detection limits. As a matter of fact, the complexity
of the assay workflow, the use of costly reagents, the bulky ELISA readers, and the time-consuming

operation are a few limitations in ELISA assays [5].
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This master’s thesis dissertation was focused on the development of () two new designs of
electrochemical magnetogenosensors and (2) a magnetoimmunosensor format for LTP allergen of
tomato seeds detection, as well as the implementation of (3 a dual electrochemical immuno-DNA-
magnetobiosensor. The format of the developed electrochemical magnetobiosensors was based
on different design constructions through the use of screen-printed carbon electrodes (SPCE), as
electrochemical platforms, and MBs as immaobilization platform, for the biotin RNA capture probe

and specific capture antibody.

1.1 Aims of the thesis

The main propose of this research work was to develop new fast selective and sensitive
designs for the construction of electrochemical biosensors for the tomato seeds allergen detection.

The specific aims include:

1- Development of an electrochemical magnetogenosensor for so/a / 7 DNA sequence
detection;

2- Development of an electrochemical magnetoimmunosensor for Sola | 7 protein
detection;

3- Optimization, characterization and evaluation of the experimental variables in the DNA-
based and immuno-based devices; and

4-  Development of a multidetector electrochemical biosensor for Sola | 7 protein and so/a

/ 7 DNA determination.

1.2 Outline of the thesis

The research work described in this thesis was performed in a multidisciplinary research
group, the “Grupo de Electroanalisis y (Bio)sensores Electroquimicos” (GEBE) from the University

Complutense of Madrid (UCM) and integrated on the scope of an Erasmus + placement.

This thesis was structured in six chapters, covering the research aims stated above:

Chapter 1: Describe the context of the present work, aims and the thesis outline.

Chapter 2: Presents a literature review of some earliest biosensors with new
electrochemical amplification technics. Furthermore, this chapter describes the definition of food

allergy, lipid transfer proteins and biosensors.
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The experimental results are presented in the following chapters, namely the Chapter 3
and 4. In these chapters a brief introduction, materials and methods, results and discussion and

conclusions are provided.

Chapter 3: The content of this chapter is related to the development of two different
formats of DNA-based biosensors for sola / 7 detection, as well as the optimization of analytical
variables, characterization of the bioplatform and its application in food matrixes. This
electrochemical biosensor described the use of MBs as immobilization platform, sandwich DNA-
RNA heteroduplex format, anti-DNA-RNA as recognition element, protA-HRP/antilgG-HRP as

enzyme/antibody-label complex and screen-printed carbon electrode as transducer.

Chapter 4: Describes the development of a magnetoimmunosensor using a sandwich
format, MBs as immobilization platform and screen-printed carbon electrode as transducer. The
optimization steps, and characterization and application needed prior to biosensor validation is
described. Also, this chapter demonstrates the application of a dual magnetobiosensor for Sola | 7

protein and so/a / 7 DNA sequence detection using a screen-printed dual carbon electrode.

Chapter 5: Contains the general conclusions and perspectives for future research on this

topics.

Chapter 6: All the bibliographic references are listed.
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2 Literature review

2.1 Introduction

Foodborne illnesses compromise negatively the world’s economy in terms of medical
costs, lost productivity and food wastes. The foodborne ilinesses are caused by contaminants
present in food. Such contaminants are classified as biological - if they are pathogenic bacteria,
parasites or viruses — chemical - if they are natural toxins or pesticides, and allergens — mainly
proteins [6].

Eating is an enjoyable human experience but for many people suffering from food allergies
and sensitivities, such a joy of eating is drastically diminished by their constant concerns with the
potential adverse reactions to the food consumed. In the USA about 36 million cases of illness
occurs annually as a result of foodborne contaminants [7].

Therefore, it is of first importance for such consumers with food allergies to have access
to the full information about food ingredient composition and safety, so as helping to prevent cross-
contaminations and possible foodborne illnesses [2, 8]. To guarantee food safety, the food industry
must provide analysis of the food product and for to that purpose the methodologies for
contaminant detection must be fast, with extreme sensitive and selective and of low-cost.
Biosensors fit such requirements and, therefore, has become useful devices for chemical analysis,
competing with conventional analytical devices like chromatographs or spectrophotometers. Their
compact design, user-friendly measurement protocols and low-cost are key elemnts for the success
in a large set of applications related to the food industry [9].

Biosensors can be generally defined as analytical devices that transforms the biological
responses by incorporating biorecognition elements (e.g antibodies, enzymes, nucleic acids,
aptamers, bacteriophages, organelles, microorganisms, efc) and biological materials (e.g
antibodies, enzymes, nucleic acids, cell-receptors, tissues, organelles, microorganisms, efc) with a
physical transducer (optical, electrochemical or mass-based) to generate a measurable signal. The
technique for biorecognition element immobilization is essential for fabrication of useful biosensors.
These techniques may include adsorption, microencapsulation, entrapment on the sensor surface,
covalent attachment and crosslinking methods [10].

Biosensors are classified in terms of specificity, sensitivity, assay time, detection limit,

robustness, reproducibility, validation and accuracy [10]. Aiming at improving their characteristics,
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amplification and transduction technics are employed. Particularly, the enzyme labels are of special
interest: the catalytic conversion of the substrate amplifies the signal and increases the sensitivity
of the analyte detection by several orders of the concentration magnitude. Moreover, the use of
nanomaterials extends substantially the operational and analytical characteristics of the DNA
biosensors. Similar results are obtained by a combination of the DNA probes and aptamers with

antibodies employed for the direct linking of the label, e.g ferrocene or enzyme [9].

2.2 Food Safety

2.2.1 Food allergy

Food allergy is an adverse immune response to food proteins. The allergy reaction can be
induced by mediated-immunoglobin E (IgE), non- mediated-IgE- or the combination of both, /e
mediated and non-mediated reactions. IgE-mediated reactions are a result from cross-linking of
allergen-specific IgE on mast cell and basophils. The allergic-reaction occurs after 20 minutes to
no more than 2 hours from ingestion and the symptoms typically appears within 4 to 12 hours.
These reactions cause diseases as anaphylaxis, oral allergy syndrome, and acute urticaria. Non-
mediated-IgE reactions are related to the action of T cells and brings disease problems as food
protein-induced enterocolitis syndrome, celiac disease and contact dermatitis. Atopic dermatitis,
eosinophilic esophagitis and eosinophilic gastroenteritis are a cause of both mediated- and non-

mediated-IgE reactions [11].

As a result of the dramatic rise of food allergy in the population over the past two decades,
investigations on this subject are progressively increasing. Studies have shown a loss of oral
tolerance related to the day time, variation to the dietary exposures and, more recently, external
environmental factors - such as insufficient sunlight, endocrine disrupting chemicals and
pesticides — were correlated with food allergies [12, 13]. Variations in environmental conditions
may enhance the expression of allergenic proteins, thus potentially increasing the allergen effects
of different plants. For example, LTPs from pepper and peach were differentially activated by biotic

and abiotic environmental stresses [14].

There are about 150 million people spread worldwide with allergy to one or more food. In
the USA 90 % of allergic reactions in food are estimated to be linked with the allergens present in
8 groups of food: milk, egg, peanuts, tree nuts, wheat, soy, fish and shellfish [15]. Additionally, the

most prevalent food allergy worldwide among adults is the peanut allergy [16, 17].
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More than 65% of plant food allergens are members of only four protein families/super

families, viz. the prolamin, cupin, Bet v 1 and profilin family. Animal derived food allergens belong

mainly to three protein families, viz. the tropomyosins, parvalbumins and caseins (Table 1).

Pollen-food syndrome is a term describing associations between inhalant pollen allergies and

allergic manifestations on ingestion of particular fruits, vegetables and spices. Many of these

proteins are widely distributed throughout the plant kingdom and may consequently be involved in

extensive IgE cross-reactivity between antigens from taxonomically unrelated plant species.

Families such as profilins, pathogenesis-related proteins (PRs) and LTPs are involved in pollen-food

syndrome [18-20].

Table 1. Some relevant families of allergens in food [18-20].

Allergen Examples of protein Food group Function
Families allergens
Tropomyosins Penal Shellfish (shrimp, Regulate contraction in both
crab, lobster, muscle and non-muscle cells
abalone, mussels,
squid, octopus)
Animal
Parvalbumins [-parvalbumins (Lit v Cod, salmon, tuna, Regulating free intracellular
sodree 4.0101, Gad cl) mackerel calcium levels
Caseins Bos d 8 Milk Comprises a heterogeneous
mixture of structurally mobile
proteins known
Prolamins 2S albumins (Ara h 2-6-7, Wheat, Barley, Rice,  Seeds storage proteins, plant
Jugr1,Anao3, Ricc1-3, maize, soybean, protection, seeds storage
Sinal,Brajl, Berel); sunflower, sesame, globins.
nsLTP (Pru p 3, Jugr 3, Cor apple, peach, corn,
a 8, Mal d 3); a-amylase inh  peanut.
(rice); Prolamins of cereals
(Tria 19, Sec ¢ 20)
Plant
Cupins Vicilins (Arah 1, Ses | 3, Peanut, soybean, Sucrose-binding activities and
source
Jugr2,Anaol,Corall); hazelnut, cashew enzymatic activities in
Legumins (Ara h 3-4, Jugr  nut germinins
4,Anao2,Cora9)
Betv 1 Mald 1,Pruavl, Prup 1, Birch pollen, apple, Plant protection, acting as a
homologs Actd 8, Apig1,Daucl cherry, peach, kiwi, steroid carrier
celery, carrot
Profilins Apig4, Mald4,Arah 5 Flowering plants Regulate actin polymerization
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2.2.2 Lipid transfer proteins

In Mediterranean areas, LTPs are the most frequent cause of food allergy in adults with
several anaphylactic reactions and pollen-food allergy syndromes [19, 21, 22]. Widely distributed
in the plant kingdom (especially in the Rosaceae family), these members of the prolamin
superfamily (PR-14) are located in the skin, pulp and seeds of numerous fruits and vegetables —
such as apple, peach, corn, tomato, olive, kiwi, carrot, among others. LTPs are characterized by
the low molecular weight (7-30 kDa) and a compact structure in a conserved pattern of 6-8
cysteines — forming three to four disulfide bridges — as well as by their function of non-specific and
reversible binding and lipid transportation between cell membranes - which occurs during fruit

ripening and as a defense mechanism against fungal and bacterium infections [14, 19, 23].

These proteins are divided into two subclasses — LTP1 and LTP2 - generally differing in
the molecular weight, number of amino-acids, spatial structure, disulfide bond arrangement,
localization, potential function and a few other features. Family 1 LTPs has 9-10 kDa and 90-95
amino-acids, usually localized in cutin-coated organs (leaves, stems, flowers) of the plant.
Furthermore, they possess a cutin biosynthesis function, the sterol-binding ability is absent, and
the LTP1 allergens are present in 42 plants. Family 2 LTPs has 6-7 kDa and 65-70 amino-acids,
localized in suberin-coated organs (subterraneous organs) in the plant. It possesses the suberin
biosynthesis function and the sterol-binding ability. The LTPs allergens are listed in tomato, celery

and peanut [23, 24].

Due to their high resistance to thermal and proteolytic treatments, this class | of allergens
are considered genuine food allergens [25]. Such features allow the allergens to maintain their
immunogenetic and allergenic capabilities and, thus, to interact with the immune system
associated with the gastrointestinal epithelia. This interactions induces both sensitization and

systemic symptoms, though their stability is pH dependent [26].

Non-specific LTPs are involved in general vital functions of the plant defense and, therefore,
is widely spread among a varied number of plants. Those non-specific LTPs are closely related in
terms of functionality, share a highly conserved sequence regions and homologous three-
dimensional structures. Such similarity causes cross-recognition for IgE - thus resulting in cross-
reactivity and multiple allergenicity for individuals [27]. A study in USA [28] identified a high number

of protein allergens recognized by IgE and IgG4 in peanut allergy patients which ones was peanuts
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(Arah h 9), walnuts Jugr 3), peaches (Pru p 3) and tomatoes (Lyc e 3.0101 and Lyc e LTP3MAC)

more often indicating that they represent a conserved an possible cross-reactive regions.

This research work will focus in tomato allergens particularly the tomato seed allergen Sola
| 7. This allergen is a non-specific LTP with an important function in seed storage and protection
against plant pathogens. In the Mediterranean, tomato allergy is increasing and a cross-reactive
with other fruit allergies are being reported, especially with peach allergy — the most allergenic fruit
allergy in this region [29-31]. An electrochemical genosensor and immunosensor will be developed

to detect tomato seed allergen in food samples.
2.2.3 Conventional methods for allergens analysis

Ideally, the analytical methods for allergens detection must be rapid, efficient, sensitive,
selective and cost-effective. In recent years, portable kits and automated procedures has been

developed including the protein-based approach, DNA-based approach and in silico methods [32].

ELISA is the most common protein-based method [33]. Two distinct strategies may occur
in ELISA. In the so-called direct method, the antigen of interest is directly immobilized on a solid
surface, in which a primary antibody-enzyme conjugated is attached. On the other hand, in the
indirect method the capture antibody is firstly attached to the antigen of interest and then the
enzyme-conjugated secondary antibody recognizes the complex capture antibody-antigen. Finally,
ELISA detect antigens by the mean of two distinct formats, the sandwich [34] and the competitive
[35]. Other immunoassay-based methods for food allergen detection include Enzyme
Allegrosorbent Test (EAST) and the Radioallergosorbent Test (RAST), which detect IgE-specific

binding in biological samples using allergens bound to a solid phase in microplates [36].

DNA-based detection tools have the principle of amplifying specific genes that encodes the
protein allergen using Polymerase Chain Reaction (PCR). PCR consists on a short oligonucleotide
sequence (primer) that binds selectively to a complementary DNA strand that, in turn, flanks the
DNA sequence of interest — i.e. the DNA sequence to be extended and amplified by the DNA
polymerase. The resulting DNA fragments can be further separated by agarose gel electrophoresis
detected in a transilluminator. There are mainly 3 types of PRC: the conventional PCR, PCR coupled
to ELISA and realtime PCR - the latter the most common for semiquantitative or quantitative

determination of food allergens [37].
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The silico approach uses bioinformatic tools and online databases to evaluate the similarity
between protein structures of known and potential allergens, predicting allergenicity in food
proteins. This method was recommended by Food and Agriculture Organization (FAO and World
Health Organization (WHO), from the United Nations (UN), for the prediction of novel allergens [38,
39].

2.3 Biosensors

A device which provides information of biological, physical or chemical properties in a given
system is defined as sensor. According to the definition of IUPAC “a chemical sensor is a device
that transforms chemical information, ranging from the concentration of a specific sample
component to total composition analysis, into an analytically useful signal. The chemical
information, mentioned above, may originate from a chemical reaction of the analyte or from a

physical property of the system investigated’ [40].

The growing interest in sensor applications has enhanced its use in food analysis. The main
advantages in the use of sensors in food analysis lies in the typical requirements, viz. the need to
() measure in real time, (2 simplify the processes of analysis and increase its efficiency, (3)
design miniaturized devices, (4) simultaneously detect different analytes, and (5) develop cost-

effective analytical tools.

In turn, a biosensor is generally defined as an analytical device which converts a biological
response into a quantifiable and processable signal [9] and are classified according to two main

characteristics, viz. the (J) format of the assay and (2) physic nature of the transducer.

In direct biosensors, the format of the assay is such that the reaction between the analyte and
the element of recognition is detected by direct measurement of the physic changes that have
taken place. Conversely, in indirect biosensors, an additional reaction is needed to produce the
detection. The additional reaction uses labeled reagents such as enzymatic, electroactive and
fluorescent compounds. Moreover, indirect biosensors can be developed in two distinct formats:
competitive and noncompetitive. In the competitive format, the analyte competes with an analyte
marked by certain anchorage sites to a specific bioreceptor, whereas in the noncompetitive format,

the signal is directly proportional to the analyte concentration [41-43].

The physic nature of transducer can be grouped into piezoelectric biosensors (mass and/or
micro viscosity alterations of wave propagation) [44], thermoelectric biosensors (temperature
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change or heat release) [45], magnetic biosensors (exposure of a magnetically labelled biomolecule
to a magnetic field) [46], optical biosensors (absorption or emission of electromagnetic radiation)
[47] and electrochemical biosensors (electron tunneling, ion mobility, diffusion of electroactive or

changed species) [48, 49].

Focusing on electrochemical biosensors, the given definition is “a selfcontained integrated
device, which Is capable of providing specific quantitative or semi-quantitative analytical information
using a biological recognition element (biochemical receptor) which is retained in direct spatial

contact with an electrochemical transduction element’ [48].

Electrochemical sensing usually requires a reference electrode (RE), a counter or auxiliary
electrode (AE) and a working electrode (WE) - the latter also known as the sensing or redox
electrode. The RE — commonly made from Ag/AgCl - is kept at a distance from the reaction site
so as to maintain a known and stable potential. The WE serve as the transduction element in the
biochemical reaction, while the AE establishes a connection to the electrolytic solution so that a
current can be applied to the WE. These electrodes should be both conductive and chemically
stable. Therefore, depending on the analyte, platinum, gold, carbon (e.g graphite) and silicon

compounds are commonly used [50-53].

The transduction of the signal requires devices based on electrochemical techniques.
Electrochemical biosensors usually use amperometric, potentiometric and conductometric devices

[54-56] but other techniques are also available such as impedimetric and field-effect [57, 58].

Amperometric devices are those of greater interest because of their ability to monitor the
faradaic currents resulting from the electronic exchange between the biological recognition element
and the working electrode maintained at an appropriate constant potential. The direct relationship
between the current intensity (#) generated when a certain electroactive species is oxidized or
reduced, and the concentration of those species can be expressed according to the following

expression:
i« =n.d.C. = k.C.. ()]

where n7is the number of total electrons exchanged in the electrochemical reaction, dis the product
between the Faraday constant, the electrode area and the constant of mass transfer rate, C. is the
analyte concentration in solution and 4 is the coefficient constant of the proportionality between /

and C, which takes different values according to the type of the electrode used.
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Amperometric detection of the biological reaction needs the use of labeling — which are
ultimately oxidoreductase enzymes. The detection of the reaction between the biological system
and the antigen can be carried out by amperometric measurements of the product or the substrate
of the enzymatic reaction whenever these compounds are electroactive. Interferences by other
electroactive molecules of the samples are likely to occur in this type of systems. Such phenomena
can be avoided by searching substrates or products of the enzymatic reaction with higher or lower
potentials than the interfering elements. Another way to overcome this problem is using alternative
strategies, such as the amperometric measurement of the electron exchange that takes place in
the active center of the enzyme and the surface of the electrode. The electron exchange can be
directly measured if the enzyme active center orientation and the distance to the electrode are
suitable or by using an non-physiologic electron exchanger named as mediator. Mediators are
usually molecules with a low molecular weight capable to transfer electrons between the active
center of the enzyme and the electrode. They can be adsorbed in the electrode surface, mixed in
a carbon paste, attached near to the enzyme in a conductive polymer onto the electrode surface,

covalently bound or used instead in solution.

The combination of knowledge between biological responses and electrochemistry
demonstrated to be very used, offering the possibility to design a new generation of highly specific,
sensitive, selective and reliable micro (bio-)chemical sensors and sensor arrays, to be employed in

important sectors such as in medical devices (disease’s detection) or food safety [6, 8, 59-62].

Biosensors can also be classified according to the nature of the biological element of recognition.
Catalytic biosensors are based on enzymes, tissues and microorganisms. The enzymatic
biosensors are the most among those. They are based on proteins that catalyse enzymatic
reactions and are recognized by its high efficiency and extreme selectivity. The progress of
enzymatic reactions is related to the concentration of the analyte — which, in turn, can be measured
by monitoring the rate of formation of a product, the disappearance of a reactant, or the inhibition
of the reaction. Affinity biosensors are based on the binding event between the target molecule and
the bioreceptor, for instance an antibody, a nucleic acid, or a hormone receptor — which are the
origin of a physicochemical change that will be further measured by the transducer.

Immunosensors, genosensors and aptasensors are examples of affinity biosensors.
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2.3.1 Immobilization strategies

The basic requirement of a biosensor is that the biological material should bring the
physicochemical changes near to the transducer. In this way, immobilization technologies have
played a major role upon the design of biosensors. Immobilization not only helps in forming the
required closeness between the biomaterial and the transducer, but also helps in stabilizing the
biosensor for reuse. The biological material has been immobilized directly on the transducer or, in
most cases, in membranes that can be subsequently mounted on the transducer. Biomaterials
can be immobilized either through adsorption, entrapment, covalent binding, cross-linking, affinity

or a combination of all these techniques [63, 64] — which are summarized in Table 2.

Immobilization by adsorption is accepted as the simplest method of physical
immobilization. For a fixed period of time the enzymes are dissolved in solution and the solid
support must be in contact with the enzymatic solution. In such procedure part of the initial
enzymes do not adsorb to the surface and have to be removed by washing in a buffer. Despite
being the simplest method, the immobilization by adsorption is the weakest as a result of the weak

bonds involved, such as Van der Waal's forces and electrostatic and/or hydrophobic interactions.

Since the enzymes are poorly bound to the support, the desorption is facilitated by changes
in temperature, pH and ionic strength of the medium. Under the influence of these factors, the

biosensors present poor operational and storage stability as well as non-specific adsorptions [65].

Adsorption methods can be attained by physical adsorption or electrostatic interactions.
The Physical adsorption [66] consists in the simple deposition of an enzyme onto a surface. In the
electrostatic interactions, the enzymes are electrostatically immobilized onto a charged surface by
the means of different techniques such as layer-by-layer deposition [67] — based on alternate layers
of polyelectrolyte and enzyme with opposite charges — and electrochemical doping [68] — based
on the fact that controlling the pH, the negatively or positively charged enzymes can be doped into
the conductive polymer film during its oxidation or reduction process, respectively. Pre-
immobilization on ion-exchanger beads allows to avoid enzyme leakage from the porous
immobilization matrix. Retention in a lipid microenvironment by the Langmuir-Blodgett technic
offers the possibility to prepare ultrathin layers based on the self-assembly properties of amphiphilic

biomolecules at the interface air/water and suitable for enzyme immobilization [69].
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Table 2. Advantages and drawbacks of the five basic immobilization methods. Adapted from Salazar (2016) [70]

Strategies Binding nature Advantages Drawbacks
Adsorption Weak bonds: hydrophobic, Simple and easy Cheap Desorption Nonspecific
Van der Waals or ionic Limited loss of enzyme adsorption
interactions activity
Entrapment Incorporation of Wide applicability Several Diffusion barrier Enzyme

biomolecules within a gel
or polymeric network

types of enzymes may be
simultaneously
immobilized

leakage High
concentrations of
monomer and enzyme

Cross-linking

Enzymes molecules are
cross-linked by a
functional reactant (e.g.
di-aldehyde)

Biocatalyst stabilization
Simple

High biomolecule activity
loss Diffusion barrier

Covalent binding

Chemical binding between
functional groups of the
biomolecule and support

No diffusion barrier Short
time response Stable

Coupling with toxic
product Matrix and
biomolecule cannot be
regenerated

Affinity

Affinity bonds between
two affinity partners (e.g.
avidin/biotin)

Controlled and oriented
immobilization
Remarkable selectivity

Need specific functional
groups High cost

In the recent years, NPs has gained popularity because of its success in increasing the
adsorption properties. Particularly the use of oxide and metallic nanoparticles as electrode
modifiers provide a similar natural environmental for enzymes immobilization, increasing the active
surface of the electrode [71]. Moreover, carbon nanotubes and graphene provides to the

biosensors a huge conductivity, high surface area and strong adsorption capacity [71, 72].

Immobilization by entrapment is the incorporation of the enzyme in three-dimensional
matrices such as electropolymerized films amphiphilic network, silica gel, and carbon paste.
Electropolymerization is a simple method in which the enzyme is immobilized onto the electrode
surface soaked in an agueous solution with the enzyme and monomeric molecules and applying a
potential current to the transducer. Electropolymers are associated with nanomaterials that act as
intermediates between the redox center of the enzyme and the electrode, facilitating electron
transfer [74]. Entrapment in an amphiphilic network is composed by an hydrophobic and an
hydrophilic phase and the principle is based on the swelling properties of the polymers used [75].

Silica gel process involves hydrolysis of alkoxide precursors under acidic (or alkaline) conditions,
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followed by condensation of the hydroxylated units — leading to the formation of a porous gel [76].
Entrapment in a carbon paste - which is a binder and carbon powder mixture and used as
electrode material - is effective for biological components incorporation. .This matrix allows a fast

electron transfer with a versatile, stable and good reproducibility of the modified electrode [77].

Immobilization by covalent binding stands out mainly due to the contribution of the stability
in biosensors — among many other advantages on the immobilization of the biological materials.
The binding of biomolecules such as enzymes or antibodies is carried out by an initial activation of
the surface using multifunctional reagents [glutaraldehyde, carbodiimide (EDC), N-
hydroxysuccinimide (NHS)] that activates carboxylic and amino groups. Biomolecules can be
immobilized by covalent binding on functionalized nanotubes existing on the electrode surface, as
well as in the self-assemble monolayers (SAM) using EDC to activate and promote the binding [77,

78]. The activation reaction is schematically represented in the Figure 1.
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Figure 1. Schematic representation of the activation reaction using carbodiimide (EDC) and N-hydroxysulfosuccinimide

(sulfo-NHS). Source Esteban Fernandez de Avila (2014) [80]

Immobilization by cross-linking is based on intramolecular cross-linked between
bifunctional agents (biomolecules and polymers) and can be carried out by copolymerization with
another inert protein or by adsorbing biomolecules onto an adsorbent where the cross-linkage is
further undertaken. This method is attractive due to its simplicity and the strong chemical binding
achieved between biomolecules. The main drawback is the possibility of activity losses due to the
distortion of the active enzyme conformation and the chemical alterations of the active site during

cross-linking [65].
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Immobilization by affinity is an excellent strategy to obtain the correct orientation of the
biomaterials — specially antibodies for immunosensors development. There are several methods
to create bioaffinity bonds between an activated support and a specific group of protein sequence
such as protein A (ProtA) and protein G [79, 80] - both with good affinity to the Fc region of
antibodies — and biotin-(strept)avidin — which has a great potential to be used with enzymes,

antibodies or DNA [83].

Magnetobiosensors are another classification for biosensors using MBs - ranging from
nanometres to a few micrometres — as immobilization platform strategy. MBs consist of a
paramagnetic or superparamagnetic core, mainly based on different iron oxide forms such as
magnetite (FesO.) and maghemite (y-Fe:0;, ferrimagnetic) — which are covered with suitable outer
layers such as of agarose, cellulose, silica, silicone, porous glass, mica or polystyrene to protect
them against the formation of aggregations [5]. They are biomolecules transporters, separators
and concentrators of different analytes, as well as to control electrochemical proceedings on the
electrode surface. The use of MBs has demonstrated to be a useful tool to improve the sensitivity,
to reduce the time of analysis and to minimize matrix effects in the preparation of electrochemical
biosensors [84]. Additionally, the easy manipulation of MBs for samples analysis can be achieved
without any pre-enrichment, purification or pretreatment steps instead of the normal standard
methods. MBs have many advantages as an immobilization platform strategy. One of the most
important advantages is the capacity to improve the performance of immunological reactions. Such
improvement comes from the increased surface area and faster assay kinetics, which, in turn, is
a result of the analyte being suspension with no need to migrate too far to meet the ligand [85].
Figure 2 summarizes different types of commercial MBs modified with streptavidin, protein A or

G, carboxylic groups, oligonucleotides or antibodies and their corresponding applications.
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Figure 2. Examples of magnetic beads (MBs) modified with different recognition elements for several applications. Modified

image from Avila, E.F. (2014) [80].

2.3.2 Electrochemical DNA magnetobiosensors

In the last decade, DNA has become more interesting to develop several procedures and
applications in order to obtain simple and portable devices for the DNA detection. Electrochemical
genosensors are capable to achieve selectivity and sensibility on the hybridization reaction and
presents important features such as the possibility of miniaturization, portability and relative low-
cost. A DNA biosensor consists in a single DNA strand immobilized in a surface, which will be
further hybridized by its complementary DNA strand [86]. The main advantage in using DNA in
electrochemical biosensors lies in its high physicochemical stability in addition to other advantages
such as detection speed, high performance, aptitude for automation and disposable character.
Nevertheless, hybridization interferences occurs frequently in this type of biosensors and the use
of MBs as immobilization platform is a good choice to overcome such a limitation [87]. DNA
magnetobiosensors have been studied in the detection of allergens such as hazelnut [1], gluten

[88], peanut [89] and lysozyme [90].
2.3.3 Electrochemical magnetoimmunosensors

The magnetoimmunosensors encompass the integration of the immunosensor in MBs with
different linking groups to immobilize the immunoreactive. The use of MBs in immunosensors offer

many advantages, as well as in magnetogenosensors, the target analyte is preconcentrated on the
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surface of the MBs using a simple magnetic manipulation by an external magnet that allows the
separation of the MB-analyte complex from the matrix sample increasing the selectivity, reduction

of the size, cost and analysis time per assay [91].

Electrochemical magnetoimmunosensors are widely employed in food, environmental and
clinical analysis. The most common use of magnetoimmunoassay structures involves enzymatic-
labelled assays on MBs. Briefly, such assays are based in the immobilization of a specific capture
antibody into the MBs, incubation with the sample containing the target analyte and, finally, a
labelling step using HRP- or ALP-abelled reporting antibodies (sandwich type).
Magnetoimmunosensors can be found for detection of allergens, such as peanut, Arah 1 and Arah

2 [60, 90], B-lactoglobulin and a-lactalbumin in milk [91, [92] and ovalbumin [95].

2.4 Amplification strategies for electrochemical biosensors

This section describes new techniques related to the electrode surface design in terms of
the amplification of the transduction signal. Different strategies based either on a rational design

of the electrode surface or in the use of electroactive label are described (Tables 3 and 4).

2.4.1 Amplification strategies based on a rational design of the

electrode surface

Recently, miniaturization of the solid electrodes is being used to get several fundamental
and practical advantages including a dramatic reduction of the sample volume, the portability and
the cost effectiveness. Moreover, the fabrication of these printed devices on bendable substrates
has enabled the development of a wide range of new electrode systems. In this way, the screen-
printing technology is a well-established technique for the fabrication of cheap, portable and
disposable electrode systems. The whole electrode system, including reference, counter and
working electrodes (usually made on gold, silver or carbon) can be printed on the same substrate

surface [94-96].

Although screen-printed electrodes (SPE) are routinely used for laboratorial purposes, Niu
and collaborators (2017) [99] developed a new device made of a traditional stainless-steel
acupuncture needle as electrode substrate. In this work, a nanosensing electrode was constructed
using gold nanoparticles (AuNPs) and graphene (GR) as modifiers of a stainless-steel acupuncture
needle as substrate electrode. Using this new device a limit of detection (LOD) of 2.5x10¢ mol L+
was achieved [99].

30



The working electrode surface modification can be performed by using different
approaches, namely using DNA nanostructures. As the name says, DNA nanostructures are
composed by nanoscale structures made of DNA, which acts both as a structural and functional
element. DNA nanostructures can serve as scaffolds for the formation of more complex structures
[100]. DNA nanostrutures find numerous applications in food safety, targeted drug delivery, studies
of DNA-mediated electron transfer (ET), sensing, and operating as biological sensor and actuator
system [101].

Special attention must be given to the formation of self-assembled monolayers (SAMs) in
the eletrode surface [102]. The presence of SAM into the working electrode provides well-ordered
assemblies on the electrode substrates because they have sensitivity and selectivity for the
development of SAM-based DNA sensors. A 3D-DNA tetrahedral nanostructures for the molecules
identification was developed by Abi and co-authors (2014) [103]. Aiming at increasing the
molecular recognition at the biosensing interface, a convenient method for controlling the
biomolecule-confined surface was provided [103]. Brielfy, a DNA tetrahedron represents a rigid
and stable 3D nanostrure formed by self-assembly of four DNA strands. The shape of the
tetrahedron can be modified by mechanical reconfiguration of the DNA strand at the edge of the
tetrahedron in response to an external stimulation [104]. The DNA tetrahedra developed by Abi
(2014) [103] was assembled by annealing four DNA strands, which were immobilized in a gold
surface via thiol linkers existing in the extremes of its three DNA strands. One of three (not parallel
to the surface tetrahedron edges) contained a partially self-complementary region with a stem-loop
hairpin structure, reconfigurable upon hybridization to a complementary DNA sequence. A non-
intercalative ferrocene (Fc) redox label was attached to the reconfigurable tetrahedron edge in such
a way that reconfiguration of this edge changed the distance between the electrode and Fc [103].

In other work, Dong (2015) [105] also developed a DNA sensor based on DNA tetrahedral
nanostructure for the detection of avian influenza A (H7N9) virus through recognizing of a fragment
from hemagglutinin gene sequence, using amperometric techniques (Table 3). The DNA
tetrahedral probe was immobilized in a gold electrode surface based on self-assembly between
three thiolated nucleotide sequences and a longer nucleotide sequence containing complementary
DNA to hybridize with the target single-strand (ss)DNA (Figure 3). The captured target sequence
was hybridized with a biotinylated-ssDNA oligonucleotide as a detection probe to form a sandwich-

type arrangement, and thenafter avidin horseradish peroxidase (HRP) was introduced to produce
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an amperometric signal through the interaction with 3,3’,5,5-tetramethylbenzidine (TMB)
substrate [105].

A more sophisticated electrochemical DNA-based sensor was produced by Zeng and co-
authors (2015) [106] based on double tetrahedral nanostructures for the senstitive DNA detection.
The DNA-based sensor design was based on the utilization of thiolated and biotinated modified
DNA tetrahedral nanostructures as captures and probes, respectively. The biotin-tagged three
dimensional DNA tetrahedral nanostructures were employed for efficient signal amplification by
capturing multiple catalytic enzymes. Using such a strategy, the develoepd DNA biosensor

presented a LOD of 1fM DNA target. Moreover single base mismatch was discriminated [106].
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Figure 3. Schematic strategy based on a rational design of the electrode surface using DNA tetrahedral nanostructures

as capture probe. Scheme based on Dong et al. (2015) [105].
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Table 3. Examples of amplification strategies based on a rational design and enzymatic label [105], [107], [108], [109}, [110].

Sample/

Immobilization Procedure/Type of

Electrochemical

Target Amplification Scheme Electrode LR LOD Ref.
& Applicability Hybridization Assay P Technique
Gene fi t f Clinical Thiolated DNA tetrahedral probe (SH-ssDNA 1 pM-2.5
ene ragmén om miea |oa§ “era edral probe (SH-ss ) Enzymatic: Avidin-HRP AuE Amperometry P 0.75 pM [105]
H7N9 virus samples immobilized onto AuE surface nM
miRNA target triggers HCR of 2 DNA hairpin probes )
. . ) . Signal drop of MB
MicroRNA resulting a multiple G-quadruplex-incorporated long . . ITO electro DPV 1-800 pM 1pM [107]
) intercalated into duplex DNA
duplex DNA chains.
Denatured PCR SPCE placed
Cor a 9 (Hazelnut) . Biotin DNA probe immobilized onto strep-MBs / . P . 0.0024 -
amplified i o Enzymatic: Strep-HRP on Magnetic Amperometry 0.72 pM [108]
DNA Sandwich hybridization format ) 0.75nM
samples holding block
) ) Genetically
Cauliflower Mosaic . ) . I . .
) modified Thiolated P35S DNA capture probe immobilization on Enzymatic: anti-FITC Fab- . 0.1-3.0
Virus 35S Promoter ) ) o Gold film Chronoamperometry 100 pM [109]
DNA organisms AuE/ Sandwich hybridization format POD nM
(GMOs)
Thiolated MB-DNA1 and DWs immobilized onto AuE
rpoB gene of i ) )
. electrode /Electrochemical biosensing based on . 1fM-100
Mycobacterium o . i MB-hairpin probes AuE cv 0.6 fM [110]
nicking endonuclease assisted by DNA walking nM

tuberculosis

strategy

AuE - Gold electrode; DPV — Differential pulse voltammetry; DW = Double tetrahedral nanostructures; ITO - Indium tin oxide; MBs — Magnetic beads; NPs — Nanoparticles; SPGE — Screen printed gold electrode;

SWV — Square wave voltammetry; LR = Linear range; LOD — Limit of detection.
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2.4.2 Amplification strategies based on the use of nanomaterials

The application of nanomaterials a a strategy for the electrochemical signal amplification
has been increasingly applied in biosensors due to their physicochemical properties.
Electrochemical generation strategies developed on nanostructured surfaces using graphene,
graphene oxide, mesoporous nanomaterials, AuNRs and MWCNTs and/or using bioconjugates of
AuNPs with multiple bioreactors as signaling carriers [111] provide remarkable progress in
nanotechnology and bioconjugation techniques some of them are described in the Table 4.

Mesoporous Pt nanospheres (MPNs) have received special concerns due to their high pore
volume, large surface area, high loading capacity, distinct electrical conductivity, easy
functionalization, and superior catalytic activity. Introducing MPNs in electrochemical sensors could
efficiently increase the specific biosensing surface and deliver amounts of signal molecules — which
could clearly enhance the performance of the sensor. Recently, Pu and collaborators (2017) [110]
developed a sensitive and universal ratiometric electrochemical biosensing platform for the
ultrasensitive detection of several bioanalytes. This ratiometric electrochemical device employed
MPNs as nanocarriers for electroactive signal reporter (DOX) and thiol-functionalized DNA. This
proposed universal ratiometric electrochemical biosensor exhibited high sensitivity with a broad
detection range to different biomolecules - including small molecules, nucleic acids, and proteins.
This biosensor also performed well-accepted signal response in identifying serum samples, thus
resulting in a wide prospect for bioanalysis and clinical diagnosis [110].

MNPs Fe:O: NPs, have received an increasing attention by the scientific community due to
their potential applications in several fields (e.g biomedicine, environment and food) and,
particularly, in biosensors. Such interest results from their good stability and biocompatibility, high
surface area, low toxicity and easy preparation and separation [112]. Zhang et a/. (2017) [113],
reported the chemical synthesis and functionalization of gold-coated MNPs (Fe:0.@Au MNPs) and
the thiolated single stranded DNA (ssDNA) immobilization onto the Fe:0.@Au MNPs. In the
presence of silver ions (Ag:) cytosine DNA oligonucleotide hybridized with the thiolated ssDNA to
form an intramolecular duplex, in which Ag: can selectively bind to cytosine-cytosine mismatches
forming C-Ag—C complex. The exposed stem of the C-Ag—C complex opened two alternating
ferrocene-labeled DNA hairpins in turn and triggered HCR to form a super sandwich DNA structure
on the surface of Fe;0. at Au NPs. The HCR products modified Fe:0. at Au NPs were brought to

the surface of magnetic gold electrode for direct electrochemical measurements. The proposed
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strategy led to a LOD of 0.5 fM and a wide dynamic range of 1 fM-100 pM for Ag: target. The
developed biosensor was highly selective and its practical applicability in tap water and lake water
samples was also investigated with a great result [113].

A recent and innovative application of nanomaterials in electrochemical biosensors as
electrode modifiers is the use of AuNPs and graphene both electrodeposited in a traditional
stainless steel acupuncture needle (AN) [99]. The advantage of using AuNPs on AN surface was to
increase the surface area, which provided a roughness interface that was suitable for the following
graphene modification. With GR formed on the surface of AuPNs/AN by electrodeposition of GO
suspension, a thin and wrinkled GR layers could be found in the gaps between AuNPs — which
resulted in a specific large electrode interface.

Tobacco mosaic virus (TMV) is a new approach for the development of electrochemical
biosensors using TMV nanotubes or coat proteins (CP) aggregates as enzyme nanocarriers [114].
TMV can be chemically and/or genetically modified with functional groups to facilitate biochemical
reactions and, consequently, to achieve a high selectivity toward the respective analyte. Finally,
TMV nanotubes can be integrated in receptor layers and transducers, through conventional
analytical techniques, to develop highly selective and sensitive sensors and systems. In this
research work, Backer (2017) [114], employed for the first time in amperometric detection of
glucose as model system sensor, chips combining Pt electrodes loaded with glucose oxidase
(GOD)-modified TMV nanotubes or CP aggregates as enzyme nanocarriers, respectively. At present,
glucose biosensors are widely utilized as clinical indicator of diabetes and in food industry for quality
control [114].

Dendrimers such as PAMAN G4 and polymers (PPy, PANI) were also used as electrode
modifiers to improve the performance of such electrochemical generators for the determination of
circulating biomarkers. Besides, these approaches were developed using integrated formats and
coupling conveniently modified MBs with SPEs or conventional magnetic electrodes.
Electrochemical DNA-based sensors recently developed have detected proteins and DNA in the
ranges 0.5 pM-1 nM and 1 aM-3.09 nM, respectively, depending on each application. By analyzing

actual samples, all sensors have been found to be suitable for practical purposes [111].

The MB-based genosensing approaches perform the hybridization and transduction steps
on different surfaces which eliminates the major problems associated with nonspecific adsorptions
of non-target sample components, enhancing considerably the assay specificity and sensitivity

[111]. Montiel and co-authors (2017) [1] developed an electrochemical DNA magnetobiosensor
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for any variety of hazelnut tracers in food determination [1]. This assay consisted on sandwich
hybridization format using MBs as modifier surface - where the DNA capture probe was
immobilized and the hybridization with the target occurred. For electrochemical transduction, the
modified MBs must be magnetically captured on the working electrode surface and then measured
by amperometry in stirred solutions. The reduction current from the benzoquinone formed in the

Strep-HRP catalyzed oxidation of HQ.

2.4.3 Nucleic acid—based amplification strategies

The gold standard strategy used for nucleic acid-based amplification is the polymerase
chain reaction (PCR) technique to amplify million times the DNA chains so as to have more quality
of the signaling. Basically, if there are more DNA probes in the DNA-based sensor, an increased
electrochemical signal will be achieved. Nowadays, other alternatives are available with better
analytical performance than PCR, namely the end-point PCR, PCR-ELISA, gPCR, multiplex PCR,
gPCR, and, more recently, gPCR combined with high-resolution melting analysis (HRM) [115].

Hybridization chain reaction (HCR) is another technique for nucleic acid-based
amplification strategy based on an enzyme-free methodology in which the laboratorial protocol is
made at room temperature and with a low time consumption [116]. HCR is a kinetics-controlled
reaction where a cascade of hybridization events between two species of metastable DNA hairpin
probes is triggered to form a long dsDNA structure [113]. Although has been used for Ag: detection,
this technique brings additional interest for signal amplification. In addition, its usefulness has been
showed for the detection of miRNAs described by Hou (2015) [107], in which the presence of the
target miRNA (let-7a, a tumor suppressor in breast cancer) triggers the HCR of two species of
metastable DNA hairpin probes, resulting in the formation of multiple G-quadruplex-incorporated
long duplex DNA chains in solution [107]. Using a “signal-off” mode approach was based on
monitoring the decrease in the electrochemical response of methylene blue measured by
differential pulse voltammetry (DPV) at indium tin oxide (ITO) electrodes after intercalation into the
duplex and the generated multiple G-quadruplexes A linear relationship between the DPV peak
current and the logarithm of the let-7a concentration was obtained in the 1-800 pM range
achieving a LOD of 1 pM [116].

Although all the controversy, the development of genetically modified organisms (GMOs)
and their use for food and feed purposes still rising. Moura-Melo et a/ (2015) [109], have
experimentally characterized the helicase-dependent isothermal amplification (HDA) and sequence-
specific detection of a transgene from the Cauliflower Mosaic Virus 35S Promoter (CaMV35S). HDA
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is one of the most appealing isothermal schemes developed in recent years, because of its
exponential nature and its simple reaction scheme, as schematized in Figure 4. In HDA, three
enzymes — polymerase, helicase and single-stranded binding protein (SSB)- act together under
the same reaction conditions, along with two primers to accomplish amplification. Using chemical
energy from ATP hydrolysis, helicase disrupts hydrogen bonds between complementary DNA
strands, thus generating single-stranded templates for primers hybridization and subsequent
elongation. SSB acts as an assistant, stabilizing the unwound DNA. This work [109] reports
guidelines to help the design of DNA-based sensors for detecting HDA amplicons — which can be
employed in the development of effective genetic detection tools for a wide range of applications,

such as food safety control, environmental monitoring and clinical diagnosis [109].
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2.4.4 Enzyme-based electrochemical strategies

Enzymes are commonly used as label to amplify the electrochemical signal in biosensors.
Enzymatic reactions have been combined with an additional amplification process (/e. redox
cycling [118]), or using multienzyme labels per detection probe [119]. Redox cycling is a process
that can repetitively generate or consume signalling species (molecules or electrons) in the
presence of reversible redox species [120]. The two reactions (oxidation and reduction) in redox

cycling can be obtained either enzymatically, chemically, or electrochemically. Multienzyme-based
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branched DNA assays have been used in the ultrasensitive detection of DNA and RNA [121].
Although the assays can be automated, the detection procedures are quite complicated, which is
unsuitable as a universal platform technology for ultrasensitive biosensors [122].

The enzymatic label used in Salmonella sp. amperometric detection [123] was the
horseradish peroxidase (HRP) linked to an antibody antiDIG. The 3 "terminal of the DNA probe was
labelled with digoxigenin and when the direct hybridization occurred, an antiDIG-HRP solution is
added to the electrode. Using this enzymatic label, a LOD of 60 pM was calculated. Still in terms
of enzymatic strategies, another method to detect GMOs with electrochemical genosensors (Table
3) is the employment of enzymatic labeling with anti-FITC Fab-POD on the DNA target. The
immobilized POD activity, just related to the hybridized target, was determined by immersion of the
working surface into 450 pL of enzyme substrates solution (TMB + H.0.) followed by
chronoamperometric detection of the oxidized TMB [109].

Mycotoxins are a type of secondary toxic metabolites produced by fungi and are closely
related with severe food poisonings. Long Wu et al. (2017) [124], employed ferrocene (Fc)
anchored to an AFB1 aptamer probe and combined with methylene blue (MB) attached to a
complementary DNA - thus acting as dual signals. The recognition method was determined by the
release of MB-cDNA from the electrode surface and the Fc tag of the aptamer sequences came
close to the electrode surface due to their conformational change by AFB1 recognition.
Electrochemical signal of MB exhibited a decrement and, in turn, Fc showed an increment [124].

The adulteration of meat products is another problem in the food industry, affecting the
public health and simultaneously contributing to an unfair competition in the meat market. DNA-
based assays have also been used for the accurate detection of meat adulteration. An
electrochemical biosensing platform for the detection of horsemeat by targeting a 40-mer fragment
of mitochondrial DNA D-loop region of horse was developed by Montiel (2017) [108] . The proposed
assay involves direct hybridization of the target mitochondrial DNA fragment with a specific RNA
capture probe immobilized in streptavidin-functionalized magnetic beads (Strep-MBs). For
recognition of the captured DNA/RNA heteroduplexes, a commercial antibody labeled to a bacterial
protein conjugated with a horseradish peroxidase homopolymer (ProtA-HRP40) was used. The
variation in the cathodic current - measured using the H.0./HQ system after magnetic capture of
the modified MBs in SPCE - could be correlated with the presence of the target DNA in the analyzed
sample [108]. The LOD achieved in this essay was 0.12 pM.

38



2.4.5 Quantum dots-based electrochemical strategies

One of the most active trends in the analytical field is the application of QDs in electrochemical
and biological sensing, due to their high surface-to-volume ratio, high reactivity and small size.
Slight changes in the external environment lead to significant changes in particle valence and
electron transfer. Based on these significant changes, QDs can be used to construct
electrochemical biosensors with biological macromolecules — which are generally characterized by
high sensitivity, rapid response and high selectivity. Some QD-based electrochemical biosensors

are tabulated in Table 4 [125].

In a work described by Long Wu et a/. (2017) [124], develop an electrochemical genosensor
for the AFB1 mycotoxin detection applying electrochemiluminescence (ECL) system. ECL signals
were produced from CdTe/CdS/ZnS quantum dots (QDs) and luminol. Here, horseradish
peroxidase-modified gold nanorods (HRP/Au NRs) acted as the quencher/enhancer and quenched
the ECL signal of the QDs and simultaneously catalyzed H.O:. to enhance the ECL intensity of
luminol In the absence of AFB1, both the ECL signal of the QDs and luminol appeared as the cDNA
hybridized with the aptamer. In the presence of the target, the AFB1 aptamers hybridized with the
target and released the cDNA sequence, which leads to the increment of the QD ECL signal and
the decrease of the luminol signal. The ratio of the ECL intensity (QDs/luminol) exhibited a good
linearity and high sensitivity for AFB1 detection [124]. Although this protocol does not fit with an
electrochemical biosensor, the basis of the sensor construction is exclusively founded on

electrochemical system.

An magnetoelectrochemical support was tested in a more complex biosensor for the
determination of anti-transglutaminase IgA antibodies, a celiac disease biomarker. In this work
[126], a methodology for the detection of cadmium on SPEs using a portable
magnetoelectrochemical support was developed — which enhances the mass transfer of the
analytes due to the forced convection by the magnetohydrodynamic (MHD) effect. This
methodology was applied to the detection of QDs at low concentrations and, afterwards, to the
detection of QDs employed as labels for electrochemical biosensors using SPEs. Such assay was
based on the protein detection but , could be easily transferred to any kind of biosensing systems
(e.g electrochemical genosensor) [126].

Kokkinos (2015) [127], developed a disposable quantum dot-based DNA biosensor, on a

screen-printed graphite surface with embedded bismuth citrate as a bismuth precursor (Table 4).
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Proof of applicability was demonstrated for the ASV-QD assay of the C634R mutation of the RET
gene [related to Multiple Endocrine Neoplasia Type 2 (MEN2)]. The operationalization of these
electrochemical biosensors was based on (i) the DNA assay in their surfaces - involving
hybridization of the biotinylated target oligonucleotide with the surface-immobilized complementary
probe - and its labeling with streptavidin-conjugated PbS-QDs, and (ii) the anodic stripping
voltammetry (ASV) detect the Pb(ll) released from QDs by acidic dissolution. The accumulation of
Pb on the sensor surface, the embedded Bi citrate was converted in situ to Bi-NPs enabling ultra-
trace Pb determination. This method achieve a limit of detection of 0.03 pmol L. [127].. The
design of this assay can be easily employed for food safety purposes by choosing proper
oligonucleotides.

In a recent study [128], a novel electrochemical biosensor for detecting streptavidin was
developed (Table 4). The probe comprised biotin, sig-DNA strand with an amino group, CdSe QDs,
and its substrate strand (capturing DNA strand) with a thiol group. Hybridization of the sig-DNA
strand and capturing DNA strand (cap-DNA) was impeded in the presence of streptavidin due to
steric hindrance, thus the amount of CdSe QDs on the surface of a gold electrode was decreased.
The amount of CdSe QDs in the surface of the gold electrode was detected by differential pulse
anodic stripping voltammetry. Under optimal conditions, the detection limit of streptavidin was 0.65

pg mL* [128].
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Table 4. Examples of electrochemical transduction strategies using nanomaterials [123], [127], [108], [128], [124].

Target Sample/ Immobilization Procedure/  Electrode Electrochemical Linear rage Limit of Ref.
Applicability Type of Hybridization Assay Technique detection
DNA probe Salmonella sp. Pathogenic genome Immobilization of thiolated DNA  Gold nanocomposite with Amperometry 60 pM - 300 pM 60 pM [123]
of Salmonella probe immobilization onto graphite epoxy composite
performed by PCR gold/ Direct hybridization (nano-AuGEC)- modified SPGE
C634R DNA mutation - Complementary BSA- SPCs graphite electrode Bi DPV 0.1 pM-10nM 0.03 pM [127]
oligonucleotide conjugate probe  citrate modified
immobilized onto WE/ Direct
hybridization
mt-DNA D-loop region Raw beef and RNA probe immobilized onto SPCE placed on Magnetic Amperometry 0.39-75pM 0.12 pM [108]
horsemeat strep-MBs / Direct holding block
hybridization
Streptavidin _ DNA immobilized on the GCE DPASV 1.96 pg mL*-1.96 0.65 pg mL* [128]
electrode surface/ ug mL*
Hybridization with CdSe QDs
Aflatoxin B1 (AFB1) Peanut; maize; wheat  Thiolated DNA onto AuE GCE modified with AuNPs and CV, SWV and EIS 1.0 pM - 50 nM and 0.43 pM and 0.12 [124]

/Hybridization with the
aptamer and the
complementary DNA (cDNA)

graphene

5.0 pM - 10 nM

pM

AuNPs- gold nanoparticles; CV - cyclic voltammetry; DPASV - differential pulse anodic stripping voltammetry; DPV - differential pulse voltammetry; EIS - electrochemical impedance

spectroscopy, GCE- glassy carbon electrode; MBs - magnetic beads; QDs - Quantum dots: SPCE - screen printed carbon electrode; SWE - square wave electrode; WE - working electrode.



3 Development of an electrochemical DNA biosensor for sola / 7

determination
3.1 Introduction

Tomato (Solanum lycopersium), a plant widely cultivated, is the second fruit most

consumed worldwide, both as fresh and processed food [31]. The consumption of tomato provides
well-established health benefits, which rely on its composition in vitamins and phytonutrients
(lycopene, B-carotene, ascorbate and polyphenols) as well in minerals (potassium, calcium,
phosphorus, magnesium) [129], [130].
Despite the health benefits, tomatoes contain some proteins that may cause allergies [132].
Indeed, tomato has been reported as one of the most prevalent plant-derived food sensitizers [133],
[134] [133], [134]. Tomato allergenic frequency ranged between 1.5 and 20.0 % in different
populations of patients with specific IgE [135]. Furthermore, 6.5 % of this allergic population are
from Spanish Mediterranean region [133], [136], although 80 % of those still tolerating its
consumption [137].

Several specific allergenic proteins have been already identified in tomato fruit [138], such
as Sola | 1 (profilin), Sola | 2 (B-fructofuranosidase), Sola | 3 (nsLTP), Sola | 4 (Bet v 1-like), Sola |
5 (ciclophilin), Sola | 6 (nsLTP) and Sola | 7 (nsLTP) [31], [139]-[142].

A number of these proteins (Sola | 3 and Sola | 6-7) are members of the nsLTPs. nsLTP
plant family are a cross-reacting plant pan-allergens of 9-10 kDa molecular mass, and widespread
in the plant kingdom. It has been reported that nsLTPs are predominantly present in the peel of
fruits, but members of this family have been also identified in tomato seeds [33], [143].

Regarding Sola | 7, this protein belongs to class 1 of nsLTPs and has been identified in
large concentrations in tomato seeds - being one of the key allergens related with several allergic
symptoms, namely anaphylaxis (71.4% of the patients with anaphylaxis presented a positive
response to the protein Sola | 6 and Sola | 7). Besides that, it was demonstrated that Sola | 7 is
structurally similar to other protein families, namely the Act d 10 (53% of similarity), Pru p 3 (41%),
and Ara h 9 (51%). These allergens are present in sunflower seeds, peach, apple and peanut -
thus, demonstrating the existence of cross-reactive allergy to these fruits [31].

Since tomato and/or their sauce are a common ingredient widely used in homemade food

preparation and industrial food processing, its presence in food is a major concern for both the
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food industry and food-allergic consumers. Therefore, analytical methods with high specificity and
sensitivity, able to detect even traces of allergens in a rapid, robust, reliable, end-user friendly and
cost-effective are of first interest in sectors such as food safety [1].

Currently, the analytical methods are mainly focused on testing allergic proteins — viz,
SDS-PAGE, immunoblotting, ELISA - and genes of residual allergens. Unfortunately, industrial
production of processed food involves heat and high-pressure treatments, which often denatures
partially or totally food proteins and, consequently interfering with their detection [1], [144].
Therefore, DNA-detection technology has been developed as an alternative for such purposes
[145]. Moreover, the DNA amplification by PCR guarantees the required sensitivity levels [108].

Different methods using PCR have been described for tomato allergen sola / 7 DNA
detection [141], [146], [147]. Even though PCR has been considered the gold standard
methodology for the DNA detection, this biological technique is relatively time-consuming and
costly. Hence, the development of analytical methodologies using electrochemical DNA biosensing
approaches are likely to become convenient, low-cost and flexible instrumental alternatives. Such
strategies combine the high selectivity of the DNA-based methods with the advantages of the
electrochemical sensors [108]. Moreover, the use of disposable SPEs, as sensor, and MBs, as
suitable platforms for the development of electrochemical sensors, make these approaches more
attractive because of the increased sensitivity, reduced analysis time and minimization of matrix
effects [148]. Although some electrochemical DNA-based sensors have been developed to detect
DNA/RNA - allowing the food allergen identification, namely peanut (4/4 # 2 [145], hazelnut (cor
a 9 [1] and gluten (a2-gliadin[149] - no electrochemical sensors for tomato detection has been
reported so far.

This original work presents the development of a novel electrochemical DNA
magnetobiosensor approach for the sensitive and selective detection of a 60 mer DNA sequence,
encoding part of the allergenic protein so/a / 7 DNA from tomato. The DNA sensor design is based
on the electrochemical detection of a sandwich hybridization format between RNA-DNA
complementary sequences. To that purpose, selective biotinylated RNA capture probes
(complementary to DNA sola / 7 target) were immobilized into commercial streptavidin-
functionalized MBs, and a RNA-DNA sandwich assay was further performed. The electrochemical
signal amplification was made by using anti-DNA-RNA heteroduplex antibody conjugated with an
HRP (ProtA-HRP) or antilgG-HRP as enzymatic label. The electrochemical transduction strategy

involved SPCEs using hydroquinone (HQ) as electron transfer mediator and H.0. as HRP substrate.
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The LOD is a term widely used to describe the smallest concentration of a measurement
that can be reliably measured by an analytical procedure, in this case by the electrochemical DNA
sensor. It is important to characterize the analytical performance of the DNA sensor in order to
understand its capability and detection limits, as well as to compare its performance with other
assays - so as to determine which is “fit for propose”. To calculate the LOD a slope of a calibration
plot (m) and the standard deviation (sd) of 10 measurements of the blank (without target) must be
determined to use the expression 3xsd/m, in molarity. In this assay a LOD of 1.1 x 102 M (1st
format) and 0.2 x 102 M (2nd format) was achieved.

Aiming at confirmation of the selectivity of the DNA sensor, 3 single strands was designed
with the so/a / 7 DNA target as reference — where each of which a specific amino acid or amino
acids was changed, and named as mismatch (1 mismatch, 2 mismatch and 3 mismatch).
Theoretically, the more mismatches are in the DNA used as target the more similar will be with the
blank of the sensor, which represent the absence of target. Also, a non-complementary DNA target
was used as control to confirm that if a DNA target which is not complementary with the probes is
used, then the amperometric signal of these ones will be equal to the blank. Finally, and to
complete the characterization of the electrochemical DNA sensor, an assay using real samples of
DNA extracted from tomato seeds and peel were used. By this mean, the DNA sensor can be thus

employed as an analytical procedure to identify the so/a / 7 allergen in real foods samples.

3.2 Material and Methods

3.2.1 Apparatus and electrodes

Amperometric measurements were performed using a CH Instruments (Austin, TX) model
812B potentiostat controlled by software CHI812B. SPCEs (DRP-110, DropSens, Spain), consisting
of a 4 mm diameter carbon working electrode, a carbon counter electrode, and an Ag
pseudoreference electrode, were used as electrochemical transducers in conjunction with a
specific cable connector (DRP-CAC, DropSens). All measurements were performed at room
temperature.

Intended for magnetically capture, the modified Strep-MBs onto the SPCEs surface a
neodymium magnet (AIMAN GZ) embedded in a homemade Teflon casing was used.

A Raypa steam sterilizer, a biological safety cabinet Telstar Biostar, a thermocycler
(SensoQuest LabCycler, Progen Scientific Ltd), an incubator shaker Optic lvymen System (Comecta

S.A., Sharlab), a Bunsen AGT-9 Vortex to homogenize the solutions the solutions, a magnetic
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particle concentrator DynaMag-2 (123.21D, Invitrogen Dynal AS), and the centrifuges Heraeus
Multifuge 3 SR plus (Thermo Scientific) and 5424 (Eppendorf) were also employed during the

experiments.

3.2.2 Chemicals and solutions

Strep-MBs beads (2.8 um-@, 10 mg mL, Dynabeads M280 Streptavidin, 11206D) were
purchased from Dynal Biotech ASA. Sodium di-hydrogen phosphate (NaH:PO.), di-sodium hydrogen
phosphate (Na.HPO.), tris(hydroxymethyl)Jaminomethane (Tris)-hydrochloride (Tris—HCI), sodium
chloride (NaCl) and potassium chloride (KCI) were purchased from Scharlab. The horseradish
peroxidase homopolymer (ProtA—HRP) conjugate, hydroquinone (HQ) and H.0. (30%, w/v) were
purchased from Sigma-Aldrich. Anti-mouse Immunoglobulin G-HRP conjugate (antilgG-HRP) was
purchased from Abcam. RNA-DNA hybrid antibody (clone: D5H6) (anti-DNA-RNA) was purchased
from Covalab. Commercial blocker casein solution “BB” (a ready-to-use, PBS solution of 1% w/v
purified casein) was purchased from Thermo Scientific.

Buffer saline solutions were prepared in water obtained from a Millipore Milli-Q purification
system (18.2 M € cm): phosphate-buffered saline solution (PBS) consisting of: (i) 0.01 M
phosphate buffer solution containing 0.137 M NaCl and 0.0027 M KCI, pH 7.5; (ii) 0.05 M
phosphate buffer, pH 6.0 (for the amperometric measurements); and (iii) Binding and Washing
(B&W) buffer consisting of 10 mM Tris-HCI solution containing 1 mM EDTA and 2 M NaCl, pH 7.5.

The specific oligonucleotide sequences: biotinylated RNA capture probe (RNA-bCp),
biotinylated detector RNA probe (RNA-bDp) and DNA target (Table 5) were obtained as lyophilized
desalted salts from Sigma-Aldrich. Upon reception, they were reconstituted in nuclease-free water

to a final concentration of 100 uM, divided into small aliquots, and stored at —-80° C.
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Table 5. Oligonucleotides used for the electrochemical DNA sensor development

Oligonucleotide name Sequence 5°-3° pb
Biotinylated RNA capture probe Biotin-CUACAGCAUGCUGCACCGGGCUCGCCACCC 30
(RNA-bCp)
biotinylated detector RNA probe UGUGUCAGGAACGGGACACAGGGUGCCAAG-Biotin 30
(RNA-bDp)

DNA target (Target) CTTGGCACCCTGTGTCCCGTTCCTGACACAGGGTGGCGAGCCC 60
GGTGCAGCATGCTGTAG

DNA target 1-mismatch CTTGGCACCCTGTGTCCCGTTCCTGACACAGGGTGGCGAGCCC 60
GGCGCAGCATGCTGTAG

DNA target 2-mismatch CTTGGCACCCTGTGGCCCGTTCCTGACACAGGGTGGCGAGCCC 60
GGCGCAGCATGCTGTAG

DNA target 3-mismatch CTTGGCACCCTGTGGCCCGTTCCTGACACAGGGTGGTGAGCCC 60
GGTGCAGCATACTGTAG

3.2.3 Construction of the amperometric DNA sensor

Strep-MBs were used as magnetic electrochemical platform for the biosensor construction.
For that, 5 L aliquot of the commercial microbeads were added in 1.5 ml Eppendorf tubes and
washed twice with 50 pl of B&W buffer (pH 7.5). After each washing step, Strep-MBs were
magnetically concentrated and the supernatant discarded. Then, 25 pL of 0.25 uM RNA-bCp-30
mer, prepared in B&W buffer (pH 7.5), was incubated in the Strep-MBs for 30 minutes at 37° C
and 950 rpm. The prepared RNA-bCp-Strep-MBs were washed two times with 50 uL of a
commercial blocker casein solution. After that the sandwich hybridization reaction between the
RNA-DNA heteroduplexes was promoted by incubating the modified MBs in a solution containing
25 pl of the detector RNA probe at 0.1 uM (RNA-bDp-30 mer) and the desired DNA target (60 mer)
at 0.01 nM (both prepared in blocker casein solution (BB)) for 30 minutes, at 37° C and 950 rpm.
In order to enzymatically label the DNA sensor, the MBs functionalized with the RNA-DNA
heteroduplex were resuspended in anti-DNA-RNA (1ug ml) and 40 pg mk of anti-mouse 1gG-HRP
or Protein A-HRP (2 enzymatic format labelling was tested) for 60 min at room temperature in a

laminar flow cabinet. Finally, two washes with 50 pl of blocker casein solution were performed.
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Figure 5. Schematic representation of the electrochemical transduction and amperometric response of the genosensor

showing the procedure steps and the redox reaction on the SPCE.

3.2.4 Amperometric measurements

Amperometric measurements were performed in stirred solutions by immersing the
SPCE/magnet holding block ensemble into an electrochemical cell containing 10 mL of 0.05 M
sodium phosphate buffer solution (pH 6.0) and 1.0 mM HQ (recent preparation, /e. just before
performing the electrochemical measurement) and applying a detection potential of -0.20 V against
the Ag pseudo-reference electrode of the SPCE. Once the baseline was stabilized, 50 uL of a H-0.
solution (0.1 M) was added, and the electrochemical current was recorded until a steady state was
achieved. The magnitude of the measured cathodic current was directly proportional to the DNA
target concentration.

In this research work, the HQ is used as an electroactive mediator of shuttling electrons
from the electrode surface to the redox center of HRP (HRP was coupled to the RNA-DNA
heteroduplex). Accordingly, the catalytic reduction mechanism of H.O. by the immobilized HRP can
be described as: (i) H.0. substrate was reduced to H.O by the immobilized HRP in reduced state
(HRP=), and HRP: itself will turn into its oxidized state HRP..(Equation 1); then, (ii) HQ can
reverse HRP.. back into HRP=: and be oxidized into benzoquinone (BQ) (Equation 2); and (iii) BQ
can engage in electron exchange with the electrode and itself turns back into HQ (Equation 3).
Therefore, HQ recycles in the system causing the amplification of the reduction current [150]. The

reaction mechanism of the catalytic process can be expressed as follows:
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H.0.+ HRPt:— HRPo + H.0 (].)
HRPo. + HQ — BQ + HRPx (2)
BQ + 2H  + 2e — HQ (3)

3.3 Results and Discussion

Figure 5 shows an outline of the fundamental concepts used to develop the
electrochemical DNA sensor for the so/a / 7 detection. This sensor was based on the utilization of
antibodies able to specifically bind, with a high degree of affinity, to DNA-RNA heterohybrids in a
nucleotide sequence-independent manner for the nucleic acid determination. Briefly, Strep-MBs
used as microplatform were modified with a specific RNA-bCp and used to selectively capture the
synthetic DNA target. The sandwich hybridization assay was performed by incubating the RNA-bCp-
MBs with the RNA-bDp and the DNA target in solution. The resulting heteroduplexes immobilized
on the MBs were labelled with a specific DNA-RNA antibody previously labelled with a Protein A
(ProtA) conjugated with HRP (ProtA-HRP). Then, the prepared MBs - bearing the HRP-labeld
sandwich hybrids — were magnetically captured on the SPCE working electrode surface previously
placed on a custom-fabricated magnetic holding block. The extent of the hybridization reactions
was monitored by measuring the reduction current arising from the BQ formed in the HRP catalysed

oxidation of HQ upon addition of a H-O: solution using amperometry in stirred solutions.

3.3.1 Selection of oligonucleotide sequences for the DNA sensor

construction

The design of a DNA sensor for the sola / /specific detection requires the selection of a
DNA and RNA sequence specific of the tomato seeds.

In this research, a 60-mer fragment of the tomato endogenous gene was amplified by using
a pair of specific primers (mail-F/Mail-R) (Table 5) for the so/a / 7 identification. This sequence
(DNA target) possesses a secondary structure with a Gibbs energy (4G) of -11.17 kcal mol* under
the assay conditions — viz. T= 37 °C and [Na+] = 0.5 mol L - calculated using online tools [151]
and suitable for DNA sensing. The capture and detector RNA probes were also designed to
minimize secondary structures, while forming a perfect duplex structure after hybridization on the
MBs [152]. The most stable RNA structures have a Gibbs energy of -4.0 kcal mol* and -7.10 kcal

mol* for a 30 mer RNA capture probe and a 30 mer RNA detector probe, respectively. This
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facilitates surface hybridization. All sequences are shown in Table 5 and their structures are drawn

in the Figure 6.
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Figure 6. Oligonucleotides structures (data from www.ncbi.nlm.nih.gov/blast) [153].

3.3.2 Optimizations of the Experimental Conditions

In order to achieve the highest sensitivity and specific detection of so/a / 7 DNA, all the
experimental variables (7 e. concentration and incubation time of RNA-bCp, RNA-bDp, Prot A-HRP,
IgG-HRP and anti-RNA/DNA, and the number of steps used to perform hybridization assay) involved
in this electrochemical biosensing scheme were optimized by taking as criterion of selection the
largest ratio between the amperometric responses measured at —0.20 V for 0.0 (blank, B) and
1.00 or 0.01 nM for the synthetic DNA target (signal, S) (signal-to-blank, S/B, ratio) depending of
the assay format on use.

It should be emphasized that the immobilization of oligonucleotide probes on the MBs to
recognize its complementary DNA target via hybridization was the crucial step in the construction
of electrochemical genosensors [154]. In this sense, a good DNA or RNA probe immobilization will
promote a high reactivity and good orientation of the immobilized nucleic acid probe to hybridize

with its complementary target [155].
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The influence of the RNA capture probe concentration immobilized on the Strep-MBs and
its incubation time was evaluated. Figure 7 shows the amperometric responses obtained when a
range of RNA-bCp concentrations between 0 and 0.5 uM was employed. The highest ratio between
signal and blank was obtained when RNA-bCp concentration of 0.25 uM (Figure 7 A) was applied.
The amperometric signal obtained for the blank assays (/.e. in the absence of DNA target) fluctuated
(in the range between 600 and 1600 nA) relatively to the RNA-bCp concentrations (from O to 0.5
uM) because higher concentrations of capture probe promote non-specific bindings, thus
increasing the amperometric signal. As a result, the RNA-bCp concentration of 0.25 uM was used
for further optimization steps.

Regarding the RNA-bCp incubation time in the Strep-MBs, the best ratio between signal
and blank was obtained when the RNA-bCp was in contact with the MBs for 30 minutes (Figure
7 B). In this case, the blank signal was 1000 Na - and similar value in all the assays — because it

was used the same oligonucleotide concentrations.
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Figure 7. Influence of the RNA-bCp concentration (0.0; 0.05; 0.10; 0.25 and 0.50 uM) immobilized onto MBs (using
60 min of RNA-bCP incubation time) (A). Influence of the RNA-bCp (0.25 uM) incubation time (15; 30; 45 and 60 min)
in the MBs (B) on the amperometric responses obtained in the DNA sensor optimization steps. Analytical features: 30
minutes for each incubation time of the DNA target and RNA-bDp (0.1 uM), antibody-RNA-DNA (1/500) plus protein A-
HRP (1/500) (labeling mixture without pre-incubation). Blank=B, gray bars, and 0.1 nM of synthetic DNA target (signal,
S, orange bars) and the corresponding S/B ratio values (in red) error bars estimated as the standard deviation of three

replicates.

Aiming at attaining an easy and fast DNA sensor the number of steps used to perform the
hybridization assay was also optimized. Figure 8 shows a schematic display of the different
protocols used. In the 1-step protocol (i), all the assay was performed in single assay. To such

purpose, a mixture solution containing DNA target (0.1 nM), RNA-bDP (0.1 uM) and antiDNA-RNA-
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ProtA-HRP (preincubated for 60 minutes) (1/500) was incubated in the RNA-bCp-Mbs for 30
minutes. In the 2-step protocol, two distinct options were carried out. In the path (iiA), the RNA-
bCp-MBs were incubated, for 30 minutes, in a solution containing 0.1 nM of DNA target and 0.1
UM of RNA-bDp. Afterwards, the heteroduplex-MBs were mix with 1/500 antiDNA-RNA-ProtA-HRP
for 30 minutes. On the other hand, in the other strategy (iiB) the 2-step protocol was done by
incubating the RNA-bCp-MBs (30 minutes in each step), firstly only with the DNA target (0.1 nM)
and then with a solution containing RNA-bDp (0.1 uM) and an anti-DNA-RNA-ProtA-HRP (1/500).
Finally, in the 3-step protocol (iii), the RNA-bCp-MBs were firstly incubated with the DNA target,
then with the RNA-bDp and thenafter with the anti-DNA-RNA-ProtA-HRP.
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Figure 8. Schematic representation of the number of steps used on the hybridization protocol optimization: RNA-bCp

0.25 uM; DNA target 0.1 nM, RNA-bDp 0.1 uM, anti-DNA-RNA-ProtA-HRP (1/500), incubation time (each steps) 30

minutes.

The amperometric currents obtained for the blank assay and 0.1 nM of DNA target, as well
the corresponding signal-to-blank (S/B) ratios for each protocol are presented in Figure 9. As
observed, the hybridization assay allowed the discrimination between the blank and the DNA target
signal in every protocol employed - thus, indicating that the hybridization reaction occurred.
However, the largest S/B (2.0) was obtained when a two steps protocol (iia) was used. Indeed, the
highest amperometric signal was measured when a mixture of DNA target and RNA-bDp was
incubated with the modified MBs and after in the anti-DNA-RNA-ProtA-HRP. As reported by Montiel
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and collaborators [108], such behavior can be attributed to the better recognition of the anti-DNA-
RNA-ProtA-HRP for the formed heteroduplexes in the Strp-MBs.

Based on above, a two-step protocol involving the heterohybridization of the DNA target
and RNA-bDp in the RNA-bCp-MBs and further the labelling of the heteroduples-MBs with anti-DNA-

RNA-ProtA-HRP was used in the next optimization assays.
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Figure 9. Influence of the number of steps used on the laboratorial protocol on the amperometric current. Analytical
features: incubation time 30 minutes. (for each step); 0.1 uM of RNA-bDp, antibody-RNA-DNA (diluted 1/500) and
protein A-HRP (1/500) (mixture preincubated 60 minutes; (blank, B, grey bars); 0.1 nM of synthetic DNA target (signal,
S, orange bars); and the corresponding S/B ratio values (in red). Error bars estimated as the standard deviation of three

replicates.

The influence of the RNA-bDp concentration and the incubation time of detector probe and
the target with RNA-Cp-MBs mixture was also scrutinized and optimized. The performance of the
DNA sensor was evaluated using an RNA-bDp concentration range from 0 to 0.5 uM (Figure 10
A) and an RNA-bDP incubation time between 15 to 60 minutes.

Regarding the correlation between the sensitivity with the length of the formed
heteroduplex, a higher sensitivity was achieved when comparing a 30 mer heterohybrid (0 uM
RNA-bDp, in Figure 10 A) with a 60 mer heterohybrid (corresponding to the sandwich
hybridization format) — the (S/B)ss/(S/B)=w ratio for the optimized RNA-bDp concentration was
3.3 (3.6/1.1). As expected, as longer the heterohybrid as larger the number of anti-DNA-RNA is
able to label the DNA-RNA heteroduplex - thus, leading to a better recognition and, consequently,

increasing the electrochemical signal and the sensitivity.
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As depicted by Figure 10 A, the best S/B ratio was obtained when a concentration of
0.10 uM of RNA-bDp was used. Regarding the incubation time of the DNA target and RNA-bDP
with the RNA-bCp-MBs, the best analytical response was measured an incubation time of 30 min

was employed.
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Figure 10. Influence of the RNA-bDp concentration (A) and the incubation time (B) on the amperometric current. Blank
0 nM of DNA target (B, gray bars), 0.1 nM of synthetic DNA target (signal, S, orange bars) and the corresponding S/B

ratio values (in red). Error bars estimated as the standard deviation of three replicates.

Aiming at increasing the yield of antibody recognizing DNA-RNA hybrids, the concentration
of the antibody-RNA-DNA - who is in charge to recognize heteroduplex formed by RNA-bCp + RNA-
bDp + DNA target — was also inspected and optimized. Figure 11 evidences that the optimal

value for signal to blank ratio (S/B = 14.6) comparatively to the other dilutions was achieved by

using an Anti-DNA-RNA dilution of 1/1000.

53

S/N



12000 20

t2ZZ1 0 nM synthetic TDNAsI7
=1 0.1 nM synthetic TDNASI7 18
10000 -
16
[ )
8000 | 14
12
<< 6000 10 Z
c ~
. 7]
o L8
4000 4 6
La
2000 | . °
@—)—‘ S -
0- | ! 0
1/250 1/500 11000 1/2500

Anti-DNA-RNA Dilution

Figure 11. Influence of the Anti-DNA-RNA concentration of the amperometric current. Blank, B, gray bars and 0.1 nM
of synthetic DNA target (signal, S, orange bars) and the corresponding S/B ratio values (in red). Error bars estimated

as the standard deviation of three replicates.

The electrochemical signal amplification measured in the DNA sensor was performed using
enzymatic label. To obtain the maximum amperometric current on the DNA detection, two different
signal amplification formats strategies were employed. For that purpose, two enzymatic labels were
tested, namely a bacterial protein conjugated with horseradish peroxidase (ProtA-HRP) and an anti-
mouse immunoglobulin G conjugated with horseradish peroxidase (antilgG-HRP). Figure 12
represents a succinct schematic representation of the electrochemical signal amplification
promoted by enzymatic labels. The labels ProtA-HRP (1+ format) or AntilgG-HRP (2~ format) were
conjugated with the anti-DNA-RNA, which selectively recognized the formed heteroduplex.

The influence of the concentration of the enzymatic label and its incubation time in the
antiDNA-RNA-heteroduplex-MBs on the amperometric signal was studied (Figure 13). As clearly
noticed (Figure 13 A and B), the use of the ProtA conjugated with the HRP amplified significantly
the amperometric signal. Indeed, the highest S/B ratio value (S/B = 14,6) was calculated for the
dilution of 1/250 of ProtA-HRP. In what concerns the ProtA-HRP or AntilgG-HRP incubation time in
the Anti-DNA-RNA-hydrid-MBs, the best S/B ratio value (S/B = 34,1) was obtained when the ProtA-
HRP was incubated during 45 minutes in the heteroduplex-MBs.

Although the best analytical results were obtained when the ProtA-HRP was used as label,

the analytical study of sensitivity was performed by using these two strategies.
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amplification format.
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Figure 13. Amperometric currents obtained on the electrochemical signal amplification optimization. Blank, B, gray
bars, 0.1 nM of synthetic DNA target (signal, S, orange bars) and the corresponding S/B ratio values (in red). Error bars

estimated as the standard deviation of three replicates.
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3.3.3 Analytical characteristics of the electrochemical DNA sensor

Under the optimized experimental conditions (Table 6), the influence of increasing the
synthetic so/a / 7 DNA target concentration on the analytical signal was assessed by measuring the
amperometric current from 0.8 to 100 pM (Figure 14). When the ProtA-HRP as enzymatic label
was used, a linear correlation (r = 0.9992) between the amperometric intensity and the sola / 7
DNA target was found within the range of 3.7 to 100 pM, with a slope and intercept values of
13936 nA nMand 89 nA, respectively.

3 xsb/m (4)
10 x sb/m (5)

LOD and LQ were calculated according to the expression 4 and 5 criteria, respectively,
and where m is the slope of the linear calibration plot and sb was estimated as the standard
deviation of ten amperometric measurements obtained in the absence of target DNA. Using this
enzymatic amplification format, a LOD of 1.1 pM (corresponding to a detectable absolute amount
of 27.5 attomoles) and a LOQ of 3.7 pM were achieved.

These characteristics were compared with those obtained by preparing the electrochemical
genosensor using the AntilgG-HRP as enzymatic label (Table 7). In this enzymatic format, a
calibration curve for synthetic DNA so/a / 7 (Figure 14) target exhibited a linear dependence (r =
0.9997) for DNA concentrations between 0.8 to 50 pM. Using these conditions, a slope of 74678
nA. nM* and an intercept of 256 nA was calculated. The LOD and the LOQ were 0.2 pM and 0.8
pM, respectively. The achieved LOD (0.2 pM) corresponds to a detectable absolute amount of 5
attomoles of DNA with no need for using any amplification technique (considering that the sample
volume required per analysis is 25 ul). As shown in Table 7, the use of the AntilgG-HRP label
improved the sensitivity of the DNA sensor by 5.8 times with respect to the ProtA-HRP (74678 nA
nM s 13936 nA nM) and a LOD lower 1.38 times (3.7 pM s 0.2 pM). These results highlighted
the potential of the developed methodology for the detection of so/a / 7 DNA in food samples.
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Table 6. Optimization of the experimental variable

Variables Tested range Selected value
RNA-bCp, uM 0.0-0.5 0.25
Incubation time RNA-bCp, min 15-60 30
Incubation number steps 1-3 2
RNA-bDp, uM 0.0-0.5 0.1
Incubation time RNA-bDp, min 15-60 30
Anti-DNA-RNA concentration (dilution) 1/250 - 1/2500 1/ 1000
ProtA-HRP concentration (dilution) 1/100 - 1/2500 1/250
Incubation time Anti-DNA-RNA-ProtA-HRP, min 15-60 45
AntilgG-HRP concentration (dilution) 1/500 - 1/5000 1/500
Incubation time Anti-DNA-RNA-ProtA-HRP, min 15-90 60
6000
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Figure 14. Calibration plot obtained for the synthetic DNA target with the developed DNA sensor using the ProtA-HRP
and AntilgG-HRP as enzymatic label.



Table 7. Analytical characteristics obtained for the determination of LTPs using ProtA-HRP or AntilgG-HRP as enzymatic

label
Parameters ProtA-HRP-Hydrid-MBs  AntilgG-HRP-Hybrid-Mbs
r 0.9992 0.9997
Slope, nA, nM’ 13936 + 149 74678 + 740
Intercept, nA 89+7 256 + 17
LR, pM 3.7-100 0.8-50
LOD, pM 1.1 0.2
LQ, pM 3.7 0.8

The reliability of the genosensor was evaluated by calculating the relative standard
deviation (RSD) value for the amperometric current for 0.05 nM (1= format) and 0.025 nM (2
format) of synthetic DNA target provided by 8 different genosensors prepared in the same manner.
The calculated RSD was 4.4 % (in both enzymatic amplification scheme) demonstrated a good
reproducibility of the whole procedure including the genosensor fabrication (MBs modification,
hybridization reaction and magnetic capture on the SPE surface) and the amperometric

transduction.

The storage stability of the heteroduplex-MBs was evaluated by storing the DNA sensor at
4 °C in eppendorf tubes containing 50 ul of buffer solution. No significant differences in the S/B

ratio of the amperometric measurements with 0.01 nM of synthetic DNA target were obtained for

30

25 1

20

S/B

Day

Figure 15. Storage stability. S/B ratio values of 0.01 nM of DNA synthetic target. Error bars estimated as the standard

deviation of three replicates.
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a period of 69 days indicating great stability of the RNA-bCp-MBs, and allowing their preparation
and storage in advance until the amperometric measurements until it has to be analyzed (Figure

15).

The selectivity of the developed DNA biosensor was studied through heteroduplex
hybridization of the RNA-bCp and RNA-bDp with complementary DNA target, single-base
mismatched DNA (1-m), two-base mismatched DNA (2-m) and three-base mismatched DNA (3-m)
and noncomplementary DNA target. When the noncomplementary DNA sequence were used on
the hybridization assay, the current intensities were similar to the blank assay (no DNA target),
suggesting that the hybridization reaction did not occurred. Observing the Figure 186, it is possible
to see that the amperometric answer displayed discrimination between the complementary and
the mismatched DNA target. In fact, a decrease of 23%, 40% and 50 % (when compared with the
complementary DNA) on the analytical answer were find when the 1-m, 2-m and 3-m was used,
respectively. These results suggested that the developed DNA sensor presents good selectivity and

specificity and have a great potential for the DNA polymorphism analysis.

59



1400 20
0.0 nM DNA
I 0.01 nM synthetic DNA target 18
[ 0.01 nM synthetic DNA 1-mismatch
[ 0.01 nM synthetic DNA 2-mismatch
B 0.01 nM synthetic DNA 3-mismatch [~ 16
[ 0.25 nM DNA Cor a 9

1200 4

1000

800

-i, nNA
SIN

600

400

200

T T T T T
o N > o ©

Blank Target 1-m 2-m 3-m Cora9

Figure 16. Amperometric responses measured when a complementary, mismatched DNA target and non-
complementary DNA (cor a 9) to the RNA capture and detector probe was used. Error bars estimated as triple of the

standard deviation of three replicates.

3.3.4 Application of the DNA sensor genosensor to detect Solal 7 in

tomato samples

The proposed amperometric DNA sensor was applied to detect the sola / /7 DNA
endogenous gene in the whole genomic DNA extracted from tomato seeds and tomato peel. Two
different extraction methods were applied to extract genomic DNA from the tomato (seeds and
peel), namely the (Hexadecyl trimethyl-ammonium bromide (CTAB) and the sodium dodecyl sulfate
(SDS)). In both cases, the amount of extracted DNA analyzed was 100 ng (taking into account the
high sensitivity of the developed biosensor, able to detect only 5 attomoles of the synthetic sola / 7
DNA). Similarly, to synthetic oligonucleotide, 25 L of the extracted DNA were mixed to the solution
containing RNA-bDp and incubated with the RNA-bCp-MBs for 30 min. The signal was recorded
after the generation of the heteroduplex (for 30 min, at 37° C and 950 rpm) and labelling the
amperometric.

As depicted in Figure 17, a noticeable amperometric current discrimination between
tomato and maize was attained. Indeed, the analytical current obtained for the DNA extracted from
the tomato seeds was clearly distinguished from the blank measurement, indicating undoubtedly

the presence of sola / 7in the seeds. Moreover, best analytical results were found when the DNA
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was extracted with the CTBA reagent, therefore indicating that this procedure was more effective
on the DNA extraction.

Furthermore, the electrochemical current obtained when it was used the DNA extracted
from the tomato peel was lower 4,1 times than those obtained from the DNA extracted from the
seeds. As reported by Martin-Pedraza (2016) [31], such behavior was expected to be observed
since the tomato peel contains very small amounts of sola / 7[31].

As a negative control, DNA extracted from maize was also subjected to the same

experimental procedure and afterwards similarly evaluated with the DNA sensor.
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[ 100 ng DNA CTAB method
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Figure 17 the obtained analytical current was smaller than the blank signal, thus confirming the selectivity of the

methodology.

3.3. Conclusions

This research effort presents a novel disposable electrochemical DNA sensor combining the
use of selective RNA capture probes with magnetic microbeads technology for the unambiguous
identification and detection of the allergen so/a / 7in tomato seeds. Two distinct approaches were
studied and compared: the first approach use protA-HRP and the second antilgG-HRP as enzymatic
label, corresponding to the so-called first and second format, respectively (Figure 14). Both
approaches demonstrated excellent analytical characteristics for the sensitive detection of the DNA
target without previous amplification or preconcentration of the genetic material, but the format

based on the labelling with the antilgG-HRP provided a sensitivity 5.4 times higher and a LOD 5.5
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times lower. Therefore, it is a rather stable and really specific probe and the main function of this

first aim was achieved, resulting in a sensitive limit of so/a / 7DNA detection (5 attomoles of target).

In conclusion, this research resulted successfully in a new electroanalytical platform for the
selective, sensitive, accurate, reliable and reproducible determination of so/a / 7 gene in fruits
without genetic material amplification or preconcentration necessary. The methodology also
demonstrated to be easily translated towards the determination of other analytes of interest in
decentralized applications. Besides the use of specific RNA capture and detector probes and of a
commercial antibody with high affinity for RNA-DNA heteroduplexes achieved great selectivity
methodology and, in general, it showed to be advantageous when compared with others commonly
used in terms of simplicity, cost-effectiveness, assay time-consuming and portability of the required
instrumentation — which makes them reliable and promising analytical tools for food quality and

safety and, ultimately an important contribution to the consumer’s protection.
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4 Development of a magnetoimmunosensor and dual

magnetobiosensor for So/a / 7 determination

4.1 Introduction

Tomato allergic reactions are very relevant in Mediterranean areas where this vegetable
fruit is deeply implemented in the diet of these populations. As an example, approximately 6.5 %
among patients attending allergy clinics in the Mediterranean coast of Spain exhibit tomato
sensitization, and 0.3 % self-reported worldwide exhibits allergy to the tomato [133] Sola | 7 - and
belongs to class 1 in the family member of nsLTPS according to molecular mass of 9KDa. This
allergen was identified in large concentration on tomato seeds and it is one of the key allergens

related with several symptoms in individuals with tomato allergy [31].

Antibodies, also called immunoglobulins (lg), are a large family of glycoproteins capable of
recognizing antigens with high specificity. They are composed of one or more copies of a
characteristic unit that can be visualized by its ‘Y’ shape. Many analytical devices explore these
affinity interactions between antibody and antigen complex for detection and measurement in a

wide range of applications, for instance in environmental analysis and food safety.

Indeed, immunoassays (antibodies or antigens detection) are presently the method of
choice for detection and identification of food allergens. In addition, the most widely immunoassay
used is ELISA, offering as low detection limits as around 10 to 10¢ M. In contrast, ELISA present
important disadvantages, such as the complexity of the work flow assay, the use of expensive

reagents, the bulky ELISA readers and time-consuming operation [156].

In turn, electrochemical immunosensors are affinity biosensors in which selective and high
affinity antibodies bind to their antigens (analytes) to produce a measurable electrochemical signal
and form a stable complex [6]. Because of the strong binding forces between these biomolecules,
immunosensors present high selectivity and sensitivity, and the utilization of electrochemical
detection confers specificity, simplicity, portability, generally disposable and can carry out /7 sifu
or automated detection, thus making from them very attractive tools for a number of applications
in different scientific fields — especially in food allergen analysis, such as milk allergens, peanut,

hazelnut [157].
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Heating and other processing treatments modify (among others) protein structure and,
consequently, the results which use proteins as analytes. For transgenic proteins — where there is
a lack of antibodies — and for allergenic proteins — whose sequence is conserved among different
species, hampering the discrimination ability of the antibodies. Consequently, since the
introduction of the PCR technique, DNA has been the target of choice due to its relatively high
stability in processed products. In this sense, genosensors are DNA biosensors that rely on a
hybridization recognition reaction between two complementary strands, viz. the target and the
recognition element called probe. Electrochemical DNA sensors can provide low detection limits
[1], [2], [106], but it is worth to mention that electrochemical immunosensors are more friendly

user.

Alves et al. (2015) [158], reported the detection of Ara h 1 and Ara h 6 by using two
electrochemical immunosensors based on modified gold nanoparticle-coated screen-printed
carbon electrodes. In both cases, two monoclonal antibodies were used in a sandwich-type
immunoassay and the antibody-antigen interaction was electrochemically detected through
stripping analysis of enzymatically (alkaline phosphatase) deposited silver. The developed
immunosensors allowed the quantification of Ara h in the range of ng mLt, and with a LOD of 3.8
and 0.27 ng mL: for Ara h 1 and for Ara h 6, respectively. The immunosensors were successfully

applied to Ara h detection in complex food matrices, such as cookies and chocolate.

Pingarron’s group reported several immunosensors for the detection of different allergens
[60], [92], [93] . The concept used in this work is the same used in their previous works, which
involves the use of selective capture and detector antibodies implemented on carboxylic acid-
modified magnetic beads - captured magnetically under the surface of a disposable screen-printed
carbon electrode for amperometric detection using the hydroquinone (HQ)/H.0. system. The
magnetic beads (MBs)-based sandwich immunosensor displays the covalent binding of the primary
antibody onto the COOH-MBs surface via amidic groups. Prior to use, the COOH-MBs were
activated with EDC/sulfo-NHS solution and after the primary antibody incubation step. By adding
an ethanolamine solution, the unreacted activated groups on the MBs were blocked. The anti-
solal7-MBs were further incubated with different target concentration solutions, followed by the
affinity reaction with the HRP-labelled secondary antibody. The MBs bearing the sandwich immune-
complexes were captured magnetically on the electrode surface by placing SPCEs on a custom-

fabricated magnetic holding block, and the biorecognition event was monitored by amperometric
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measurement of the reduction current generated with the HQ/H-0. system. Milk allergens, such
as o-lactalbumin (a-LA) and B-lactoglobulin (B-LG), were specifically determined from standard
solutions recovering a LOD of 11.0 pg mL* and 0.8 ng mL* for a-LA and [-LG, respectively [60],
[92], [93].

In the present work, novel magnetoimmunosensor to detect Sola | 7 protein and a dual
magnetobiosensor to detect Sola | 7 protein and so/a / /7 DNA sequence are developed and
described. The magnetoimmunosensor developed uses a sandwich format employing HOOC-MBs
as immobilization platform and SPCEs as transduction platform. A specific capture mouse
polyclonal antibody for Sola | 7 recognition was immobilized onto HOOC-MBs surface previously
activated with EDC/sulfo-NHS. After blocking the un-reacted activated groups of the HOOC-MBs

with ethanolamine, the target protein was sandwiched with the complex detector HRP antibody.

In the case of the dual magnetobiosensor construction, the procedure of immobilization
was similar as those described in Chapter 3 for the DNA sequence detection (genoassay)and the
same construction method for the immunoassay as described (in this chapter) for sola |7 protein
determination.

Both, the magnetoimmunosensor and dual magnetobiosensor, carried out the
amperometric detection at SPCEs or SPdCEs using the HQ/HRP/H.0: system — which has shown
to be very efficient in amperometric detection for enzyme-labeled biosensing devices. The sensitivity
of the magnetoimmunosensor reached a LOD of 1.4 ug mL:. The selectivity of the sensor was also
studied by using 5 different standard allergens from different fruits and a high selectivity was
attained. Furthermore, to complete the characterization of the magnetoimmunosensor an assay
using real samples of Sola | 7 extracted from tomato seeds and peel was used. As a result, it was
concluded that the biosensor can be employed as an analytical procedure to identify the Sola | 7

allergen in real food matrixes.

4.2 Material and Methods

4.2.1 Apparatus and electrodes

Amperometric measurements were performed with a CHI812B potentiostat (CH
Instruments) controlled by software CHI812B.The electrochemical transducers employed were
screen-printed carbon electrodes (SPCEs) (DRP-110, DropSens, Spain) for the

magnetoimmunosensor consisting of a 4-mm diameter carbon working electrode and a screen-
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printed dual carbon electrodes (DRP-C1110, Dropsens) composed of two elliptic carbon working
electrodes (6.3 mm2 each). For the dual, a carbon counter electrode and an Ag pseudo-reference
electrode were employed as transducers. Specific cable connectors ref. DRP-CAC or ref. DRP-
BICAC (also from DropSens) were used, both acting as interface between the SPCEs/SPdCEs and

the potentiostat. All measurements were carried out at room temperature.

A Bunsen AGT-9 Vortex was used for the homogenization of the solutions. A Thermomixer
MT100 constant temperature shaking incubator (Universal Labortechnik,) and a magnetic
separator Dynal MPC-S (product no. 120.20, Dynal Biotech ASA, were also employed. Capture of
the modified-MBs in the SPCE surface was controlled by a neodymium magnet (AIMAN GZ

embedded in a homemade casing of Teflon.
4.2.2 Chemicals and solutions

All the reagents were of highest available grade.Sodium di-hydrogen phosphate
(H2NaO4P.2H20), di-sodium  hydrogen phosphate  (Na.HPQO.), Tris—=HCI  [Tris-HClI,
tris(hydroxymethyl)aminomethane hydrochloride, NH.C(CH.OH)3.HCI], sodium chloride (NaCl) and
potassium chloride (KCI) were purchased from Scharlab Tween®20, N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide (EDC), N-hydroxysulfosuccinimide (sulfo-NHS), ethanolamine (C:H;NO),
hydroquinone (HQ, benzene-1,4-diol or quinol, CeHs0:), hydrogen peroxide (H.0:) 30% (w/v) and
albumin from chicken egg white (OVA) were purchased from Sigma Aldrich. 2(N-Morpholino)
ethanesulfonic acid (ME, CsHi:NO.S) and commercial blocker casein solution [ready-to-use,
Phosphate-buffered saline (PBS) 1% (w/v) solution of purified casein) was purchased from Thermo
Scientific .Carboxylic acid-modified MBs (HOOC-MBs, 2.7 um @, 10 mg mL, Dynabeads® M-270
Carboxylic Acid) were purchased from Dynal Biotech ASA.

All buffer solutions were prepared with water from Millipore Milli-Q purification system
(18.2 MQ cm). PBS consisted in 0.01 M phosphate buffer solution containing 137 mM NaCl and
2.7 mM KCI. Phosphate-buffered saline (PBS) consisted in 0.01 M phosphate buffer solution
containing 0.137 M NaCl and 0.0027 M KClI, pH 7.5. 0.05 M phosphate buffer (pH 6.0); 0.1 M
hosphate buffer, pH 8.0; 0.025 M MES buffer, pH 5.0 and 0.1 M Tris—HClI buffer, pH 7.2. Activation
of the HOOC-MBs was carried out with an EDC/sulfo-NHS mixture solution (50 mg mL+* each in
MES buffer, pH 5.0). The blocking step was accomplished with a 1 M ethanolamine solution
prepared in a 0.1 M phosphate buffer solution at pH 8.0.
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Polyclonal mouse capture antibody and polyclonal mouse HRP conjugated antibody were

used for Sola | 7 determination was developed.
4.2.3 Construction of the amperometric immunosensor

The whole experimental procedures were performed at room temperature and without
biosafety cabinet. HOOC-MBs were used as magnetic electrochemical platform for the biosensor
construction. First, an aliquot of 3 uL of a well dissolved HOOC-MBs was deposited in 1.5 pl
eppendorf. Two washes were then carried out with 50 pL of filtrated MES during 10 minutes at
950 rpm. Each clean step was followed by the magnetic separation of the MBs-suspension in 4

minutes and the supernatant was discarded.

The carboxylic groups of MBs were activated by incubation during 35 minutes in 25 L of
the EDC/sulfo-NHS mixture solution. The typical procedure for ligand coupling is the formation of
an amide bond between a primary amino group of the ligand and the carboxylic groups on the
surface of the HOOC-MBs, mediated by EDC. The intermediate product of the reaction between
the carboxylic acid and the carbodiimide is very labile and hydrolyses quickly. Alternatively, the
activated HOOC-MBs can be captured as a less labile intermediate, such as an N-hydroxyl

succinimide ester (NHS), and then react with the ligand over a longer period.

The activated MBs were washed twice with 50 uL of MES buffer and re-suspended in 25
WL of a 5 ug mL cp-anti-solal7, prepared in MES buffer and, afterwards, incubated during 15 min
at room temperature and 950 rpm. Two washes with 50 uL of MES buffer was carried out before
the blocking step. The unreacted activated groups on the MBs were blocked by adding 25 L of
the 1 M ethanolamine solution in 0.1 M phosphate buffer pH 8.0, and incubating the suspension

under continuous stirring (950 rpm) for 60 min at room temperature.

Later on, the blocked MBs was washed once with 50 pL of TRIS-HCI 0.1 M pH 7.2 and
repeated twice with 50 plL of PBS. Subsequently, 25 uL of sola | 7 target (or the sample under
scrutiny) prepared in PBS pH 7.5, then incubated during 30 minutes at room temperature and
950 rpm. Then it was followed by two washing procedures with 50 L of blocking buffer (PBS
solution of 1% w/v purified casein). The final incubation of the target-cp-anti-solal7-MBs occurred
during 30 min (25 °C, 950 rpm) with 25 L of anti-solal7-HRP complex (1:50 dilution factor) in the

blocking buffer and washed again twice with blocking buffer. The modified-MBs were re-suspended
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in 45 uL of 0.05 M sodium phosphate buffer solution (pH 6.0) to perform the amperometric

detection.

4.2.4 Amperometry measurements

Amperometric measurements of the solutions were performed under stirring — by
immersing the SPCE/magnet holding block ensemble into an electrochemical cell containing 10
mL of 0.05 M sodium phosphate buffer solution (pH 6.0) and 1.0 mM HQ (prepared just before
performing the electrochemical measurement) — and applying a detection potential of -0.20 V vs
the Ag pseudo reference electrode of the SPCE. Once the baseline was stabilized, 50 pL of a H.0:
solution (0.1 M) was added, and the electrochemical current was recorded until a steady-state was
achieved. The magnitude of the measured cathodic current was directly proportional to the Sola |
7 target concentration.

The procedure and devices employed for carrying out the amperometric measurements
are those shown in Chapter 3.

In the current research work, the HQ was used as an electroactive mediator of shuttling
electrons from the electrode surface to the redox center of HRP (HRP was coupled to the detector
antibody). Consequently, the catalytic reduction mechanism of H.O. by the immobilized HRP can
be described as follows. First, the (i) H.O. substrate was reduced to H.0 by the immobilized HRP
in reduced state (HRP=), and HRP-. itself turns into its oxidized state HRP.. (Equation 1). Then, the
(ii) HQ can reverse HRP.. back into HRP=. and be oxidized into benzoquinone (BQ) (Equation 6).
The (iii) BQ can engage in electron exchange with the electrode and itself turns back into HQ
(Equation 8). Therefore, HQ recycles in the system causing the amplification of the reduction

current [150]. The reaction mechanism of the catalytic process can be expressed as:

H.0.+ HRPt:— HRPo + H.0 (6)
HRPs. + HQ — BQ + HRPy 7)
BQ +2H + 2e — HQ (8)

4.3 Results and Discussion

Figure 18 gives the schematic representation of the immunosensor biorecognition

display. The capture antibody was the affinity to detect Sola | 7 protein as well as the detection
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antibody — which is the one who reported the chemical signal through redox reaction of HRP-

complex.
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Figure 17. Microcarrier structure holding the schematic biorecognition display of the immunosensor without

transducer.

4.4 Optimizations of the experimental conditions

The capture antibody and the detection antibody were optimized in terms of concentrations
and incubation time. It was also useful to optimize the number of steps needed in the experimental
procedure, so as to reduce the time assay. All the variables studied were summarized in Table 8,
where the selected experimental values of each variable is also given. In the case of the HOOC-
MB'’s, the selected incubation and washing buffers’ volumes, and the detection potential used were
previously optimized and may be found in Gamella M. ef a/. [159] and Avila et a/. [160], as well
as the selection of the commercial blocking buffer — which has been proven to be highly effective
for minimization of non-specific adsorptions [60], [92][60], [92]. The selection criterion for each
variable was the magnitude of the ratio between the amperometric responses measured at -0.20
V in the presence (signal, S) of 5.0 ug mL* Sola | 7 and in the absence of target protein (blank, B)
(S/B ratio).
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Table 8. Optimization of the experimental variables involved in the magnetoimmunosensor to sola | 7 developed.

Variables Tested range Selected value
Cp-anti-solal7, ug mL: 0-50 5
Incubation time cp-anti-solal7, min 15-60 15
Incubation number steps 1-2 2
anti-solal7-HRP concentration, dilution 1:5-1:100 1:50
Incubation time anti-solal7-HRP, min 15-60 30

The influence of the cp-anti-solal7 concentration in the amperometric signals were
investigated in the range from 0 ug mL* to 50 ug mL:. As observed in Figure 19 A, the intensity
current of the blank increases in direct proportion to the cp-anti-solal7 concentration until 25 ug
mL*. Furthermore, above such concentration the current intensity S/B decreases — probably as a
consequence of a steric hindrance that hinders the formation of the antigen-antibody complexes
for high concentrations of immobilized capture antibody. The optimal concentration was found to
be of b pyg mL?, once the highest S/B value of 2.5 was obtained. After the cp-anti-solal7
concentration optimization, the incubation time was performed during the time periods of 15, 30
and 60 minutes with 10 ug mL* of Sola | 7 and a dilution of 1:5 anti-solal7-HRP (Figure 19 B).
The results of the amperometric responses demonstrated a ratio of 4.2 signal to blank (S/B) as
the optimum value selected — which corresponds to the 15 minutes of cp-anti-solal7 incubation

time.
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Figure 18. Amperometric responses obtained in the optimization of the capture antibody concentrations where 5 ug
mL* was the optimal concentration(A) and incubation time of the cp-anti-solal7 where 15 minutes was the optimal

incubation time(B). Error bars estimated as the standard deviation of three replicates

Moreover, with the aim at decreasing the analysis time, the number of steps to be used
into the magnetoimmunosensor was evaluated. In Figure 20 were represented the amperometric
responses for 10 ug mL of antigen when () a mixture of Sola | 7, cp-anti-solal7 and anti-solal7-
HRP was incubated in a single step and only for 30 minutes, and in (/) two steps - /.e. incubated
with the target Sola | 7 30 minutes prior to the anti-solal7-HRP 30 minutes incubation. The
inspection of the Figure 20 shows that the one step (30 minutes) protocol was faster than the
two steps (30 + 30 minutes). However, the obtained blank signal in the step 1 protocol was higher
than the blank intensity obtained with two steps. As a result, the ratio S/B increases with the 2
step procedure and, therefore, the best amperometric response was obtained under these
conditions — with a ratio S/B of 1.6. It is worth to mention that the current measured without Sola
| 7 (blank signal) and adding the antigen and the anti-solal7-HRP at the same time proved to
harmonize with non-specific bindings, thus increasing the amperometric response — as shown in
the results in one step protocol. In the case of two steps, a lower probability of non-specific binding
suited with the blocking buffer washing process after Sola | 7 target incubation procedure which

increase the ratio S/B.
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Figure 19. Amperometric responses obtained in the optimization of the number of steps. In the one step, the target
(10 pg mL') and det-Ab-HRP (1/50) were incubated at the same time for 30 minutes, whereas in the two steps, 10 ug
mL of Sola | 7 was incubated firstly in 30 minutes and then 1/50 of anti-solal7-HRP 30 minutes. Error bars estimated

as the standard deviation of three replicates.

Following the optimization of the number of experimental steps, anti-solal7-HRP dilution
and incubation time were also optimized and the results are shown in Figure 21 A and B,
respectively. The dilution factors under investigation were 1:5, 1:10, 1:25, 1:50 and 1:100. The
amperometric response was directly dependent with the anti-solal7-HRP concentration. Examining
the Figure 21 A, the dilution factor selected as optimum for anti-solal7-HRP was of 1:50 (S/B of
2.3).. With respect to the incubation time, the best ratio S/B (2.3) and analytical response was
obtained with a period of 30 minutes (Figure 21 B). It was observed that after 30 minutes of
incubation, the ratio S/B (in the presence and absence of the target) decreased in response of
non-specific binding sites and it is likely to be a consequence of a steric interference that hinders

the antigen-antibody complex.
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Figure 20. Amperometric response obtained in the optimization of the det-Ab-HRP dilutions where 1:50 was the
optimal concentration (A) and incubation time of the det-Ab-HRP where 30 minutes was the optimal incubation time

(B). Error bars estimated as the standard deviation of three replicates.

The incubation time used in the antigen and antibody reaction is also a relevant variable
to qualify the final performance of the magnetoimmunosensor. The obtained results proved to be
possible to detect 10 ug mL: of sola | 7 in only 60 min of reaction, once the HOOC-MBs has been
modified with cp-anti-solal7 and blocked with ethanolamine. Such feature confers a great analytical

advantage in comparison with many alternative time-consuming techniques.

4.4.1 Analytical characteristics of the immunosensor

Under optimized conditions, a calibration plot for sola | 7 was calculated (Figure 22). A
linear correlation (r = 0.9976) between the amperometric signal and the protein concentration of
sola | 7 ranging from 1 ug mL* and 10 ug mL*, and with a slope and intercept values of 81.0696
+ 1.59 nA (ug mL)* and 295.3 + 4.06 nA, respectively, were obtained. The LOD and LOQ were
accordingly calculated following the Equation 9 and 10, respectively, where mis the slope of the
linear calibration plot and s, was estimated as the standard deviation of ten amperometric
measurements obtained in the absence of target Sola | 7. The LOD and LOQ were 1.4 pug mlL*
(which represent 0.035 pg of sola | 7) and 4.6 ug mL?, respectively.

3 xs/m (9)

10 x so/m (10)
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Figure 21. Calibration plot designed for sola | 7 (incubation of 25 uL in 0, 1, 2.5, 5 and 10 pg mL" prepared in PBS,

pH 7.5). Error bars estimated as the standard deviation of three replicates.

The reliability of the magnetoimmunosensor was evaluated by calculating the RSD for the
amperometric current obtained at 5 ug mL* of Sola | 7 with different magnetoimmunosensors (n
= 7) developed under the same experimental conditions achieving a good reliability of the

modification process in the MBs and amperometric measurement with 3.58 % of RSD.

The lifetime of the modified MBs was evaluated by storing at 4 °C in filtered PBS the cp-
anti-solal7 immobilized on MBs. In Figure 23 is given the control graph obtained with the
respective upper and lower limits — estimated according to the criteria +3s(9), where scorresponds

to the standard deviation of the average value obtained from 7 measurements.
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Figure 22. Control graph to stability evaluation of cp-anti-solal7-MBs stored at 4 °C in 50 pL of filtrated PBS. Values of
amperometric current of signal to blank ratio are represented to 5 ug mL* of sola | 7 standard. Error bars estimated as

the standard deviation of three replicates.

Observing the Figure 23, on could conclude that the cp-anti-solal7-MBs can be employed

for sola | 7 determination as far as 20 days from the day of preparation.

Aiming at evaluating the selectivity of the magnetoimmunosensor amperometric
responses, a set of proteins, known as fruit allergens, were tested and compared. All the proteins
studied had an association with Sola | 7, namely they all belong to the lipid transfer proteins family
but Sina 1 - which is an 2s albumin. Sola | 3 and Sola | 6 are found in tomato seed, Prup 3
presents a similar protein structure to Sola | 7 and can be found in peach. Moreover, Sina 3 can

be found in mustard.

The results obtained are presented in the Figure 24 and shows that it is possible to
demonstrate an excellent selective determination of Sola | 7. Such feature represents a huge
advantage for the future development of multi-detection platforms. Furthermore, this high selectivity

can be attributed to the use of sandwich format with two antibodies with high affinity for Sola | 7.
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Figure 23. Selectivity of the magnetoimmunosensor for sola | 7 detection. Amperometric current values achieved to
standards of 5 ul mL* Sola 17, Sina 1, Sina 3, Sola | 3, Sola | 6, Prup 3. Error bars estimated as the standard deviation

of three replicates

4.4.2 Application of immunosensor to detect Sola | 7 in tomato seeds

samples

The developed amperometric magnetoimmunosensor was applied in the detection of Sola
| 7 in lysed samples of tomato seeds in addition to other fruits containing distinct unknown content
of endogenous Sola | 7, as well as in spiked target protein-free samples. For Sola | 7 concentration
in the sample extract of tomato seed was obtained by the interpolation of the amperometric current
of the sample in the calibration curve of Sola | 7 standard. In a sample of tomato seeds (9000 ug
mL+) diluted 1:5000 times (0.05 ug of the lysed sample), it was found 2,37 ug mL* of Sola | 7
protein. The Figure 25 shows the amperometric currents of all the extracted samples at 25 g of
lysed material in PBS, pH 7.5. These results can be compared with the amperometric response of

Sola | 7 standard which the current intensity it is logically similar to the sample of tomato seeds.

Furthermore, the electrochemical current obtained with a sample extract from tomato peel
was 2.8 times lower than those obtained from the seeds. As reported by Martin-Pedraza (2016)
[31], such behavior was expected because the tomato peel contains very small amounts of Sola |
7.

The samples extracted from apple, mustard seeds, sunflower seeds, corn, peanut,

hazelnut and peach — used as negative controls — were also subject to the same protocol and
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evaluated with the magnetoimmunosensor. As established in Figure 25, the obtained analytical
current was smaller than the blank signal, thus confirming the selectivity of the analytical
methodology. In the case of corn and hazelnut, the currents were quite higher than the blank-

which can be explained by possible sample contaminations or non-specific links.
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Figure 24. Amperometric responses of 9 extracted samples (green) and the Sola | 7 standard (orange).

Error bars estimated as the standard deviation of three replicates.

4.5 Dual magnetobiosensor for simultaneous determination of Sola | 7

protein and so/a / 7DNA

After the successful development of the magnetogenosensor (Chapter 3) and the
magnetoimmunosensor for Sola | 7 determination, it was proposed the possibility to detect both
biomolecules simultaneously in a screen-printed carbon electrode with two working electrodes
(SPACEs). The main aim was to provide a more complete tool of analysis and an accurate

determination with the implementation of two types of MBs, viz. the HOOC-MBs and Strep-MBs.

One of the foremost potential limitations to take into account when designing
electrochemical multidetection platforms is the possible diffusion of the electroactive indicator to
the adjacent electrodes, which would lead to inaccurate results [161]. This research effort is

intended to show the possibility to evaluate the existence of cross-talking between Sola | 7 protein
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and sola / 7 DNA mixtures, by measuring the presence/absence of the target molecule in each
working electrode (WE). For that purpose, it was considered for SPdCEs with the WE1 and WE2 in

4 different mixtures as can be depicted in Figure 26.

The experimental procedure was similar to those described in Chapter 3 and Chapter
4 for both displays until the strep of transduction of the electrochemical signal. After MBs bearing,
the HRP-labelling in the immunocomplex and in the DNA-complex were magnetically captured on

the corresponding working electrode (WE1 and WE?2) (Figure 26).

HOOC-MBs

Strep-MBs
A)

SPdCE ~\
Magnets

Figure 25. Schematic display of the disposable dual magnetobiosensor for the simultaneous determination of Sola 17
protein and so/a / 7 DNA A); picture showing the SPdCE and the homemade magnet holding block B) and the modified
MBs on the SPACE assembled on the magnet holding block and in the specific cable connector emerged in the

electrochemical cell C). Relative sizes of the components are not drawn on real scale [162]

The amperometric detection was carried out using the catalytic current of -0.20 V produced
by H:0. in the redox reaction using HQ as mediator. As previously mentioned, the use of MBs as
immobilization platform makes all the affinity reactions occur on their surface. In this sense,
SPdCEs are only used as electrochemical transducer — thus minimizing unspecific adsorptions of
the bioreagents on the electrode surfaces and simplifying largely the entire methodology. Figure

27 shows the amperometric measurements obtained with the dual magnetobiosensor in solutions
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containing different Sola | 7 protein and so/a / 7 DNA mixtures. Accordingly, no significant cross

reaction was observed, taking into account the positive S/B value obtained when the mixtures 1

with 2 and 3 with 4 are compared. It must be emphasized that the amperometric signals between

1 and 2 to 3 and 4 decreased approximately from 2.2 to 2.0 S/B in the WE2, and increase 1.36

to 1.7 S/B in the WE1. Nevertheless, such behavior does not represent a major problem for

simultaneous detection of Sola | 7 protein and so/a / 7 DNA sequence. From above, on could

conclude that the magnetobiosensor responses endorsed the viability of the dual magnetosensor

for the suitable simultaneous determination of both analytes.

Table 9. Mixtures containing the immunoassay and the genoassay for Sola | 7 protein and so/a / 7 DNA simultaneous

determination.

[Sola | 7 protein], [solal7
Mixtures
pg mL: DNA], nM
1 0 0
2 25 0.01
3 0 0.01
4 25 0
1400
[T WE1 (sola | 7 protein)
1200 4 I WE2 (sola | 7 DNA)
1000 4
800 -

600 +

-i, NA

400 4

200 1

1 2 3 4
(sola | 7 proten + sola | 7 DNA) mixtures

Figure 26. Simultaneous amperometric responses measured with the dual magnetobiosensor for mixtures containing
different concentrations of Sola | 7 protein and the so/a / 7DNA represented in the Table 9. E...=-0.20 V vs. Ag pseudo-

reference electrode. Error bars were calculated as the standard deviation of three replicates.
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4.6 Conclusions

The results have proved that the developed magnetoimmunosensor can be applied in the
determination of Sola | 7 (a fruit allergen) in real food matrixes with a minimum treatment of the
sample (a simple dilution in the pH control solution) and in a overall analysis time of ca. 60 minutes,
once the cp-anti-solal7-MBs is prepared. Moreover, the method demonstrated to have high
sensitivity. Furthermore, the experimental protocol can be simplified and shortened by carrying out
a single incubation stage with the complete immunoreactives. In addition, the use of disposable
biosensors allows the integration of the developed methodology in portable and multiplexed

systems, which would be of a great advantage for the final implementation in food safety systems.

This research effort provides a novel disposable amperometric magnetobiosensor for the
simultaneous determination of two allergens of different nature — namely the so/a / 7DNA sequence
and the Sola | 7 protein. The dual amperometric magnetobiosensor has demonstrated excellent

analytical performance for tomato seeds allergen.
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5 General conclusions and future prospective

This chapter draws the main conclusions of this master’s thesis. In addition, some general
recommendations for further research efforts in this field are also presented. Detailed conclusions

were given in each specific chapter.
5.1 General conclusions

Attending to the main aim of this master’s thesis, two formats of a new electrochemical
DNA-based sensor — immunosensor and a dual immuno-DNA-sensor for tomato seeds allergen -
have been developed and successfully applied in food samples. The implementation of the
developed electrochemical biosensors involved different functionalized MBs as immobilization

platforms and SPCEs as transducers.

The research work involved the development of two novel formats for sola / 7 DNA
sequence detection. These DNA magnetobiosensors combined the specific sandwich hybridization
format DNA-RNA heteroduplex with the recognition element anti-DNA-RNA. The methodology of
labelling was also performed by employing an innovative approach, viz. by using protA-HRP and
antilgG-HRP labels in the first and second format, respectively. The first implementation of
amperometric magnetoimmunosensor by sandwich assay configurations was also a new approach

for sola / 7 determination.

The developed methodologies can be applied to the analysis of real food samples without
laborious pre-treatments (only a simple dilution) and achieving high levels of sensitivity and
selectivity. The short analysis time required, the simplicity of the involved experimental procedures,
and the easy automation and miniaturization of the employed instrumentation made from the
developed electrochemical bioplatforms promising and attractive analytical tools for the
development of user-friendly portable devices for onsite analysis, and with potential important

impacts in food quality and control.
5.2 Future prospective

Despite all the scientific work in this area and the results obtained, further research is still
needed. As a continuation of the work developed within the scope of this master's thesis it is

suggested:
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Incubation time of Sola | 7 in the magnetoimmunosensor assay to increase the
sensitivity of the platform;

Comparison of the sensitivity of these methodologies with conventional methodologies
such as ELISA an PCR;

Calibration curves and analytical characteristics for the dual magnetobiosensor, as well
as selectivity studies and application in food samples, so as to complete the
methodology; and, finally

Evaluation of the possibility to increase the sensitivity of the electrochemical biosensors

using selected nanomaterials.
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