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SUMMARY 

 

 

Food allergens and food contaminants represent an important health problem 

worldwide. Tracking and tracing of allergen-free food production chains has become 

important due to consumer-safety concerns and to fulfill international labeling 

regulations. On the other hand, the detection of contaminants as pathogenic bacteria is 

an area of prime interest for food safety since infectious diseases spreading every day 

through food are a life-threatening problem for millions of people around the world. 

Food safety can only be ensured through the enforcement of quality-control systems 

throughout the entire food chain from the incoming raw materials until the final 

consumer. In this context, the availability of rapid, reliable and highly sensitive methods 

is mandatory for their use as an “alarm” to rapidly detect potential contaminants and 

take an immediate action. Therefore, great efforts are directed towards the 

development of simple, selective and cost-efficient methodologies for the on-site 

detection of different target analytes in complex food samples.  

This dissertation addresses a comprehensive study and assessment of novel and 

rapid immunoanalytical strategies in different formats by the integration of micro and 

nanoparticles as well as hybrid bionanoparticles for food safety. Two analytes of 

different sizes and characteristics (single and multivalence targets) affecting food 

safety, were selected as a model: the small proteic allergen gliadin and the food-borne 

pathogen Salmonella.  

Different immunoassay formats were assessed (competitive and sandwich, direct 

and indirect) taking advantage of the outstanding features of magnetic micro and 

nanoparticles as solid support. The results obtained with the novel strategies were 

evaluated by a dual detection through optical and electrochemical readouts, using 

magneto immunoassays or magneto immunosensing approaches, respectively. In all 

cases the signals were obtained by a horseradish peroxidase (HRP) conjugate as the 

enzymatic optical and electrochemical reporter and the matrix effect and analytical 

performance were evaluated using spiked food samples. 

Regarding the integration of magnetic particles in the detection of food allergens 

such as gliadin, a competitive approach was developed to detect not only the native 

protein, but also the small gliadin fragments, being thus valid for both non-treated and 

hydrolyzed foodstuff. For the first time, the toxic protein fraction of gluten, gliadin, was 

successfully immobilized in an oriented way by covalent binding on tosylactivated 



x 

 

magnetic particles as well as carboxyl-activated nanoparticles. Excellent detection 

limits (in the order of µg L-1) were achieved, much lower than the EC recommendation 

of 20 mg kg-1 for gluten-free food. Furthermore the matrix effect, as well as the 

performance of the assays was successfully evaluated using spiked gluten-free 

foodstuffs, such as skimmed milk and gluten-free beer, obtaining excellent recovery 

values. 

The integration of bionanomaterials as bacteriophages into the immunoassays was 

also explored, using P22 bacteriophage as a model to detect Salmonella. 

Bacteriophages possess features such as specificity and rapid growth, which make 

them ideal agents for the rapid detection of bacteria. Their high stability in a range of 

harsh conditions including pH, temperature and even in the presence of nucleases or 

proteolytic enzymes makes them suitable for in situ monitoring of food and 

environmental contaminants. In addition, they allow an animal-free production (in 

contrast to antibodies) providing a large amount of viral coating proteins with a big 

surface for further chemical modification.  

Hybrid bionanoparticles were designed and evaluated by i) immobilizing the 

bacteriophages on magnetic micro and nanoparticles and ii) modifying the phage 

capsid proteins with biotin tags. Moreover, the highly biotinylated bacteriophages were 

applied for bacterial tagging when coupled to fluorescent, optical or electrochemical 

streptavidin-conjugated reporters, as well as for bacteria capturing when attached to 

streptavidin-modified magnetic particles. The novel hybrid bionanoparticles were 

extensively characterized through a wide range of techniques, such as microbiological 

culturing methods, electrophoresis, confocal fluorescence microscopy, scanning 

electron microscopy and transmission electron microscopy. In all cases, non-

competitive approaches were developed by integrating the bacteriophages both for the 

biorecognition as well as for the tagging of Salmonella Thyphimurium. All the 

developed immunoanalytical strategies were able to considerably reduce the time of 

the bacteria detection from the 3-5 days required in the conventional microbiology 

techniques, to as low as 2-4 h. In addition, outstanding limits of detection were 

achieved, being able to detect below 102 CFU mL-1 of Salmonella in milk samples, and 

as low as 1 CFU in 25 mL after 6 h pre-enrichment.  

Finally, when comparing the performance of the optical and electrochemical 

readouts, better sensitivity and lower matrix effect were achieved with the 

electrochemical detection. This fact can be ascribed to the advantageous features 

provided by the use of magnetic particles coupled to the improved electrochemical 

properties of the graphite-epoxy composite electrodes developed and highly studied in 
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our research group. Furthermore it should be also pointed out that biosensing devices 

are promising tools for food safety applications due to their rapid and on-site testing 

capability as well as the compatibility with miniaturization and mass fabrication 

technologies.  
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1.1  AGENTS AFFECTING FOOD SAFETY 
 

Food borne diseases represent currently one of the major public health problems 

and economic burden worldwide. A 2003 World Health Organization (WHO) report 

concluded that, only in the USA, there are around 76 million cases annually resulting in 

325000 hospitalizations, 5000 deaths, and a total medical cost of $37.1 billion.1,2 

The concept of food safety involves all aspects guaranteeing the production, 

handling, storage and commercialization of food in ways that avoid potentially health 

risks to the final consumer.3 The tracks within this line of thought are to keep safety 

between industry and market and then between market and consumer. 

The contamination of food may occur at any stage in the process from food 

production to consumption, i.e. from “farm to fork”, and the most common clinical 

presentation takes the form of gastrointestinal symptoms. However, such diseases can 

also have neurological, gynecological, immunological and other symptoms, and even 

multi-organ failure or cancer may result from the ingestion of contaminated foodstuffs, 

thus representing a considerable burden of disability as well as mortality.4  

Food contaminants can be classified according to their nature and origin in basically 

three types: biological, chemical and physical hazards. Examples of biological hazards 

are: disease-causing bacteria, viruses, parasites, molds, yeasts, and naturally 

occurring toxins; while between the chemical types are: pesticides, toxic metals, 

veterinary drug residues, machine oils, cleansers and cleaning solutions and sanitizers. 

Finally the physical hazards are objects which are not a part of food, never was meant 

to be food, but somehow got into the food, as for example: pieces of glass or metal, 

toothpicks, cigarette butts, pebbles, hair, staples, jewelry.5 Most of the harmful agents 

found in foodstuff result from natural environmental contamination that can accidentally 

enter during the food growth, cultivation, preparation or storage, but some of them are 

additives intentionally added during the production process, which can be hazardous 

when present in excess.6 While additives control was the main concern in the past, 

today the greatest problems are consequence of microbiological contamination, which 

caused many outbreaks in recent years, followed by pesticides and drug residues.7 On 

the other hand, food allergies and intolerances although affecting only a part of the 

population, also represent an important health problem related to food in industrialized 

countries.  

All the aforementioned food related problems create high distrust in the consumers. 

Therefore, the European Commission and regulatory agencies as WHO, FAO (Food 
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and Agricultural Organization) and FDA (US Food and Drug Administration), 

established food safety as one of the main subjects. Hence, the promotion of new 

active policies in the food field related to legislation up-dating, reinforcement of control 

points and increase in scientific advising is carried out in order to ensure the consumer 

health protection. As an example, the WHO and FAO established in 1963 the Codex 

Alimentarius Commission, currently consisting of 185 member countries and the EU, 

with the aim to develop international food regulations to protect the health of the 

consumers and ensure fair practices in the food trade. In 2003 WHO and FAO 

published the Codex Alimentarius, or the food code, which is a collection of 

internationally recognized standards, codes of practice, guidelines and other 

recommendations relating to foods, whether processed semi-processed or raw, and 

food production, covering matters such as food labeling, food hygiene, food additives 

and safety of modern biotechnology processes.8 

During the past decades, food control was performed by just analyzing the finished 

products, instead of monitoring every stage involved in their production. However, in 

that case the cause of contamination could never be identified, which lead to perceive 

the importance of the establishment of control programs throughout the whole 

production chain, from the first manufacture in the farm, through the subsequent 

processing steps and until the final sale. Food quality and safety can only be ensured 

through the application of quality control systems throughout the entire food chain and 

many methodological programs like good agricultural, good veterinary practices, good 

manufacturing and good hygiene practices have been created. Therefore, the Hazard 

Analysis and Critical Control Points (HACCP) program is accepted worldwide as one of 

the most efficient preventive programs for public health protection in the food sector. 

HACCP consists of a systematic approach for the control of potential hazards in a food 

operation, considering all stages in the food production from the raw materials until the 

final consumer, and aims to identify problems before they occur and design 

measurements to reduce these risks to a safe level.3 Although HACCP programs are 

specific for each production process, it can be basically divided into seven main 

principles: i) conduct a hazard analysis, ii) identify critical control points, to prevent, 

eliminate or reduce potential hazard entering in the food supply, iii) establish critical 

limits for each critical point, iv) establish critical control point monitoring requirements, 

v) establish corrective actions, vi) establish procedures for ensuring the HACCP 

system is working as intended, and vii) establish record keeping procedures, 

documenting all the aforementioned principles.9 The seven HACCP principles are 

included in the international standard ISO 22000 FSMS 2005. This standard is a 
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complete food safety and quality management system incorporating the elements of 

prerequisite programs (GMP & SSOP), HACCP and the quality management system, 

which together form an organization's Total Quality Management system. 

With the implementation of these HACCP programs, the demand for rapid, sensitive 

and selective detection methods considerably increased, motivating the development 

of new techniques for the analysis of different analytes in few hours or even minutes to 

take the appropriate correcting measures in the shortest time possible. In the case of 

allergens, reliable detection and quantification methods are also necessary in order to 

ensure compliance with food labeling and to improve consumer protection. However, 

the detection in food products can be very difficult, as the contaminating compounds or 

allergens are often present only in trace amounts and could be masked by the food 

matrix.10  

In the next sections, a brief description of the food related targets used as a model 

in the strategies developed in this dissertation is presented, as well as an overview of 

the related diseases that they produce. Afterwards, short summaries of the gold 

standard and rapid methods available for food safety are also introduced. 

 

1.1.1 Food allergens. Gliadin and celiac disease 
 

According to several European and American authors, food allergies affect up to 2-4 

% of the adult population and up to 8 % of children,11–13 although the perceived 

prevalence of food induced symptoms may be as high as 22 % of the general 

population.14 Food allergens can be defined as those substances in foods that can 

trigger an immune response in allergic individuals. In IgE-mediated food allergies, the 

allergens are usually naturally occurring, and often abundant, proteins found in a 

particular food.15 A special mention should be given to celiac disease, in which, 

although not classified as an allergy, a similar immunological reaction occurs, being the 

response at least partly mediated by IgA and cytolytic T cells.16 In highly sensitized 

individuals, the intake of minute amounts of allergens can provoke digestive disorders 

(emesis, diarrhea), respiratory symptoms (rhinitis, asthma), circulatory symptoms 

(edema, hypotension), and skin reactions (urticaria, atopic dermatitis/eczema) and for 

some allergic persons, contact with a specific food allergen can even provoke life-

threatening reactions (anaphylactic shock), which have been increasing more and 

more in recent years. 11–13 
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Since no cure for food allergic patients is available to date, these individuals must 

strictly avoid the offending compounds in their diet. Total avoidance is sometimes 

difficult, as processed food usually contains a wide variety of ingredients including 

potential allergens. Moreover, sensitive individuals may also be inadvertently exposed 

to allergenic proteins by consumption of food products supposed to be free of a certain 

allergen, as food products can be contaminated with ‘foreign’ food constituents during 

processing, shipping and storage, for instance by carry-over due to inadequate 

cleaning of shared processing equipment, or by reuse (rework) of allergen-containing 

products.10  

For the allergic consumer it is particularly important to have full information about 

potential allergens contained in a food product, which lead thus to the creation of 

proposals intending that all ingredients intentionally added have to be included in the 

label to ensure that consumers with allergies can identify any allergenic ingredients that 

may be present in a foodstuff.17 

Celiac disease, also known as celiac sprue or gluten-sensitive enteropathy, is an 

autoimmune disorder that affects possibly 1:100 people in Northern Europe and North 

America18,19. The disease was firstly described in a lecture by Samuel Gee in 1887, but 

the first accurate description of the celiac lesion was provided by Paulley et al in 1954 

who examined full-thickness biopsy specimens taken at laparotomy from a patient with 

celiac disease. The illness results from damage to the upper small intestinal mucosa 

due to an inappropriate immune response to a cereal protein, which can cause atrophy 

of intestinal villi and affects the normal absorption of many nutrients leading to 

development of anemia, osteoporosis or other complications.20,21 

‘Gluten’ is the generic term used for the protein fraction of cereal grains that causes 

celiac disease, being present in wheat, barley and rye. It contains hundreds of protein 

components, which are unique in terms of their amino acid compositions, as they are 

characterized by high contents of glutamine and proline and by low contents of amino 

acids with charged side groups. Traditionally, gluten proteins have been divided into 

roughly equal fractions according to their solubility in alcohol–water solutions of gluten 

(e.g. 60 % ethanol): the soluble gliadins (or other related prolamins like hordeins and 

secalins) and the insoluble glutenins.22 The first ones, monomers with molecular 

masses between 30 and 70 kDa, are responsible in triggering the immune system for 

the production of autoantibodies.18  

Celiac disease can be diagnosed at any age. However, it appears most commonly 

in early childhood (between 9 and 24 months) or in the third or fourth decade of life. 
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Clinical presentation depends on age, sensitivity to gluten, and the amount of gluten 

ingested in the diet, as well as other unknown factors. Although, it is a disorder that 

primarily affects the small bowel, the symptoms can range from classic gastrointestinal 

symptoms, such as diarrhea and abdominal distension, which are more common in 

infants and young children, to nonspecific gastrointestinal symptoms and extraintestinal 

manifestations, typical of older age groups. Moreover, some individuals may have no 

symptoms at all and can be termed as having silent celiac disease, which results in a 

substantial number of undiagnosed cases in the general population, possibly 10 times 

as many as actually have been diagnosed.21,23 Patients with celiac disease tend to 

have other chronic diseases in which the immune system attacks their own cells and 

tissues, including type-1 diabetes, autoimmune thyroid disease, autoimmune liver 

disease, rheumatoid arthritis, Addison’s disease, and Sjögren’s syndrome. 

Autoantibody production is an important feature of all these autoimmune disorders, 

signifying a breakdown of immune tolerance to self-antigens.24 

There is a strong genetic predisposition to celiac disease, with the major risk being 

attributed to the specific genetic markers known as human leukocyte antigen (HLA)–

DQ2 and HLA–DQ8 that are present in affected individuals.25 However, although the 

presence of these HLA proteins is necessary for developing celiac disease, it is not 

enough since about 30 % of the healthy population possess them.26 

The ability to generate an immune response to gluten depends on the presentation 

of gluten peptides to T-cells. These peptides, containing around 15 % of proline and 35 

% glutamine, are resistant to digestion by gastric and pancreatic enzymes 

accumulating thus in the intestine, where they reach the epithelial cell membrane 

passing into the cytosol.23,27 The further deamidation of the glutamine residues of the 

peptides by tissue transglutaminase (tTG), an ubiquitous connective tissue enzyme, 

creates epitopes with increased immunestimulatory potential.20 When tTG crosslinks 

with gliadin, the gliadin–tTG complex is taken up by B-cells that express tTG-specific 

immunoglobulins on their membrane. As a result of this uptake, the gluten–tTG 

complex is degraded intracellularly and the gluten peptides bind to the HLA DQ2 and 

DQ8 and are expressed on the cell surface. In celiac patients, gluten-specific T cells 

recognize this HLA DQ-peptide complex, resulting in the production of tTG specific 

antibodies and anti-gliadin antibodies causing an inflammatory immune response, 

responsible for the damage to the small intestine.18,28  

A specific 33-mer peptide of the α2-gliadin (residues 57-89) was shown to be highly 

resistant to digestive proteases, containing six T-cell identified epitopes, and being thus 
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the principal contributor for gluten toxicity in genetically susceptible individuals. 

Analysis with LC-MS and MS revealed that, although the deamidation pattern of 

LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF was complex, mono-deamidated 

products at the underlined Gln (Q) residue accumulated with time. Regiospecific 

deamidation of immunogenic gliadin peptides by tTGase increases their affinity for HLA 

DQ2 as well as the potency with which they activate patient-derived gluten-specific T 

cells.29 Another celiac disease causing 26-mer peptide from γ-gliadin 

(FLQPQQPFPQQPQQPYPQQPQQPFPQ) was later identified and 21 celiac-specific 

gluten epitopes were reported up to 2006.30 Further DQ2 restricted α- and γ-gliadin 

epitopes were characterized, and their location was established to be in distinct proline-

rich clusters of the gliadin protein. Toxic peptides were shown to always contain one of 

the four following motifs: PSQQ, QQQP, QQPY, or QPYP, although they must be 

surrounded by other amino acids to cause toxicity.31 

As celiac disease is a life-long disease, if untreated it is associated with significant 

morbidity and increased mortality, largely owing to the development of enteropathy-

associated intestinal lymphoma. The pathologic changes and symptoms resolve when 

gluten is excluded from the diet, being thus the strict adherence to a diet free of gluten 

the only treatment known until now. However, a diet completely free of gluten is very 

difficult to maintain since gluten is a very common component in human diet, being 

perhaps after sugar the second most widespread food component in western 

civilization. Moreover, cross-contamination to naturally gluten-free foodstuff (such as 

oat) is also very common, which makes that besides the quality control of gluten-

containing products, the assessment of gluten in foodstuff that can be contaminated 

with native or heated proteins from wheat, barley, and rye is also important. In addition, 

the fact that about 10 % of gluten seems to be made up of potentially toxic gliadin 

peptides makes extremely important to evaluate the content of these peptides in 

food.32,33  

As a result, to increase food safety for celiac patients, gluten has been included in 

food regulations and labeling in order to prevent harmful effects of gluten-containing 

food or food components.34,35 However, the individual variation and clinical 

heterogeneity occurring in celiac patients created serious problems when establishing 

the threshold values that should be allowed in gluten-free foodstuff and disagreement 

exists between and within countries.27 Therefore as part of the Food Allergen Labeling 

and Consumer Protection Act of 2004, the US Food and Drug Administration (FDA) 

defined in 2008 that foods labeled with the term gluten-free, may not exceed gluten 

contents of 20 mg gluten/kg of food (ppm). One year later, the European Union (EU) 
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enacted Commission Regulation 41/2009 that defines the term “gluten-free” for labeling 

purposes allowing affected consumers to identify those products that are safe to 

consume. The European Regulation, which is based on Codex Standard 118, also set 

a limit of 20 mg/kg product as a threshold, below which the gluten-free label in food 

products is allowed.36,37 Furthermore, the category “very low gluten” foods was 

introduced, in line with the stipulations made by Codex Standard 118-1979. These 

foods should not contain gluten from wheat, barley, and rye at a level equal to or higher 

than 100 mg/kg of food.31 A wide range of commercial gluten-free products are 

currently available from supermarkets and also on FP10 prescription.20 Finally, the 

Association of European Coeliac Societies (AOECS) is a non-profit organization that 

currently spans 34 countries in Europe and has the right to issue licenses under the 

newly introduced European Licensing System (ELS) giving producers of gluten-free 

products the right to use the internationally accepted crossed grain symbol, shown in 

Figure 1.1, A. This year the AOECS established that in order to certify the validity of the 

symbol and guarantee the gluten control of the product, it should be accompanied by a 

registration number, indicating a content below 20 mg/kg of gluten. Moreover, one of 

the following expressions should be added if necessary: “OATS” if contents of this pure 

cereal are present, “100” if the product contains until 100 mg/ kg gluten and 

“100/OATS” if both aforementioned statements occur simultaneously. Some other 

examples of gluten-free labeling certified by regulatory associations are shown in 

Figure 1.1, B.  

XX-YY-ZZ 100
XX-YY-ZZ

OATS
XX-YY-ZZ

100/ OATS
XX-YY-ZZ

(A)

(B)

 

Figure 1.1 Some examples of certified gluten-free labels. (A) International accepted symbol (green) and 
their variations validated by the AOECS. (B) Trademarks certified by FACE (Federación de Asociaciones 
de Celíacos de España), Gluten Free Organization (supported by the AOAC) and Allergen free 
International. 
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1.1.2 Microbiological contamination in food. Salmonella and 
salmonellosis 

 

Bacteria that cause foodborne diseases occur worldwide, being the principal 

responsible for the majority of foodborne outbreaks Salmonella spp., Listeria 

monocytogenes, and some strains of Escherichia coli and Campylobacter. Some other 

strains that can also be found in food are Staphylococcus aureus, Clostridium 

perfrigens and Bacillus cereus.  All these pathogens can rapidly multiply in a humid and 

warm environment and also in protein-rich foodstuff such as meat, fish, seafood, milk, 

eggs among others. While some infectious microorganisms can be multiplied in the 

digestive tract and cause disease through cellular invasion or toxin production, other 

produce enterotoxins in food during their growth and metabolism.38,39 

Over the past decades, most European countries and the United States have 

reported a sharp rise in the incidence of disease due to Salmonella. This increase, 

especially the emergence of more virulent isolates, emphasized the need to control this 

pathogen in the food supply. Salmonella are facultative, gram-negative, motile, non-

spore forming bacilli, able to live in anaerobic media, belonging to the 

enterobacteriaceae family. They grow at temperatures between 8 and 45 ºC in a pH 

range of 4-9 and are resistant to drying, being able to survive in dust and dirt for years. 

The genus Salmonella has been classically divided into three species: S. Typhi, S. 

cholerae-suis and S. enterica, and can be further catalogued by their antigenicity in 

over 2300 serotypes, which can be identified by highly specific O (somatic) and H 

(flagellar) antigens.40 

Salmonella enterica serovar Typhimurium is one of the most frequently documented 

serovars associated with human infections since 1997 (CDC 2007). This serotype 

causes not as severe illnesses as other species like S. Thypi, but is the most common 

agent causing foodborne infections. Its toxicity is due to an outer membrane consisting 

largely of lipopolysaccharides (LPS) which protect the bacteria from the environment. 

The LPS is made up of an O-antigen, a polysaccharide core, and lipid A, which 

connects it to the outer membrane. Lipid A is made up of two phosphorylated 

glucosamines which are attached to fatty acids. These phosphate groups determine 

bacterial toxicity. Animals carry an enzyme that specifically removes these phosphate 

groups in an attempt to protect themselves from these pathogens. The O-antigen, 

being on the outermost part of the LPS complex is responsible for the host immune 

response. S. Typhimurium has the ability to undergo acetylation of this O-antigen, 

which changes its conformation, and makes it difficult for antibodies to recognize.41 
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Salmonella is widely distributed in nature, being humans and animals their primary 

reservoirs. They live in the intestinal tract of humans and other animals, including birds 

and can pass from the feces of humans and animals to other people or other animals. 

The illness provoked by this bacterium is called Salmonellosis, a gastroenteritis that 

can affect humans and other mammals. Salmonellosis in humans occurs in a variety of 

forms, presenting a broad clinical spectrum. Typically, the incubation period is between 

6 and 72 h following ingestion of contaminated food or water and the most common 

symptoms are abdominal pain, diarrhea (occasionally with mucous or blood), nausea, 

vomiting, chills, headache and fever.  In uncomplicated cases, the acute stage usually 

resolves within 48 h, but in some cases can be more protracted, persisting until 10-14 

days. In most cases the recovery is achieved without treatment, but in some people like 

infants, elderly (>60 years) and immune-compromised persons, hospitalization can be 

needed and the infection can spread to the blood stream causing bacteremia, and then 

to other body sites, leading even to death.  However, fatalities rarely exceed 1 % of the 

affected population and are limited almost entirely to the aforementioned kind of 

patients.  

Many factors have contributed to recent food emergencies and to the increase of 

Salmonella in food supply. Some examples are the increasing complexity of the food 

production chain because of mass production and the modern large-scale and 

intensified farming practices that confine many animals or fowl in close quarters. 

Salmonella inadvertently introduced into a herd or flock quickly spreads since the 

confined conditions expose stock to contaminated feed and water through contact with 

infected animals and animal feces. Moreover, healthy animals may carry pathogens 

that cause disease in humans and animals may be infected from feed, from other 

animals, or from the environment.40,42 Contaminated foods are often of animal origin, 

such as meat, poultry, eggs, milk and dairy products, seafood, but also other foods, 

including vegetables and spices can become contaminated. Infectious doses are highly 

dependent upon the strain, the health and age of the infected host, but are estimated to 

be as low as 15-20 CFUs 43. These low limits of detection are a great challenge, and 

therefore in order to minimize the affect of food borne illness it is essential to develop 

sensitive, simple, inexpensive, and reliable tests that can be performed in the context 

of hazard analysis and critical control point principles.44 In 1997, a pathogen reduction 

and HACCP plan for Salmonella has been implemented in several large meat and 

poultry plants in the United States.40 The inspection of food for the presence of 

Salmonella has become routine all over the world.  
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1.2  AN OVERVIEW OF THE DETECTION METHODS FOR FOOD SAFETY 
 

The monitoring of food allergens and contaminants often requires very challenging 

limits of detection and has to be supported by strict analytical quality-control standards, 

so that the analysis produces unequivocal, precise, and accurate data. Moreover, an 

analytical method to be used in the determination of food related targets should 

accomplish an adequate specificity, sensitivity, accuracy, and precision at the relevant 

contaminant concentration and in the appropriate food matrixes. Therefore, different 

(bio)analytical methods should be available in order to provide two kinds of information: 

i) the one required for the rapid decision-making, and ii) the one obtained after the 

analysis with a validated technique, which confirms the results, normally based on 

classical standard methods carried out inside the laboratory.  

With the high demand for rapid, sensitive, simple, low cost and on-site testing, 

conventional laboratory methods that provide detailed qualitative and quantitative 

information about samples are increasingly replaced by rapid-response analytical tools 

providing a binary yes /no response which indicate whether the target analytes are 

present above or below a pre-set concentration threshold. These methods are called 

screening systems and are intended for the high-throughput and low cost analysis of 

samples, providing a reliable response with minimized preliminary operations, allowing 

an immediate action to take the appropriate correcting measures. However, it should 

be pointed out that positive samples sometimes require further confirmation by the use 

of a conventional alternative.45–47 

In the next sections (§§ 1.2.1 and 1.2.2), the confirmatory or gold standard 

techniques, as well as the screening and rapid methods for food safety are briefly 

introduced. A further and detailed discussion of the state of the art about the 

methodologies used for the targets selected in this dissertation as a model of food 

contaminants will be found in §§ 1.6 and 1.7.  

 

1.2.1 Gold standard methods for food safety 
 

In the case of the analysis of chemical contaminants and additives, such as 

pesticides, toxic metals, veterinary drug residues, flavorings and colors, or food 

allergens, some quantitative analytical methods commonly applied result from the 

coupling of chromatographic separation techniques, such as gas chromatography, 

HPLC, ion chromatography and capillary electrophoresis, with different kinds of 
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detectors based on UV-Vis light absorption or fluorescence, mass spectrometry (MS), 

light scattering (ELSD), refractometry (RI detectors), conductivity, electrometry or flame 

ionization. Other methods applied in food control are flow injection analysis (FIA), 

atomic absorption (AAS), inductively-coupled plasma atomic emission spectrometry 

(ICP-AES), near infrared spectroscopy (NIR) and Fourier-Transformed infrared 

spectroscopy, between others. Although most of these techniques are characterized by 

high selectivity and specificity, good precision and accuracy, as well as low limits of 

detection and the possibility to make multi-analyte evaluations, they are labor-intensive, 

costly, required specialized personnel and in some cases are also time-consuming.48,49 

On the other hand, the classical method for the detection of food-borne pathogens 

employs culture-dependent techniques based on plate counting, which consist in the 

enumeration of the colonies that appear after the incubation on a solid culture media 

(as explained in more detail in § 1.7.1). Special selective and differential media can be 

used to count specific organisms, which simultaneously contain inhibitors for others, 

and chromogenic or fluorogenic substrates can be added yielding brightly colored or 

fluorescent products as a result of the action of different specific bacterial enzymes or 

metabolites. The use of these selective media and chromogenes, combine the 

enumeration, detection and identification steps thereby eliminating the need of 

subculture media and further biochemical tests.50 Bacterial culturing is a very sensitive 

method and quite cost-effective, but has the main drawback of being time-consuming, 

since some days (2-5) are required to obtain final results. 

 

1.2.2 Rapid methods for food safety 
 

The study of new simple methods continued moving forward since the development 

of rapid, reliable and decentralized methods is mandatory to improve consumer 

protection. Between the emergent methods, the most important and highly studied 

were the following two: i) molecular methods operating in the DNA level based 

principally on the polymerase chain reaction (PCR) and its quantitative and highly 

accurate variant real-time PCR, and ii) protein-based methods usually involving 

immunochemical detection.  

Currently, the Enzyme-Linked Immunosorbent Assay (ELISA) is one of the most 

commonly used immunological techniques in laboratories of the food industry and 

official food control agencies due to its high precision, simple handling and good 

potential for standardization.17 Other suitable candidates to cover the demands of 
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HACCP programs are the biosensors), due to their high sensitivity, selectivity, low cost, 

besides the fact that they allow the rapid and on-field detection of a wide range of 

analytes in complex samples, requiring in general minimal sample pretreatment and 

reduced detection times. In particular immunosensors (§ 1.4.2.1), result promising 

alternatives to the existent immunochemical assays.51  

In the following sections (§§ 1.3 and 1.4) the last strategies, namely immunoassays 

and biosensing approaches, are further discussed since these are the methodologies 

designed and developed in this dissertation. 

 

1.3  IMMUNOCHEMICAL METHODS 
 

Immunochemical methods, which have been used for decades in clinical chemistry 

as rapid, simple and reliable tools of screening analysis, have gradually spread in 

recent years to veterinary medicine, agriculture and other areas including 

environmental and food contaminants analysis.52 They allow the identification and 

quantification of trace amounts of different compounds based on immunological 

principles, in particular, on the highly specific interaction between the analyte (antigen) 

and its specific antibody. These methods offer a number of advantages, such as high 

specificity and sensitivity, rapidity and the possibility of the simultaneous analysis of a 

great number of samples.53  

The detection of an antigen requires the production of specific antibodies, its 

isolation and in many cases also some final purification step. Advances in polyclonal 

and monoclonal antibodies production have stimulated this technology, since 

nowadays a wide range of antibodies are available against almost all the important 

food residue compounds, which can be commercially acquired at reasonably low 

cost.54 Because antibody affinity and specificity determine primarily the analytical 

capability of the immunochemical method, the properties of the antibodies represent an 

important innovative factor in developing an analytical system. Antibodies “made to 

measure” are required for both the detection of a single molecule or the simultaneous 

screening of a group of closely structurally related substances.52 As an example, to 

determine sulfanylamide drugs, one should perform a number of specific analyses for 

determining each particular sulfanylamide or a class-specific analysis by which one can 

determine the total of closely related compounds.55 Therefore, the immunological 

methods can be designed for the detection of one component or as a method of total 

index (class-specific), depending on the immunogen used for the antiserum production. 
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One of the most important differences between the chromatographic and 

immunochemical methods of analysis is in their specificity. Chromatographic methods 

are used to determine several closely related substances in one sample, and 

developers face the problem of reducing the number of peaks in the chromatogram, 

that is, the number of substances to be determined; this is attained using fine sample 

preparation. In contrast, immunochemical methods are most often used to determine 

only one substance for which antibodies have been isolated.53 Moreover, 

immunological techniques require little or no sample cleanup, without the need of 

expensive instrumentation and are more suitable for on-field analysis in contrast to the 

classic instrumental method previously described.   

 

1.3.1 Antibodies as bioanalytical reagent  
 

Antibodies are glycoproteins belonging to the immunoglobulin (Ig) family present in 

a soluble form in blood and lymph with the main role of identifying and neutralizing 

foreign agents (such as bacteria and viruses). They are produced by lymphocytic B 

cells and are responsible for the immunological memory after the elimination of the 

agent for a future improved response. Five different antibody isotypes are known in 

mammals, which differ in their biological properties, functional locations and ability to 

deal with different antigens: IgA, IgG, IgM, IgE, and IgD (rare), from which the IgG 

group is the most abundant in blood serum (80 %).56,57 

An antibody (Ab) molecule consists of two pairs of identical polypeptide chains, 

called light and heavy chains, joined by disulphide bonds. The Figure 1.2 shows the 

typical IgG structure. Both types of chains present variable domains on the amino-

terminus of the protein and constant regions on the carboxyl end. The variable regions 

make up the antigen (Ag) recognition and binding site, giving the antibody specificity. 

The amino acid sequence of this region is highly variable, and this contributes to the 

broad recognition power of the antibody to a wide range of target molecules. When 

digested with the proteolytic enzyme papain, a mammalian antibody molecule yields 

two identical 50 kDa Fab fragments (antigen binding fragment) and one 50 kDa Fc 

fragment (crystallizable fragment).58,59 The Fab fragment binds to antigen molecules, 

while the Fc fragment ensures that each antibody generates an appropriate immune 

response for a given antigen, by binding to a specific class of Fc receptors (located on 

many mammalian cells) and other immune molecules, mediating different physiological 

effects related with the different antibody functions.  
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Figure 1.2 Schematic representation of an IgG antibody, showing the variable and constant regions of the 
heavy and light chains which form their typical structure, consisting of two antigen binding fragments (Fab) 
and a constant fragment (Fc).  

 

Foreign molecules that activate an immune response in an organism are called 

immunogens, and usually have a high molecular weight (>10 kDa) and high structural 

complexity. Besides, if the substance is able to induce the generation of antibodies it is 

called antigen. If antibodies production against small molecules (< 10 kDa) is required, 

as for example in the case of toxins, hormones or other compounds, they have to be 

attached to a larger molecule, such as a protein, which should be strange for the 

organism but also should not elicit an immune response by itself. In this case, the small 

molecule is called hapten and the conjugated macromolecule, carrier. Once the body 

has generated antibodies to an hapten-carrier adduct, the hapten may also be able to 

bind to the antibody, but it will usually not initiate an immune response.58  

An immunogen, antigenic molecule or hapten-carrier adduct, inoculated in a host 

receptor organism is able to trigger an immune response that allows obtaining the 

specific antibodies as analytical reagent, which present specific binding sites, able to 

strongly react with the primary compound. 

 

1.3.1.1 Antibody production 

 

The production of a target-specific, high performance antibody depends on the 

proper strategy in selecting and delivering the antigenic molecules such as small 

peptides or polypeptides as immunogens. Therefore the successful antibody 

production depends on the careful planning and implementation with respect to several 
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important steps and considerations: i) synthesize or purify the target antigen (e.g. 

peptide or hapten); ii) choose an appropriate immunogenic carrier protein; iii) conjugate 

the antigen and carrier protein to create the immunogen; iv) immunize animals using 

appropriate schedule and adjuvant formula; and v) screen serum (or hybridoma for 

antibody titer and isotype (also called antibody characterization).60 

Polyclonal antibodies (pAb) are produced by using traditional immunization 

procedures, being rabbits, goats and sheep the most common animals used in the 

production. The assortment of antibodies present in a pAb preparation may consist of 

different classes and subclasses produced by the response of many different B 

lymphocytes, and they may recognize multiple antigens or multiple epitopes located on 

the same antigen. A certain drawback of the method lies in the fact that it is not 

possible to produce identical antibody specificity even in two animals of the same 

species. Moreover, polyclonal antibodies present sometimes cross-reactivity problems 

reacting with other nonspecific proteins and their supply is limited by the animal 

dead.61,62 

These problems have been solved with the production of monoclonal antibodies 

(moAb), introduced by Kohler and Milstein in 1975 through the discovery of hybridoma 

technology. In contrast to polyclonal, monoclonal antibodies are synthesized by a 

population of identical B cells and recognize only a specific epitope on an antigen. 

During moAb production, the B-lymphocytes are collected from the spleen of 

immunized mice, rats, or rabbits and fused with myeloma cells (Sp2/0, NS1), producing 

the hybrid cells, called hybridoma. The hybrid cells are then screened to determine 

which ones produce antibodies of the desired specificity and the selected clone can be 

infinitely proliferated by cell culturing in a flask or grown in the peritoneal cavity of a 

mouse.63,64 Although the processing of monoclonal antibodies is more complex and 

expensive, an unlimited production of identical and highly specific antibodies can be 

achieved. However, the wide spreading is limited by low predictability of the hybridoma 

technology result.  

The type of antibodies (pAb vs. moAb) to be used depends on the specific 

application. If a high specificity is required, monoclonal antibodies are normally 

preferred. Nevertheless, polyclonal antibodies although their lower specificity, provide a 

higher sensitivity to the assays and were also found to be superior to monoclonal 

antibodies in capturing and concentrating target molecules, as in the case of 

immunomagnetic or immunobead-based captures. Furthermore, polyclonal antibodies 

are also preferred for the production of secondary antibodies.62,65 
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In some cases difficulties with the antigen isolation and purification arise and thus, 

the native proteins cannot be used to generate the desired antibodies. As a result, 

several other strategies like the use of synthetic peptides, recombinant DNA 

technology, and phage display were introduced as alternative methods for antibody 

production.66,67  

In the last decade, molecular biology has generated fundamental changes in 

antibody production. Preparation of recombinant antibody fragments with novel binding 

properties was a primary goal by cloning antibody genes through a recombinant DNA 

technology. The major improvement of recombinant antibodies over polyclonal or 

monoclonal antibodies is that they are produced by bacteria culturing, which offer a 

stable genetic source. Furthermore, screening is less time–consuming, the bacteria 

can be genetically manipulated directing mutagenesis to that part of gene which 

determines the structure and affinity of antibody binding site and the recombinant 

antibodies can be produced in abundance in a relatively short period of time.68 

Moreover, large phage libraries expressing antibody fragments on the surface of 

individual phage particles were used for preparation of recombinant antibodies. The 

systems enable separation of individual phage particles and subsequent selection of 

phage antibodies from a large number of expressed phage particles.69,70 

 

1.3.1.2 The antibody-antigen recognition 

 

Antigens induce the production of antibodies against different regions in their 

structure and the antibody-antigen interaction occurs thus between some aminoacidic 

residues from the antibody (paratope) and a small complementary region in the antigen 

(epitope). The recognition ability depends on the aminoacidic sequence variability of 

the Fab region of the antibody. The binding pocket of an antibody can accommodate 

from 6 to 10 amino acids and the highly specific recognition of the antigen is based on 

multiple reversible non-covalent interactions: hydrogen bonds, electrostatic 

interactions, van der Waals forces, and hydrophobic interactions. All of them are 

weaker than covalent binding, but the total addition of all these forces have a significant 

effect and define the strong antibody affinity to its specific antigen.  

The measure of the strength of the binding is called affinity, and it is usually expressed 

in terms of the concentration of an antibody-antigen complex measured at equilibrium. 

The thermodynamic balance of the antigen-antibody binding can be represented by the 

equation shown in Figure 1.3. This balance is generally highly shifted to the right, with 

Ka values in a range between 108- 1010 M-1.57,58 
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(A) (B)
 

Figure 1.3 The reversible antigen-antibody reaction is outlined in (A), while the calculation of the 
equilibrium constant or antibody affinity (K) is shown in (B).  
 

The affinity is inversely proportional to the distance between the groups participating 

in the interaction. In order to minimize the distance and increase the antigen-antibody 

affinity accordingly, epitope and paratope structures should be complementary. Small 

changes in the antigen structure (such as a single amino acid) can affect the strength 

of the interaction causing an abrupt decrease in the affinity. High-affinity antibodies can 

bind more antigen in a shorter period of time than low-affinity ones, and they form more 

stable complexes. Hence, high-affinity antibodies are usually preferred in 

immunochemical techniques.1 

Some antibodies show cross-reactivity to similar epitopes on other molecules. This 

makes the immunochemical method less specific but at the same time more applicable 

to situations where the target is a class of structurally related molecules.71 

 

1.3.2 Labeling of immunological reagents 
 

Although in some cases the antibody-antigen complexes result in a visible 

precipitate, in most immunochemical assays the attachment of antibody to antigen can 

be visualized only by labeling the antibody or antigen with a marker that can be 

qualitatively and sometimes quantitatively detected. Thus antibodies or antigens can be 

labeled with a radioactive isotope for use in radioimmunoassay, fluorochromes that 

emit visible fluorescence for use in immunohistochemistry, nanoparticles that give 

electron dense labels for microscopy techniques, or enzymes that give a colored 

product for enzymatic immunoassays (EIA). Table 1.1 summarizes some of the 

commonly used labels in immunochemical methods.72 
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Table 1.1 Common labels used for the detection of the antibody-antigen reaction in immunochemical 
techniques. 

Label Examples Main use 

Fluorochromes 

 

Fluorescein 

 

Rhodamine 

Phycoerythrin, Texas Red, 7-Amino-4-
methylcoumarin 3-acetate (AMCA), 
BODIPY derivatives, Cascade Blue 

Immunohisto/ cytochemistry; 
flow cytometry; fluorimetric 

assays 

Immunohisto/ cytochemistry; 
flow cytometry 

Flow cytometry 

 

Radioisotope 125 I Competitive and non-
competitive RIA 

Enzymes 

 

Alkaline phosphatase (AP) 
 

Β-Galactosidase 

Horseradish peroxidase (HRP) 
 

Glucose oxidase 

Urease 

Immunohistochemistry; EIA; 
immunoblotting 

As above 

As above; immunoelectron 
microscopy 

Immunohistochemistry 

EIA 

Electron dense 
Gold nanoparticles 

Ferritin 

Immunoelectron microscopy 

As above 

 

A variation of enzyme labeling involves coupling of a reactive molecule such as 

biotin to the antibody or antigen. The signal is then indirect detected when an enzyme-

conjugated (strept)avidin is added to the system as secondary label. The potential for 

more than one labeled (strept)avidin to become attached to each antibody through 

multiple biotinylation sites tends to multiply the signal and hence, provides an increase 

in the assay sensitivity over biomolecules directly labeled with a detectable tag. This 

fact provides the amplification needed for the detection of analytes at low 

concentrations. 73  

In the next sections (§§ 1.3.2.1 and 1.3.2.2) the enzymatic labeling and biotin 

tagging are explained in more detail since these are two kinds of labeling used in this 

work. 
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1.3.2.1 Enzymatic labeling 

 

Enzymes offer the advantages of long shelf life, high sensitivity, and the possibility 

of direct visualization. They offer several advantages over fluorescently labeled and 

radiolabeled substances, such as their stability. The most often used enzymes are 

alkaline phosphatase (AP) or horseradish peroxidase (HRP), but other enzymes like 

glucose oxidase and β-galactosidase are also applied, and depending on the detection 

strategy the enzyme can be coupled to the antigen or antibody. A comparison of the 

properties of AP and HRP is shown in Table 1.2.74 

 
Table 1.2 Comparison of horseradish peroxidase and alkaline phosphatase physical properties. 

 Horseradish Peroxidase Alkaline Phosphatase 

Size 
Price 

Stability (storage) 
Number of substrates 

Kinetics 
pH optimum 

40 kDa 
Relatively inexpensive 

Stable at < 0ºC 
Many 
Rapid 

5-7 

140 kDa 
Relatively expensive 

Unstable at < 0ºC 
Few 

Slower 
8-10 

  

 

The most used conjugation techniques are: i) maleimide activation of the enzyme for 

reaction with free sulfhydryl groups on the protein previously generated by disulfide 

bonds reduction, ii) periodate activation in which polysaccharide residues in a 

glycoprotein are oxidized to aldehyde groups for the subsequent conjugation with 

amine- or hydrazine-containing molecules, and iii) glutaraldehyde cross-linking based 

on the reaction of the aldehyde moeties formed on both ends of glutaraldehyde under 

reducing conditions that couple with amines of the proteins, and 4) carboxylic groups 

activation by reacting with a carbodiimide and N-hydroxy succinimide (NHS). In all 

cases a high antigen binding activity or epitope availability should be retained after the 

conjugation of the antibody or antigen, respectively. 54,75  

On the other hand, the applied enzymes should contain surface functional groups 

that can be used to form conjugates without affecting its catalytic activity or 

compromising the biorecognition event. Moreover, the enzymes should be stable in the 

sample matrix and show a high catalytic constant, and it is also desirable that they are 

readily available in a purified and soluble form at a reasonable cost.76  Finally, it is 

recommendable to remove the excess of non-conjugated enzyme in order to lower as 

much as possible the background signals improving thus the signal to noise ratios.  
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1.3.2.2 Biotin tagging for indirect enzymatic labeling 
 

The biotin-(strept)avidin binding has become a wide used technique in many 

biological applications allowing the tagging, identification and immobilization of different 

biomolecules.77–79 The protein streptavidin is isolated from Streptomyces avidinii, while 

avidin is a glycosylated positively charged protein obtained from egg white. Although 

their low sequence homology (around 35 %), both have the same tertiary and 

quaternary structure and are able to bind until four biotin molecules approximately with 

the same affinity. The extraordinary affinity of avidin for biotin is one of the strongest 

known non-covalent interactions of a protein and ligand (Ka=1015 M-1) and allows biotin-

containing molecules in a complex mixture to be discretely bound with avidin 

conjugates. The bond formation is very rapid, and once formed, it is unaffected by 

extremes in pH, temperature, organic solvents and other denaturing agents, which is  

very interesting for the application in bioanalytical techniques.80,81 

Besides the strong affinity for avidin, biotin exhibits two characteristics that make the 

molecule ideal for labeling proteins and macromolecules. First, biotin is comparatively 

smaller than globular proteins, which minimizes any significant interference in many 

proteins and allows multiple biotin molecules to be conjugated to a singl e protein for 

maximum detection by avidin. Second, as shown in Figure 1.4, biotin has a valeric acid 

side chain that is easily derivatized and conjugated to reactive moieties and chemical 

structures without affecting its avidin-binding function. This feature allows many useful 

biotinylation reagents to be created.  

Valeric acid

 
Figure 1.4 Biotin structure showing the bicyclic biotin ring on which the avidin-binding occurs and the 
valeric acid side chain with its carboxylic reactive group suitable for further chemical reactions. 

 

Common to all the biotinylation reagents is the presence of the bicyclic biotin ring at 

one end of the structure and a reactive group at the other end that can be used to 

couple with other molecules. Depending on the  reactive group present on the 

biotinylation reagent, specific functional groups may be modified to create an affinity 

tag capable of binding avidin (or streptavidin) derivatives. Amine, carboxylate, 

sulfhydryl, and carbohydrate groups can be specifically targeted for biotinylation 
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through the appropriate choice of the reactive biotin compound. Careful choice of the 

correct biotinylation reagent can result in directed modification away from active 

centers or binding sites, and thus preserve the activity of the modified molecule. The 

distance between the reactive moiety and the biotin molecule can also be adjusted 

using spacer arms of different lengths to increase the availability of biotin for avidin 

binding, increase the solubility of the reagent or to make the biotinylation reversible. 

The more recent biotin compounds use PEG spacers, which offer significant 

advantages over the more traditional aliphatic compounds because the pronounced 

water solubility of the PEG cross-linker can prevent aggregation of biotinylated 

molecules. Biotinylated antibodies are particularly susceptible to aggregation and loss 

of antigen binding ability if they are modified using hydrophobic biotin compounds. The 

PEG-based biotin reagents show better solubility and longer stability than their 

corresponding aliphatic biotinylation compounds of equivalent size.75 

In addition to the signal amplification provided by the use of the biotin-(strept)avidin 

detection system (Figure 1.5, A), the signal intensity can be further amplified using the 

avidin-biotin complex method in which the multiple binding sites of avidin are used to 

increase the number of enzyme molecules at the target biotinylated antibodies. In this 

approaches, biotinylated peroxidase is pre-incubated with avidin, forming large 

complexes between the tetravalent avidin and the enzyme conjugated with multiple 

biotin molecules as shown in Figure 1.5, B. These large lattice-like complexes with 

biotin-binding capability can be attracted to the sites of biotin-labeled antibody already 

bound to the target antigen, producing thus an increase in signal intensity and 

sensitivity.82,83 

 

Figure 1.5 Schematic representation of different biotin-streptavidin based approaches, showing in (A) the 
basic indirect detection system and in (B) the signal amplification obtained after adding the multivalent 
avidin and biotinylated enzyme, forming huge amplification complexes. 
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1.3.3 Immunological techniques 
 

The first classical immunological methods were based on the formation of antigen-

antibody complexes in solution using unlabeled reagents and the subsequent detection 

was based on precipitation or agglutination which could be visually detected or through 

absorbance or light scattering measurements. Some examples of these methods are 

the precipitin test (based on immunodiffusion or counter-immunoelectrophoresis), 

complement fixation, hemagglutination, particle agglutination, immunoturbidimetric and 

light-scattering assays. In all cases, the agglutination was normally amplified by 

attaching the antigens or antibodies to different kinds of particles (such as polystyrene 

beads, erythrocytes or latex beads) and depending on the goal, conglomerates 

formation or inhibition could be detected.84,85 However, all these techniques were not 

sensitive enough, could lead to wrong results due to the presence of interfering species 

and were mostly just applicable for the analysis of high molecular weight molecules. As 

a result, they were later replaced by faster and more sensitive immunoassays. 

The development of radioimmunoassay (RIA), developed in the 1960s by Yalow and 

Berson (who received the Nobel Prize in medicine in 1977), provided many 

improvements to the immunochemical methods. In this technique either the antigen or 

the antibody molecules were labeled with gamma-radioactive isotopes, allowing the 

monitoring of the antigen-antibody complex formation. Moreover, in some cases even a 

secondary radiolabeled antibody (against the primary antibody) can be used. As a 

result, the technique is simple, very sensitive and highly specific, and can be used for 

the analysis of both antigens and haptens. However, it has the drawbacks of the high 

cost of reagents and equipments, the high risks associated to the use of radioisotopes, 

which require a license and trained personnel for their manipulation, the low stability of 

the labeled reagents and the management of radioactive residuals disposal. All these 

facts limited its widespread use and led to the replacement of this method by other kind 

of immunoassays, using non-radioactive labeled markers coupled to colorimetric, 

luminescence or fluorescence-based detection. Some examples of these techniques 

were: immunofluorescence assays, fluorescence polarization assays, time- resolved 

fluorescence immunoassays, chemiluminescence immunoassays and the most widely 

used enzymatic immunoassays (EIA), which will be more deeply analyzed in the next 

section.54,65,71 
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1.3.3.1 Immunoassays based on enzymatic labeling 

 

In EIA, enzyme molecules are used as a marker for the detection of the 

immunocomplex formation. The catalytic features of the enzymes provide an 

amplification of the signal resulting from the complex formation, improving the 

sensibility when compared to the RIA technique and eliminating the limitations related 

to the use of radioisotopes. Furthermore, enzymes offer the advantages of long shelf 

life, high sensitivity and the possibility of direct visualization or spectrophotometric 

detection without the need for expensive and sophisticated equipment. When the 

appropriate substrate is added, the enzyme catalyzes the production of a colored or 

fluorescent end-product, which can be visualized and quantified. On the other hand, 

some disadvantages include multiple assay steps, the possibility of interference from 

endogenous enzymes and some hazardous substrates. 

Depending on whether or not the immunocomplex is separated from the free 

immunoreagents, the EIA can be classified in homogeneous or heterogeneous. In the 

first type the enzymatic activity is modulated by the formation of the immunocomplex 

and no washing steps are needed for the separation. An example of this technique is 

the Enzyme Multiplied Immunoassay (EMIT), applied in some cases for drug or 

hormones detection in clinical diagnosis. On the other hand, the heterogeneous 

systems involve the immobilization (covalent or non-covalent) of either antigen or 

antibody to a solid support and the separation of the excess non-reacted 

immunoreagents by washing steps. The term Enzyme-Linked Immunosorbent Assay 

(ELISA) is used for this type of assays and they can be performed using different solid 

supports, such as microtiter plates, cellulose, nylon membranes/tubes, nitrocellulose 

membranes, or different kinds of particles, as for example magnetic particles.54,58 

The most widely applied supports for immunoassays are the 96-well microtiter 

plates. Technical advances led to automated pipetting devices, multichannel pipettes, 

and microtiter plate readers and washers, and in the 1980s fully automated test 

instruments were manufactured by Boehringer-Mannheim and Abbott, among others. 

Such automated systems have come to stay in laboratories allowing the simultaneous 

detection of a great number of samples in a short time and at reasonably low cost.86  
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1.3.3.2 Enzyme linked immunosorbent assay (ELISA) 

 

ELISA can be performed in two different formats, depending on the location of 

antigen or the antibody on the solid surface and on which immunoreagent is labeled: 

Sandwich or non-competitive ELISA. In this case, the antigen-specific capture 

antibodies are immobilized on the solid support, so that if the target is present in the 

sample, it will bind to the antibodies. Unbound sample is removed by washing, and a 

second antibody specific for the antigen is added, which is conjugated to an enzyme, to 

give the color reaction after the addition of substrate. The amount of color is thus 

directly proportional to the amount of antigen present in the original sample. A 

requirement for a successful sandwich assay is the multivalence of the antigen, which 

should be large enough to contain different epitopes for at least 2 antibodies. In cases 

where the analyte is a small molecule, like some toxins or pesticides, a competitive 

immunoassay can be used. 

Competitive ELISA. In a competitive ELISA format, a structural mimic of the antigen 

is coated on the solid support, which is usually an antigen conjugated to a protein 

through a specific conjugation technique. The sample together with the antigen-specific 

antibody is then incubated in the wells, at which stage, the antigen in the sample is 

competing with the immobilized antigen for the limited amount of antibody in solution. 

Another variation of the direct format can also be performed if the specific antibody is 

immobilized and a labeled antigen competes with the antigen in the sample. However, 

the first strategy has the advantage that lesser antibody amount is needed and 

previous labeling of the antigen or hapten-carrier complex is not required. In all cases, 

after substrate addition a color is formed, which intensity is inversely proportional to the 

amount of antigen in the solution. The more antigens in the sample, the less labeled 

immunoreagent will be bound to the surface and the lighter the color. In the competitive 

immunoassays the antigen can be either an hapten with just one epitope or a 

macromolecule (divalent or multivalent).54,71  

Both immunoassay formats can be either direct as previously explained or indirect, 

depending on which antibody is conjugated to the enzyme label. 

Direct and Indirect formats. In the indirect immunoassays, the specific antibody 

towards the target antigen is unlabeled, and hence, a secondary antibody against the 

first one conjugated to the enzyme and called secondary antibody, is added. The 

sensitivity of the indirect format is often better than the direct immunoassay, due to the 

fact that more than one labeled secondary antibody can bind to each primary specific 
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antibody amplifying thus the signal. Moreover, it also provides versatility due to the fact 

that the same labeled antibody can be used for different targets in different detection 

kits, without the need to label every specific antibody. However, the indirect detection 

presents the drawback that an additional incubation step is needed, requiring thus 

longer assay times. The different immunoassay types are detailed outlined in Figure 

1.6. 

 
Figure 1.6 Schematic representation of the different immunoassay formats (sandwich and competitive, 
direct and indirect). 

 

Beside the immunoassay format, another important issue to consider is the 

nonspecific binding, which involves the adsorption of conjugated enzyme or other 

labels used in an immunoassay to materials other than the analyte.76 This 

phenomenon, which increases the background signal, is one of the major limiting 

factors for obtaining good detection limits and therefore including procedures that 

minimize nonspecific binding in the immunoassay is critical. With plastic surfaces, such 

as polystyrene used to make microtiter wells and particles, hydrophobic interactions 

usually dominate the adsorption processes.87 The adsorption is entropically driven and 

can usually be minimized by physically coating the exposed areas of the reaction 

vessel through surface treatments such as a mixture of a protein blocker as bovine 



Immunoanalytical strategies based on magnetic carriers for food safety 

28 

 

serum albumin and a nonionic detergent like Tween 20.88 These kind of detergents and 

proteins can also be added to the buffers to block further nonspecific adsorption with 

particle-based immunoassays.89 Other commonly used blockers are polyethylene 

glycol, gelatin and casein,90,91 and proprietary blended commercial products. Moreover, 

sulfonate ion-pairing reagents have been found to reduce the nonspecific adsorption on 

positively charged surfaces.87 

A number of quick screening test based on the ELISA principle have been 

developed against different targets in food and clinical diagnostic. For example, some 

microplate ELISAs can be performed in around 20 min with good sensitivity. Other 

approaches involve the antibody immobilization on a paper disc or other membrane 

mounted either in a plastic card, plastic cup or on the top of a plastic tube. In the lateral 

flow immunoassay or dipstick test, a capture antibody is immobilized onto a surface of 

porous membrane (nitrocellulose, nylon, Teflon) in a predefined position and a sample 

passes along the membrane. The detector reagent, typically coupled to a latex or 

colloidal metal particle, is deposited into a conjugate pad. When a sample is added to 

the conjugate pad, the detector reagent is solubilized and begins to move with the 

sample flow front up the membrane strip. As the sample passes over the zone to which 

the capture reagent has been immobilized, the analyte detector reagent complex is 

trapped, and a color develops in proportion to the analyte present in the sample. 

Substrates leading to the formation of water-insoluble chromogenic products are used 

in these assays. As a result, most of these screening tests are easy to perform and 

take just 10 to 15 min, providing in general semi-quantitative information about certain 

cut-off concentrations for the target substance. Many assay kits are currently 

commercially available, although being in general less sensitive than the ELISA based 

assays.71,92  

 

1.4 BIOSENSING METHODS 
 
The term biosensor appeared in the scientific literature at the end of the 1970s, 

although the concept and even the commercialization started before.  Leland Charles 

Clark Jr. is considered as the pioneer of the biosensor research. In 1956 he published 

his first paper on the electrode to measure oxygen concentration in blood.93 Some 

years later, Clark and Lyons developed the first biosensor for glucose analysis 

consisting of glucose oxidase enzymes entrapped at a Clark oxygen electrode using a 

dialysis membrane, in which the decrease in the measured oxygen concentration was 

proportional to the glucose concentration.94 Clark’s ideas turned out to be commercial 
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reality in 1975 with the fruitful re-launch (first launch 1973) of the Yellow Springs 

Instrument Company’s glucose analyzer based on the amperometric detection of 

hydrogen peroxide. Finally the term biosensor started to be used in 1977, after the 

development of the first device using living microorganisms immobilized on the surface 

of an ammonium sensitive electrode. From then on, the design and development of 

biosensors has continued growing for analytical applications in different fields.95 As an 

example, in 1984 Turner and his colleagues published a paper on the use of ferrocene 

and its derivatives as immobilized mediators for use with oxidoreductases in the 

fabrication of low-cost enzyme electrodes. This formed the basis for the screen-printed 

enzyme electrodes launched by MediSense, Cambridge, USA in 1987 with a pen-sized 

meter for home blood-glucose monitoring. The electronics were redesigned into 

popular credit-card and computer mouse style formats and MediSense’s sales showed 

exponential growth reaching US $175 million by 1996.96 

According to the IUPAC (International Union of Pure and Applied Chemistry), a 

biosensor can be defined as a self-contained integrated device which is capable of 

providing specific quantitative or semi-quantitative analytical information using a 

biological recognition element (biochemical or biomimetic receptor) which is either 

integrated within or in intimate contact with a physicochemical transducer.97,98 

In other words, biosensors are small analytical devices that detect low 

concentrations of the target compound through a biological reaction, converting the 

biorecognition event into quantifiable signals. They usually generate a continuous 

electric signal, which is proportional to the amount of the specific analyte or group of 

analytes reacting at the transducer surface. The scheme of a biosensor is shown in 

Figure 1.7. Different biorecognition elements can be used (enzymes, nucleic acids, 

antibodies or antigens, cell receptors, tissues, whole cells, etc), which can be 

integrated within, coupled to or immobilized on the surface of the transducer, and the 

detection principle is based on their specific interaction with the target analyte, which 

provides the selectivity to the device.99–101 

The procedure used for the immobilization of the biorecognition element on the 

transducer surface is a crucial step in the biosensor development, since it should not 

affect the activity of the biological material allowing the correct analyte recognition, 

while simultaneously not disturbing the sensitivity of the transducer element. The most 

applied immobilization techniques are: i) physical adsorption (in which binding forces 

are mainly due to hydrogen bonds, ionic interactions and Van der Waals forces), ii) 

microencapsulation behind different kinds of membranes, iii) entrapment in polymeric 
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gels, iv) cross-linking using bifunctional or multifunctional reagents (such as 

glutaraldeyhde), and v) covalent binding through functional groups which are not 

essential for the biological activity.101–103 Another type of immobilization (only 

compatible with electrochemical transducers), which does not need a separate 

modification step since the biological element becomes already integrated on the 

transducer material is: vi) bulk modification of the electrode material with the 

biomolecules by the formation of a biocomposite e.g. in carbon paste or graphite epoxy 

resin.104,105  

 As a result of the biological interaction between the biorecognition element and the 

analyte a primary signal is produced, which consist in the variation of one or more 

physical or chemical properties (pH, electron transfer, temperature, potential, mass, 

optical properties, between others). This primary signal is detected by the transducer 

and transformed in a secondary electronic output, as previously explained, which can 

be easily processed as outlined in Figure 1.7.106,107  

 
Figure 1.7 Schematic representation of the working principle of a biosensor showing the specific 
recognition of the analyte, the transducer that detects the physicochemical change and the obtained signal 
(related to the amount of analyte in the sample).  

 

Biosensors allow the detection of a broad spectrum of analytes in complex sample 

matrices and have been used in a wide variety of areas such as medicine, food 

analysis, environment, process industries, security, defense and diagnostics. The 

emerging field of biosensors seeks to exploit biology in conjugation with other 

disciplines like analytical chemistry (since they are in fact, chemical sensor), electronics 

and software technology.101,107  

The more outstanding features of these devices, which make them very promising 

analytical tools and good alternatives for the implementation in food control systems 

(such as HACCP) are listed below:   
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 High sensitivity, achieving in some applications detection limits as low as µg L-1 

(ppb). The sensitivity of each sensor system may vary depending on the transducer 

properties and the biological recognizing element. 

 High selectivity, to be able to distinguish a target analyte from others with similar 

properties. This aspect is achieved through the use of highly specific recognition 

elements. 

  Reliability, since the transduction systems are designed to reduce to the minimum 

the possible interferences by the sample and the noise problems. 

 Low cost, due to the fairly inexpensive associated materials and instrumentation. 

 Short analysis time, allowing a rapid response accordingly with the sensing result. 

 Minimal sample pretreatment requirements and multi-analysis capability, which 

provides the saving of time and materials. 

 Easy handling, not requiring high trained personnel. 

 Portability, to permit the on-site analysis. 

 Compatibility with automatization and miniaturization technologies, by applying 

nanotechnology and microelectronic advances. The first aspect facilitates the 

integration in the monitoring of industrial processes, while the second aspect allows 

their application in assays in which the physical size, the sample volume or the point 

of measurement are limiting factors.  

 Versatility, which allows the design of devices à la carte. 

The combination of several of these advantages places biosensors in a preferential 

position when compared to conventional analytical methods, such as chromatography, 

spectrometry, etc.95,107,108  

An ideal biosensing device for the rapid detection of food contaminants or allergens 

should be thus sensitive, selective, robust, fully automated, inexpensive, and routinely 

used both in the field and the laboratory. Other desirable properties in some 

applications would be a high stability, operating life and reduced storage requirements, 

in order to avoid the need of frequent replacements principally when integrated in an 

industry production line. These aspects are conditioned by the chemical, physical and 

mechanical stability of the biological component, but the inconvenient can be 

minimized or even avoided by the search for highly stable biomaterials, the use of 

immobilization protocols improving the stability or the application of new technologies 

based on biomimetic materials. Ideally, the sensing surface should be also renewable 

in order for several consecutive measurements to be made.  
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Finally, in many applications, the sensor should be capable of continuously 

monitoring the analyte on-line. However, disposable, single-use biosensors are 

satisfactory for some important applications, such as personal blood glucose 

monitoring by diabetic patients.    

 

1.4.1 Biosensor classification 
 

Biosensors may be classified according to the biological specificity-conferring 

mechanism, the methodology applied to set the biological interaction (direct or indirect), 

and the mode of signal transduction.98 

Based on the nature of the biological recognition process they can be divided into 

two main categories:  

 Biocatalytic devices, which incorporate enzymes, whole cells or tissue slices that 

recognize the target analyte and produce electroactive species. A continuous 

consumption of substrate is achieved by the immobilized biocatalyst incorporated 

into the transducer and transient or steady-state responses are monitored by the 

integrated detector.  

 Affinity biosensors that rely on the selective and strong binding of the immobilized 

biological element with the target analyte. In this case equilibrium is reached and 

there is no net consumption of the analyte by the immobilized biorecognition 

element. Thus the detection is based in the monitoring by the integrated detector of 

the equilibrium response and the subsequent analyte-receptor complex formation. 

Some commonly used biorecognition elements are: antibodies (Ab), membrane 

receptors, cells, tissues and nucleic acids, being the most applied examples of 

affinity biosensors the immunosensors (based on the antigen-antibody interaction) 

and genosensors (based on the recognition of complementary DNA strands). More 

recently other types of bioreceptors were also used, such as ionic channels, 

lectines, aptamers, peptidic nucleic acids (PNAs) and molecular imprinted polymers 

(MIPs).95,100,108–112 

The biocatalytic biosensors were the most frequently applied to complex matrices 

since the pioneering work of Clark & Lyons. Biosensors using enzymes as the 

recognition element often have relatively simple designs and do not require expensive 

instrumentation, beside the wide commercial availability of the enzymes. Moreover, 

such sensors are typically easy to use, compact, and inexpensive devices.113,114 

Regarding the bioaffinity sensors, it should be pointed out that the affinity reaction can 
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sometimes be monitored directly, but other times a labeled secondary ligand (which 

binds to the analyte) or a labeled compound that competes with the analyte for the 

immobilized receptor is needed. In most of these cases enzymatic labels are used and 

the detection is based on an indirect biocatalytic reaction in which the steady-state or 

transient signals are then monitored by the integrated detector.108  

On the other hand, depending on the transduction technique, biosensors can be 

classified into the following groups: electrochemical, optical, thermometric, piezoelectric 

and magnetic.114,115 Optical transducers are especially attractive as they can allow 

direct (label-free) and real-time detection, showing in particular the phenomenon of 

Surface Plasmon Resonance (SPR) good biosensing potential. However, in some 

applications they lack sensitivity, as for example in the case of food pathogens 

detection, in which long pre-enrichment steps are needed to reach the required limits of 

detection.92 In contrast, electrochemical biosensors offer comparable instrumental 

sensitivity, being furthermore more robust, easier to use, portable and cheaper, in 

addition to their capability to operate even in turbid media. As a result, the field of 

electrochemical biosensors has grown rapidly in the past years, becoming one of the 

currently most studied areas in analytical chemistry. In principle, any biocatalytic 

reaction in which a net electron transfer takes place can be analyzed using this type of 

sensor.99,110,111,116 Research in this field has focused on novel sensing strategies and 

was supported by a large number of publications about the enhancement of specificity, 

sensitivity, and response time.117 

Given that in the present work electrochemical biosensors were applied for the 

analysis of the studied targets related with food safety, the next section will be focused 

on this kind of biosensors.  

 
1.4.2 Electrochemical biosensors 
 

Electrochemical biosensors can be classified in different types according to the 

electrochemical property measured 98,112,118.  

 Amperometric, in which the reaction being monitored generates a measurable 

current resulting from the oxidation or reduction of an electroactive species when a 

fixed potential is applied. 
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 Potentiometric, based on the measurement of an electric potential or charge 

accumulation in the electrode interface when there is no significant current flowing in 

the system.  

 Conductimetric, in which the reaction of the biological receptor with the analyte 

generates a measurable change in the conductive properties of the medium 

between electrodes.  

 Impedimetric, based on monitoring both resistance and reactance in the biosensor 

by measuring the electric current at different frequencies when applying a potential 

in an alternating current circuit.  

From these four groups, the first two are the most widely applied. Among the 

potentiometric sensors the ion selective electrodes (ISEs) have been widely used119, 

being within this group the classic pH electrodes, which have been used for over 

hundred years. In the simplest applications, the exchange reactions occur directly on 

the electrode surface, by the restoration of redox balance between the target ion, and 

the electrolyte. Another example of more complex potentiometric sensors are the ion-

selective field effect transistors (ISFETs) that can also be used in electrochemical 

biosensors.120  

On the other hand, amperometric biosensors have been the most widely developed 

and represent around the 75 % of the currently commercialized biosensors, with the 

well-known glucose sensor, which is daily used by millions of people around the world, 

as the main example, demonstrating the great utility of this technology. The popularity 

of the amperometric transducers can be attributed to their simplicity, ease of fabrication 

and use, low cost of the biosensor strips as well as the associated instrumentation and 

the low limits of detection that can be achieved 121.  

The choice of the electrode to be used for an electrochemical biosensor is crucial for 

several aspects including the sensitivity of the method, the cost of the assay and the 

possibility to adopt different immobilization procedures. The working electrode should 

provide a reproducible response, as well as high signal-to-noise ratio. This depends 

primarily on two factors: the redox behavior of the electroactive species and the 

background current over the potential region required for the measurement. Other 

considerations include the potential window, electrical conductivity, mechanical 

properties, and toxicity. The geometry of the electrodes must also be considered, being 

the more regularly used: planar disk configuration, thin-layer and thick film technology, 

including the screen-printed electrodes, which are very promising due to their low-cost 

fabrication, mass-production compatibility and reduced reagent consumption (allowing 
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the performance of all immunological steps in just a drop). Finally, another important 

factor is the dependence of the response on the surface state of the electrode, 

requiring often precise electrode pre-treatment and polishing to obtain reproducible 

results, which depends on the materials involved.122–124 

 

1.4.2.1 Electrochemical immunosensor design 

 

The aforementioned advantageous features turned electrochemical biosensors into 

one of the most promising alternatives to the optical approaches used in 

immunoassays, and therefore it is not surprising that during the past decade many 

research groups made big efforts in adapting optical ELISA approaches to 

electrochemical platforms for the development of immunosensors. These novel devices 

couple all the benefits provided by the immunochemical methods (already detailed in 

Section 1.3) with the advantages of electrochemical detection, solving thus some 

drawbacks suffered by the ELISAs associated with the type of measurement. Some of 

these negative aspects include a requirement for generally bulky and power-intensive 

light sources, detectors, and monochromators, potential false signals arising from 

complex colored samples, and in addition, the fact of following the Lambert–Beer law 

makes that a minimum sample volume and path length is required to achieve certain 

performances.125 

As a result, electrochemical immunosensors combine the high selectivity conferred 

by the use of an immunoreagent as biorecognition element (antigen or antibody) with 

the sensitivity of the electrochemical transducer, which transforms the immunological 

recognition event in an electrical amplified signal as outlined in Figure 1.8.  

 

Figure 1.8 Schematic representation of an electrochemical immunosensor, showing the antibody or 
antigen as biorecognition element, the four possible transduction types and the processing of the electric 
signal. 
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Electrochemical immunosensors are frequently based on the labeling of the 

immunoreagents with biocatalytic tags, generally enzymatic, just as in the ELISA 

technique.126 It should be also pointed out that the possibility of using either antibodies 

or antigens as biorecognition element, gives a high flexibility and versatility to the 

immunosensors design127,128. One key point in their development is the recognition 

layer immobilization, for instance the antigen or antibody, depending on the chosen 

immunoassay format. Some groups have adopted a simple and straightforward 

adsorption procedure very similar to that adopted for optical ELISA. However, physical 

immobilization often results in random orientation and weak attachment. A crucial 

problem is how to maintain the protein conformation maximizing simultaneously the 

biological recognition capability, by orienting the Fab regions to the sample solution 

when immobilizing antibodies, or exposing the epitopes for their further antibody 

recognition in the case of attaching the antigens. Covalent immobilization presents 

great advantages in the fabrication of electrochemical immunosensors trying to direct 

the attachment points to side chain-exposed functional groups of the proteins which 

does not significantly affect their recognition sites. With the aim of achieving a better 

presentation of the recognition element to the target analyte, the use of ordered layers 

on the surface of the electrode were introduced, as for example by the formation of self 

assembled monolayers  (SAMs) through thiol-gold chemistry. Alternative methods for 

the formation of SAMs are based on the use of diazonium salts which can be easily 

applied to graphite and carbon electrodes. Another approach that has been recently 

proposed for the immobilization of recognition elements on the electrode surface 

involves the use of different polymeric matrices such as polysulfone polymer and 

chitosan. In the case of antibodies orientation some other strategies that can be 

specifically applied for immobilizing the biomolecules through the Fc region are based 

on different bioaffinity interactions, with lectin sugar, protein A, G or L.118,123,129,130 

Finally, the electrode surface to be used as support for the immobilization of the 

recognition element, the selection of the most appropriate electrochemical technique 

and the choice of the enzymatic label and substrate (which must lead to an 

electroactive product) are other important factors to be considered when adapting an 

optical ELISA to an electrochemical platform.123 

In the following two sections, the amperometric detection technique as well as the 

most used transducing materials is explained in more detail, focusing particularly on 

the conditions applied during this dissertation. 
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1.4.2.2 Amperometric detection 

 

Among the voltammetric methods applied with analytical purposes, amperometric 

techniques are the most widely used in the sensors field, for monitoring biorecognition 

reactions.  

Amperometric biosensors are based on the measurement of the electric current 

resulting from the electrochemical oxidation or reduction of an electroactive species on 

the electrode surface when a constant potential is being applied131,132. The 

electrochemical cells commonly used in controlled-potential experiments, and as such 

in amperometric measurements, consist of a three-electrode set-up immersed in the 

sample solution containing a supporting electrolyte: the working, reference and 

auxiliary electrodes. While the working electrode is the electrode at which the 

electrochemical reaction of interest occurs, the reference electrode provides a stable 

and reproducible potential (independent of the sample composition), against which the 

potential of the working electrode is compared. The most commonly used reference 

electrode is Ag/AgCl. An inert conducting material, such as platinum wire or graphite 

rod, is generally used as the current-carrying auxiliary electrode or counter-electrode, 

which closes the electric circuit. As a result, the potential is measured in a circuit 

containing the working and reference electrode in which the current flow is almost zero 

(due to the high electric resistance of the potentiostat), while the current changes are 

registered in another circuit including the working and auxiliary electrode. The electrode 

material, its surface modification or its dimensions affects the detection ability of the 

electrochemical biosensor and, thus, its performance. Therefore the exact cell design 

and the material used for its construction are selected according to the experiment at 

hand and the nature of the sample.110,124,132,133 Nevertheless, electrodes can be easily 

miniaturized at a relatively low cost and very small sample volumes (on the order of 

microliters or even nanoliters) are required, since in fact the sensitivity of 

electrochemical methods is not affected by the volume used during the 

measurement.118,125 Examples of amperometric equipments are shown in Figure 1.9.  

The measured current is proportional to the concentration of the electroactive 

species in the sample, being the intensity directly related to the speed of the electron 

transfer reaction (reduction or oxidation) occurring at the electrode-solution interface, 

which can be described by Faraday’s law: 

I = nF ( C /  t) 
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where I is the current intensity, n the number of transferred electrons per analyte 

molecule in the redox reaction, F the Faraday constant (96.5 C mol-1) and  C /  t the 

reaction rate in mol L-1. 

(A) (B)

 

Figure 1.9 Examples of hand-held amperometric devices are shown in (A), while one of the commercially 
available amperometric glucose sensors is depicted in (B). 

 

The reaction rate is not only affected by the reaction at the electrode itself, but also 

by the mass transport of the electroactive analyte from the bulk solution to the 

electrode surface, which depends on different factors such as: concentration, electrode 

surface, besides the conditions of migration, convection and diffusion. The effect of 

migration is eliminated by the addition of supporting electrolytes to the electrochemical 

cell, while convection phenomena are controlled through a constant agitation of the 

solution. Therefore a steady-state diffusion layer can be considered at the electrode 

surface, in which mass transport only depends on the diffusion, and the current 

intensity can thus be expressed as: 

I = nFADCs / L 

where A is the electrode area, D the diffusion coefficient, Cs the electroactive analyte 

concentration in the solution, and L the thickness of the diffusion layer.114,132,134 

On the other hand, the selection of the applied potential to carry out the 

amperometric measurements depends on the redox potential of the electroactive 

species in the specific conditions of the assay (working electrode used, reference 

electrode, pH, buffer, etc). In the case of electroactive analytes, the selected potential 

provides some electrochemical selectivity, by providing the reduction or oxidation of 

only certain chemical species. However, in the case of immunosensors generally both 

types of immunoreagents are electrochemically inert and the antigen-antibody complex 

formation does not provide any electrochemical reaction. Therefore, the use of a label 

is required that allows the monitoring of the affinity reaction. As previously mentioned, 

the more commonly used labels producing electroactive species are the enzymes.  

While with optical ELISA the enzyme label should catalyze the production of a 

colored species; in the case of electrochemical immunosensors it is essential that the 
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enzymatic product is electroactive so that it can be easily measured through the 

amperometric technique. When labeling the antibody or antigen with an enzyme, the 

substrate is added in excess in order to work in saturation conditions in which the 

measured current corresponds to the maximal current that can be provided by the 

enzyme, being thus proportional to its concentration. As a result, the amperometric 

signal is proportional to the amount of enzymatic conjugate on the electrode surface, 

related at the same time to the biorecognition event. The signal provided by the 

enzymatic reaction (after adding the specific substrate) depends on the direct 

electronic transfer on the electrode surface or through the reaction with a mediator. The 

product that is formed by the enzyme catalysis should have a low redox potential to 

minimize interference from other components in the sample, while the substrate should 

be electro-inactive at the measuring potential to keep the background signal low.76  

Because of the easiness in which enzymes can be found from commercial sources 

and their extended application with optical ELISA, horseradish peroxidase (HRP) and 

alkaline phosphatase (AP) are also the most widely used labels in immunosensors, 

being the first mentioned the one applied in the present work. HRP is able to react with 

a huge range of substrates giving a high versatility to the detection schemes. 

Peroxidases catalyze the reduction of hydrogen peroxide to water in the presence of a 

mediator, which is a substrate with reversible electrochemical properties that improves 

the electronic transfer between enzyme and electrode, as shown in Figure 1.10.  

 
 

Figure 1.10 Reactions occurring at the surface of the electrochemical transducer when using peroxidase 
enzyme labeling with hydrogen peroxide as the substrate and with a mediator such as hydroquinone. 

 

As outlined in Figure 1.10, the mediator is regenerated by applying a constant 

potential to the electrode surface. The mediators are normally compounds of low 

molecular weight able to transfer electrons from the enzyme active sites to the 

electrode, fulfilling some conditions: selectivity, stability of both reduced and oxidized 

form, rapid reaction with the enzyme and fast electron transfer. Furthermore they 

should also reduce the potential to be applied in order to minimize thus occasional 

interferences in the reaction.135,136 In this perspective, good results have been obtained 

for example with TMB, catechol and hydroquinone (all of them coupled with H2O2), 

being the last one used in the present dissertation.123,129 
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1.4.2.3 Electrochemical transducing materials  

 
There are many kinds of materials that can be used as transducers of the working 

electrodes, being the most commonly used materials: inert metals such as platinum or 

gold, and several forms of carbonaceous materials including carbon fiber, carbon 

paste, glassy carbon, pyrolitic graphite, or graphene. Metals have long been used for 

electrochemical electrodes due to their excellent electrical and mechanical properties, 

while carbon-based materials have a high chemical inertness and provide a wide range 

of anode working potentials with low electrical resistivity. Moreover, they also have a 

very pure crystal structure that provides low residual currents and a high signal-to-

noise ratio. Other alternatives of transducers combine the aforementioned materials 

with conducting polymers such as polypyrrole and polyaniline, or with nanomaterials, 

like metallic nanoparticles or carbon nanotubes. More recently, a number of new 

combined materials have appeared for the preparation of electrodes, called 

composites.92,137 

A composite material is formed by the combination of two or more dissimilar 

materials, in which each material retains its original properties, while giving the 

composite distinct chemical, mechanical and physical properties that differ from those 

exhibited by the individual components. Composites are prepared by the dispersion of 

a solid conducting material (such as platinum, gold or graphite) in a non-conducting 

polymeric matrix. The properties of the resulting composite depend on the nature of 

each component, their relative amounts and distribution. Rigid carbon composites can 

be obtained by mixing carbon powder with a non-conducting polymer giving a paste 

that can be hardened after curing the material.138 In this work graphite-epoxy 

composites were used for the developed detection strategies, which are explained in 

more detail in Chapter 3. Magneto electrodes based in graphite-epoxy composites for 

the magnetic immobilization of biomolecules were constructed and evaluated for the 

integration of magnetic particles and nanoparticles in the bioanalytical procedure. The 

next section addresses the integration of micro and nanomaterials not only in 

biosensing devices, but also in bioassays.  
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1.5 INTEGRATION OF MICRO AND NANOMATERIALS IN BIOSENSORS 
AND BIOASSAYS 

 
Advances in nanotechnology and nanoscience are having a significant impact on 

several areas such as the field of diagnostics, environmental monitoring, as well as 

food safety and security.  

Nanodiagnostics involve the use of nanotechnology, where a number of 

nanoparticle-based assays have been introduced for biomolecular detection, to meet 

the demands for increased sensitivity and early detection in less time. The promise of 

increasing sensitivity and speed, and reduced cost and labor makes nanodiagnostics 

an appealing alternative to current molecular diagnostic techniques. On the other hand, 

nanobiotechnology is the intersection of nanotechnology and biology. New synthesis, 

fabrication and characterization methods for nanomaterials, which have dimensions 

that range from 1 to 100 nm, have evolved to a point that deliberate modulation of their 

size, shape and composition is possible, thereby allowing control of their properties. 

The nano versus the bulk size of the material offers larger surface-to-volume ratios and 

superior electronic and optical properties. Advances in the manipulation of 

nanomaterials permit the binding of different biomolecules such as proteins, nucleic 

acids, bacteria, and toxins through surface modification and engineering. One of the 

major advantages of using nanomaterials is due to their large surface area, allowing a 

greater number of biomolecules to be immobilized and this consequently increases the 

number of reaction sites available for interaction with a target species for ultra-sensitive 

detection. This property, coupled with excellent electronic and optical properties, 

facilitate the use of nanomaterials in label-free detection and in the development of 

biosensors with enhanced sensitivities and improved response times.139–141  

In recent years, remarkable progress in electroanalysis at micro and nanoscales has 

been achieved, in which the nanoscaled materials can be tailored with tunable 

dimensions, high specific surface areas and specific chemical properties for high 

electroactivity to achieve improved sensitivity and specificity, while miniaturized 

electrodes or devices enable in situ electroanalysis of biological processes with high 

spatio-temporal resolution.142 

Carbon nanotubes (CNT), nanofibers, nanowires, as well as nanoparticles, including 

gold and other metallic nanoparticles, silica nanoparticles, quantum dots, magnetic 

nanoparticles, liposomes, dendrimers and polymeric nanoparticles, are among the best 

studied nanosystems for biosensing and imaging, primarily due to the recent progress 
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in their syntheses and structural characterizations. From all these nanomaterials 

carbon nanotubes, gold nanoparticles, quantum dots and magnetic nanoparticles are 

the most widely used in nanobiotechnology. A description of this four materials and a 

brief overview of their useful properties is shown in Table 1.3.139,143,144 

 
Table 1.3 Brief description and features of the most widely applied nanomaterials used in 
nanobiotechnology: carbon nanotubes (CNT), quantum dots (QD), gold nanoparticles (AuNPs) and 
magnetic particles (MP).139

 Description Useful properties 

CNT 

 

Allotrope of carbon consisting of 
graphene sheets rolled up into 
cylinders. Multi-walled nanotubes 
(MWNTs) are essentially a number of 
concentric single-walled nanotubes 
(SWNTs). 

Exhibit photoluminescence; 
excellent electrical properties; 
semi-conductors. 

QD 

 

Colloidal semiconducting fluorescent 
NPs consisting of a semiconductor 
material core (normally cadmium 
mixed with selenium or tellurium), 
which has been coated with an 
additional semiconductor shell 
(usually zinc sulphide). 

Photostability and tuneable 
emission spectra and are 
utilized in assays in a number 
of modes, including 
fluorescence emission, 
fluorescence quenching, or as 
energy donors. 

AuNP 

 

Made of gold, may take the form of 
spheres, cubes, hexagons, rods or 
nanoribbons. 

Ability to resonantly scatter 
light; chemically highly stable; 
change color on aggregation 
from blue to red; excellent 
conductivity. 

MP

 

Made of compounds of magnetic 
elements such as iron, nickel and 
cobalt and can be manipulated using 
magnetic fields. 

Used to concentrate particles 
in assays; excellent 
conductivity. 

 

Since their discovery, carbon nanotubes (CNTs) have attracted great attention as 

nanoscale building blocks for micro- and nanodevices. In recent years techniques for 

the functionalization of CNT with proteins, nucleic acids and antibodies have improved 
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considerably. This, coupled with exceptional electrical, physical, and optical properties, 

suggests that CNT have great potential for signal amplification and as transducers. 

However, they present challenges at the fabrication level (for instance, production of 

pure and uncontaminated nanotubes is costly, continuous growth of defect-free CNTs 

to macroscopic lengths is difficult to obtain and dispersion of CNTs onto a polymer 

matrix is very difficult). In addition, another important issue related to the use of CNTs 

is their toxicity.139,141 

Colloidal gold nanoparticles (NPs) were the first NPs used in electron microscopy 

and in immunology. More recent developments involve metal nanoshells and 

semiconductor quantum dots (QDs). Also, functionalization of NP surfaces is 

necessary in order to stabilize them in solution or to provide functional groups for 

further uses. Inorganic NP labels appear to be the most versatile systems for 

bioanalytical applications (such as, immunoassays and DNA assays). However, other 

inorganic particles worthy of mention are lanthanide oxides, especially europium oxide 

(Eu2O3), which present long emission lifetime, have large Stokes shifts, narrow 

emission bands and inherent photostability. Unfortunately, natural or untreated Eu2O3 

particles can lose their desirable optical properties during activation and conjugation 

and thus there are only few reports dealing with analytical applications.144 

NPs can be used for labeling of antibodies or antigens, using direct detection 

through optical methods based on colorimetric response (AuNPs) or fluorescence 

emission (QD). Furthermore direct electrical methods can also be applied taking 

advantage of the excellent electroactivity of AuNPs and heavy metal based QDs (i.e. 

CdS, ZnS, PbS QDs). However, the most reported way to electrochemically detect 

AuNPs used in bioassays consists in an indirect electrical detection, involving a 

preliminary oxidative dissolution in acidic mediums, followed by the detection of the 

metal ions by a sensitive powerful electroanalytical technique such as anodic stripping 

voltammetry. Finally, another alternative to detect NPs used as labels consists in using 

their catalytic properties toward reactions of other species, such as the reduction of 

other metal ions or other electrochemical reactions. 

On the other hand, the presence of nanoparticles on a transducer surface promotes 

the electron transfer, improving the electrochemical response coming from 

potentiometric and conductimetric responses. The introduction of NPs into the 

transducing platform is commonly achieved by their adsorption onto conventional 

electrode surfaces in various forms including that of a composite.145 
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Magnetic particles consist of an inorganic core of a magnetic element such as iron 

oxide coated with a stabilizing polymer containing functional groups for further 

conjugation strategies. They can be easily manipulated using magnetic fields and 

provide advantageous features such as the concentration of the target molecules in the 

assays, as well an excellent conductivity. This kind of particles can be used as solid 

support of immunoassays or as label when coupled to magnetoresistive 

measurements. While superparamagnetic micron sized beads have been available for 

some time, magnetic nanoparticles would be advantageous due to their small size and 

high surface to volume ratio, increased diffusion rates and high capture capacity.139,146 

Finally, biological nanoparticles, including viruses, ferritins, heat shock proteins and 

enzyme complexes, can offer well-defined three-dimensional structures that are 

malleable for genetic and/or chemical modifications with near-atomic precision, which 

is very attractive for many applications in bioimaging and biosensing. In particular, 

bacteriophages are viruses that infect and replicate within bacteria.143 Over time, and 

with a better understanding of phage–host kinetics and the realization that there exists 

a phage specific for nearly any bacterial pathogen, a variety of improved, rapid, 

sensitive, and easy-to-use phage-mediated detection assays have been developed.147 

As a result, the integration of nanomaterials in bioanalytical system is a very 

promising tool. In the next sections two of the aforementioned micro or nanomaterials 

are described in more detail: the magnetic particles and the bacteriophages, since they 

were applied in the different strategies developed in this dissertation. 

 

1.5.1 Integration of magnetic particles in bioanalytical procedures 
 

The origins of magnetic particles can be situated around 1976, when the production 

of spherical polystyrene particles of uniform size was achieved. They have been 

commercially available for many years being widely used in laboratories to extract 

desired biological components, such as cells, organelles or DNA from a fluid,148,149 and 

are also known to be a powerful and versatile tool in a variety of analytical and 

biotechnology applications.  

Magnetic particles range in size from a few nanometers to a few micrometers and 

consist of a magnetic material such as iron, nickel, cobalt, neodymium-iron-boron, 

samarium-cobalt or magnetite, coated with non-conducting polymers, which prevent 

the formation of aggregates and facilitate the further biological functionalization.149 

Nanometer sized particles (5–50 nm) are usually composed of a single magnetic core 
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with a polymer shell around it, while larger particles (30 nm – 10 μm) can be composed 

of multiple magnetic cores inside a polymer matrix, giving rise to a special class of 

magnetic particles called superparamagnetic particles. This kind of particles are 

composed of thousands of very small magnetic grains, generally between 5 and 15 nm, 

embedded in a polymer matrix. When magnetic grains are so small, their magnetic 

moment can randomly flip between different orientations due to the thermal energy, 

and therefore the grains have no net magnetic moment. However, when a magnetic 

field is applied a net magnetization is achieved. The magnetization per volume unit is 

larger than that of paramagnetic materials, hence the name superparamagnetism, but 

is lower than that of permanent magnetic particles, avoiding thus aggregation 

problems. Finally, it should be pointed out that many parameters can influence the 

magnetic properties of superparamagnetic particles, such as the outer diameter, the 

amount of magnetic material inside the bead, the grain composition of the magnetic 

material and the shape of the bead.150  In particular, the magnetic particles used in this 

dissertation are composed of iron oxide grains, consisting of Fe3O4 (ferrimagnetic 

magnetite) with some Fe2O3 (maghemite), embedded in a non-magnetic polystyrene 

matrix.  

A wide range of magnetic particles are commercially available nowadays, allowing a 

high versatility in their applications. Many companies (e.g. Invitrogen, Pierce, 

Ademtech, Millipore, etc) provide magnetic particles of different sizes, as well as 

modified with different kind of chemical groups such as tosyl, amine, carboxyl or epoxy, 

to facilitate the further biological functionalization, or even already modified with a 

specific biological molecule attached on their surface like antibodies, oligonucleotides, 

enzymes, and other active biomolecules of interest such as streptavidin, biotin, protein 

A or G. A schematic representation is shown in Figure 1.11.  

Due to the superparamagnetic behavior, the magnetic particles can be easy 

manipulated by using permanent magnets or electromagnets. When applying a 

magnetic field, the particles with the attached biological components, are brought close 

together allowing the easy removal of the fluid and remaining non-attached content 

(Figure 1.11, D), and in the absence of the magnet they can be re-dispersed in the new 

added media of choice. Therefore, their development signified a great advance in 

bioanalytical separation techniques, by providing a simple and rapid separation, not 

requiring the use of classical centrifugation or chromatography methods. The analysis 

of samples performed on magnetic beads can thus be easily achieved without any pre-

enrichment, purification or pre-treatment steps, which are normally required for 

standard methods. 
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Figure 1.11 Schematic representation of the magnetic particles (A), as well as of the particles 
functionalized with antibodies (B) or other proteins (antigens, streptavidin) (C). The magnetic separation of 
the particles when applying a magnet is also shown in (D). 

 

Moreover, their use as solid support in immunoassays has shown to greatly improve 

the performance of the biological reactions, due to different factors: i) an increased 

surface area which improves the efficiency of the reactions, ii) a faster assay kinetics 

achieved because the particles are in suspension and the analytical target does not 

have to migrate very far, iii) an easy analyte preconcentration, and iv) a minimized 

matrix effect thanks to the improved washing and separation steps.151,152 To optimally 

use magnetic particles for improving the assay performance, it should be noted that the 

size is an important factor to be considered. Small particles have a high diffusivity 

(rotational, translational), which increases the rate of finding reactive sites. However, 

large particles are generally more magnetic and thus easier to manipulate.153,154 An 

additional advantage of the use of magnetic particles is that the immobilization of the 

recognition element (coating step) can be performed in large quantities in a single step 

and the coated particles can be stored for several weeks or even months without loss 

of activity thus shortening the analysis time. 

In the last decade extensive research has been done on the use of magnetic 

particles for a novel generation of biosensors. Particle diameters between 50 nm and 3 

μm coupled to different types of biosensors have been reported.150 Magnetic particles 

can be used for efficient transport, for faster assay kinetics, for improving binding 

specificity and as labels for detection.  

During the last several years magnetoresistive based detection methods in 

combination with microfluidics have received significant research interest in biosensing 

applications. These methods involve the labeling of bioanalyte with magnetic micro- or 

nanoparticles and the detection of their stray field using integrated magnetoresistive 

sensors. Magnetic labels in immunoassays require large magnetization values so that 
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the magnetic moment induced in a nanoparticle of small mass is large enough to detect 

by magnetic field sensors such as giant magneto-resistors () and superconducting 

quantum interference devices. Using magnetic micro-or nanoparticles as labels is 

rather advantageous compared to fluorophores because they are stable and thus the 

measurements can be repeated without a time limitation and without the need of 

excitation. Another advantage of the magnetic labels is that they can be manipulated 

on-chip by application of a magnetic field gradient. Additionally, the low production cost 

and the small size of the microfabricated magnetic sensors promote this method for 

miniaturization and make it well suited for hand held on-chip biosensing systems. 

Moreover, the transport of magnetic particles in microfluidic systems or biosensors is 

investigated in several ways, such as using mechanically moving permanent magnets, 

sets of electromagnets with specific actuation schemes, or micropatterned and 

integrated current wires.146,155,156 

Regarding the use of MPs for the magnetic immobilization of the biorecognition 

element, beside all the improvements provided to the immunoreaction performance, 

many advantageous features related to the immobilization and electrochemical 

detection can also be added in the case of electrochemical immunosensors.  

First of all, it should be pointed out that the immobilization of the recognition element 

directly onto the electrode surface may require several time-consuming steps that are 

not always suitable for mass-production and could bring some difficulties, which can be 

avoided through the use of magnetic particles. Some of these drawbacks are: i) the 

biological component can shield the sensing surface, hindering the electron transfer 

and reducing the electrochemical signal, ii) the electrode is used in all immunological 

steps thus leading to possible passivation or poisoning of the electrode surface through 

the nonspecific adsorption of other species present in the sample, iii) the reusability is 

limited due to the repeated immobilization of the biomolecules on the electrode surface, 

and iv) the renewal of the electrode surface can be difficult since it requires also the 

removal of the biorecognition element bounded to the transducer, affecting thus also 

the reproducibility of the system. Moreover, since the immunological assay usually 

requires many washing steps, these can cause defects on the layer of the recognition 

elements that could compromise the reproducibility of the results. Finally, the 

confinement of the recognition element onto the surface of an electrode can be an 

obstacle to the of antibody/antigen reaction rate and can limit the number of 

biomolecules that can be immobilized on the electrode surface.123,157 
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All these problems can be mainly solved by the use of magnetic particles as solid 

support, since this approach separates the steps related to the immunoreactions from 

the magnetic immobilization and electrochemical detection step. As a result the 

electrode is used only as a sensing surface and no passivation or electrochemical 

interferents are expected, being the working electrode surface easily accessible by the 

enzymatic product, which diffuses onto the bare electrode surface.158 

Previous studies using magnetic particles show how the efficiency of target 

molecule capture and binding to the surface is increased approximately five-fold in a 

biosensor when magnetic actuation is used instead of diffusion and sedimentation.159 

Moreover, another work comparing the performance of an electrochemical 

immunosensor with an electrochemical magneto-immunosensor using carbon-based 

screen-printed electrodes showed that the separation of magnetic beads for 

immunoassay and screen-printed electrodes for electrochemical detection, gave the 

best analytical performances in terms of sensitivity and speed of the analysis.160 

Finally in our group, very promising results were obtained by the integration of 

magnetic beads, modified with biomolecules such as antibodies or DNA, in biosensor 

analytical systems based on magneto graphite epoxy composite electrodes (m-GEC). 

In this approaches, different strategies for the oriented single-point attachment of 

proteins (antibodies as well as carrier-hapten conjugates) on functionalized magnetic 

beads (-COOH, tosyl-activated, Protein A) were developed. The versatility of the 

magneto immunosensing strategy in different immunological formats (sandwich, direct 

or indirect competitive assay) and the detection of small molecules (pesticides, 

antibiotic residues, additives) as well as of pathogenic bacteria in real samples were 

successfully demonstrated.130,161–163 

 

1.5.2 Integration of bacteriophages and virus-like nanoparticles in 
bioanalytical methods 

 
As addressed in the previous section, inorganic nanostructured materials, including 

gold, silver and other metallic nanoparticles, carbon nanotubes, silica nanoparticles, 

quantum dots, magnetic nanoparticles, dendrimers, represent an exciting area due to 

their unique properties compared to the non-nanostructured counterpart. However, and 

beside these non-biological nanomaterials, bacteriophages, as other virus-like 

particles, are attracting much interest due to their outstanding properties. Due to their 

harmlessness comparing with other nanomaterials, the application of chemically or 
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genetically engineered phages, viral capsids and viral-like particles in biomedicine, 

biotechnology and nanotechnology are under intensive study.164 Potential uses include 

new vaccines, vectors for gene therapy and targeted drug delivery,165,166 agents for 

molecular imaging and flow cytometry 167,168 and building blocks for the construction of 

nanostructured materials and electronic nanodevices.169–171 Furthermore the highly 

specific recognition has been employed for the typing of bacteria.172 

Bacteriophages, are viruses typically of 20–200 nm in size that infect bacteria, being 

found in abundance in the soil, manure and feces, thermal vents, and water. These 

viruses are extremely specific, and their long-term survivability and ability to reproduce 

quickly in suitable hosts make them the major regulators of microbial balance on 

Earth’s ecosystem.  

Phages are host-specific obligate intracellular parasites that bind to specific 

receptors on the bacterial surface in order to inject their genetic material inside the 

bacteria and use afterwards the bacterial cell machinery for their own multiplication and 

dissemination of mature virions. As a result, they are self-reproducing, and self-

assembling nanostructured particles, with both structure and function encrypted in their 

genomic DNA. Each phage particle, called a virion, encloses its genome in a protein or 

lipoprotein coat called capsid, which is composed of multicopies of identical subunits 

forming icosahedral, T-shape or filamentous nanostructures. Virions bind specifically to 

host surface receptors and inject genetic material into the bacterial cells, initiating a 

new cycle of propagation. Depending on their life cycles and means of propagation 

they can be divided into two categories: lytic or virulent and temperate or reductive 

phages. The production and release of virions resulting in cell lysis is known as the lytic 

pathway of phage multiplication. In contrast, temperate phages can incorporate their 

DNA into the host chromosome by a site-specific integration procedure and become 

dormant until there is a stimulus to replicate and produce virions (known as the non-

lytic pathway or lysogenic propagation).173–175 

Some phages possess a very broad host range and infect numerous bacteria across 

strains, species, and/or genera, while others have a very narrow host range, and may 

infect only a limited number of bacteria within a particular strain. They bind to the 

bacterial receptors through its tail spike proteins (TSP) by recognizing surface 

structures such as pili and flagella, surface polysaccharides, or certain proteins, lipids, 

and other receptors protruding from the bacterial cell wall.43 

Since its discovery in 1952, the bacteriophage P22, which infects Salmonella 

enterica, has been an intensely studied model for virus assembly176,177. It is a dsDNA 
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phage of the Podoviridae family, which is characterized by a short non-contractile base 

plate or tail structure incorporated into a pentameric opening at one of twelve 

icosahedral capsid shell vertices. A schematic representation is shown in Figure 1.12. 

Capsid Tail

gp5 (capsid
protein)

gp9 (tailspike
protein)

gp1

gp4 gp10

gp26

 

Figure 1.12  Schematic representation of P22 phage structure, which is composed of 415 molecules of 
coat protein (gp5), 6 tailspike (proteins (gp9) and other structural proteins (gp1, gp4, gp10 and gp26).176  
 

P22 TSP is one of the most intensively studied phage receptor binding proteins. It 

was shown that the P22 virion contains six TSP molecules comprised of three subunits. 

Thus, each phage particle has 18 individual sites capable of lipopolysaccharide (LPS) 

binding and cleavage and shows high affinity towards their lipopolysaccharide receptor 

with binding constants in the 106 M-1 range178. The TSP functions as a viral adhesion 

protein and binds to the O-antigenic repeating units of Salmonella host LPS, its cellular 

receptor. The number of O-antigenic repeating units of LPS varies greatly within the 

LPS pool of a cell. The TSP shows a receptor destroying endorhamnosidase activity 

cleaving the α(1,3)- O-glycosidic bond between rhamnose and galactose of the O-

antigenic repeats179. 

Native phages have been used for more than a century as alternative therapy of 

bacterial infections.180,181 Instead of broad-spectrum antibiotics, phages ignore every 

cell but the strain of bacteria they have evolved to inhabit, which makes them safe to 

mammalian cells and even to non-target bacteria.182  

The specificity and rapid growth of phages are some of the features which make 

them also ideal agents for the rapid detection of bacteria. Besides, they are extremely 

resistant and capable of existing in free form for long periods of time, being not only 

stable in aqueous solutions but also having high organic solvent resistance (as for 

example in 99 % acetonitrile, 80 % methanol, 50 % ethanol and 60 % DMF). Moreover, 

these naturally occurring nanoparticles have other unique properties in comparison 

with synthetic nanoparticles: for each phage, all the nanoparticles are nearly identical, 



Chapter 1 

 

51 

 

being mono-disperse in shape and size and stable without the need of further 

stabilizing agents, a fact difficult to achieve by laboratory synthesis. They are able to be 

self-synthesized in its specific host, by producing a large amount of viral coat proteins 

available for further chemical modification. Thus, phages can function as nanoscale 

scaffolds providing a large surface of proteins that enables the multivalent display of 

functional groups which can be modified with a variety of signaling agents or on the 

other hand, the multivalent attachment of functional moieties. Finally, another 

interesting analytical feature is that only viable cells can be infected by phages.143,167,183 

As a result, phages are promising recognition elements for bacteria detection, 

presenting distinct advantages over antibodies. On one hand, they have a far longer 

shelf life as they withstand harsh environments such as pH (in a range from 3 to 11), 

ionic strength and temperature fluctuations reducing the environmental limitations, and 

on the other, their production besides being animal-free can be less complicated, faster 

and less expensive than antibody production. Finally, phages can even be used in the 

presence of nucleases or proteolytic enzymes, that can be present in the food 

matrixes, without degradation 172,183–185. 

Therefore, a wide range of methods for phage-based bacteria detection have been 

reported and are extensively compared in many reviews, demonstrating the utility of 

bacteriophages for both bacteria labeling and capturing 43,147,172,174,186,187. The use of 

bacteriophages in bioanalytical procedures for the detection of bacteria will be 

discussed in detail in § 1.7.3.  

 

1.6  GLIADIN IN GLUTEN-FREE FOODSTUFF. AN OVERVIEW OF THE 
DETECTION METHODS 

 
 Patients with celiac disease should feel confident that food labeled as gluten-free 

has been assessed for gluten using the best available methodology. In consequence, a 

range of methods for the detection of gliadin have been reported. 

Several analytical methods are used to characterize cereal proteins and their 

encoding genes: isoelectric focusing (IEF), A-PAGE, SDS-PAGE, reversed-phase high 

performance liquid chromatography (RP)-HPLC, size-exclusion HPLC (SE-HPLC), high 

performance resolution capillary electrophoresis (HPCE), matrix-assisted laser 

desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS), ELISA, 

immunoblotting, and PCR. Thus, the detection of gluten is so far principally based on 

proteomic approaches involving MS, genomic approaches applying PCR, and 
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immunochemical-based tests, as shown in Figure 1.13. The last ones are the most 

widely applied, with the ELISA as principal technique. In the next sub-sections the 

available methods for gliadin detection in gluten-free foodstuff are discussed in detail. 

 
Figure 1.13 Different detection techniques for gluten detection. (A) Proteomic approaches based on 
classic instrumental methods; (B) genomic approaches based on PCR; and (C) immunochemical 
strategies based on ELISA with optical detection (up) or rapid kits with visual detection of the 
immunological reaction in reactive strips or wells (down). 

 

1.6.1. Proteomic and genomic detection methods 
 

Proteomic research is usually based on two components: a high resolution 

separation of proteins and an identification of individual proteins through a 

microanalytical process (N-terminal sequencing or MS). The separation of cereal 

proteins can be performed by electrophoretic techniques such as SDS-PAGE, A-PAGE 

and two-dimensional electrophoresis, or by chromatographic analysis such as HPLC 

methods, which are the most widely used. Moreover, SE- and RP-HPLC methods have 

been used to characterize size distribution, protein polymorphism, and biochemical 

characteristics based on the differences in molecular size distribution and 

hydrophobicity of cereal storage proteins. Up-to-date research projects are using 

chromatography for the separation of proteins on the analytical and preparative scales 
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and applying high-throughput detection methods such as MS for identification. Ultra 

high-performance LC (UHPLC) can be used either coupled with medium resolution 

(such as triple quadrupole MS, QQQ) or high resolution (e.g., TOF-MS) detection 

techniques. Nevertheless, soft ionization techniques are usually used for protein mass 

spectrometry, i.e., MALDI or electrospray ionization (ESI).31 

Therefore the first proteomic based procedure for rapidly quantifying gliadins in food 

was a MALDI/TOF-MS microanalysis, based on the direct observation of the 

characteristic gliadin mass pattern in food and its subsequent measurement, which 

allowed the measurement of gliadin concentration in processed and non-processed 

gluten containing food samples below toxic levels, with a linear response in the 0.4-10 

mg per 100 g food range and a similar sensitivity to those of the most efficient 

conventional ELISA formats previously employed 188,189. MALDI analysis of proteins, 

although considered fast and specific, presents a high mass resolution still poor 

compared with other techniques such as electrospray mass spectrometry. Therefore, to 

identify the subtle structural differences among gliadins and glutenins, the more 

resolutive ES-MS in combination with high performance liquid chromatography (HPLC) 

was later assayed.190 More recently, a novel combination of direct enzymatic digestion 

and LC/MS/MS was developed for the quantification of gluten traces in native and 

processed food samples, which is based on the detection of six gluten marker 

peptides. The optimized method could detect these gluten marker peptides in the range 

of 0.01–100 mg L-1 with LOD of 0.001–0.03 mg L-1 and LOQ of 0.01–0.1 mg L-1. To 

minimize the matrix effects and improve the selectivity, a 60 min run time and 2.7 µm 

superficially porous silica C18 column was found to be optimal in the HPLC separation 

of peptides.191 Although the good performance achieved with these non-immunological 

methods, they present the limitation of the expensive equipments, the need of trained 

personnel for processing the results and the lower sample processing rate when 

compared to immunochemical methods such as ELISA. 

Genomic approaches are based on the amplification of gluten-specific DNA 

fragments by PCR. In general, the presence of proteins in food indicates the presence 

of DNA. Therefore a DNA-based method for the detection of celiac-toxic fragments 

(wheat, barley and rye) in food can be applied.192 Normally, PCR results are only 

qualitative. However, by incorporating internal standards, the results provide semi-

quantitative results. The first quantitative PCR system to detect simultaneously 

contamination of wheat, barley and rye in gluten-free food was a quantitative 

competitive PCR (QC-PCR), which is based on the co-amplification of a competing 

internal standard of known concentration with the target sequence. The detection limits 
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confirmed the suitability for the analysis of gluten-free foods and the results were 

evaluated, and compared with ELISA, obtaining a good correlation between the two 

methods.193 Finally, by employing real-time PCR (RT-PCR) highly accurate quantitative 

results can be obtained, but with the drawback of needing expensive laboratory 

equipment and reagents. Moreover, in some cases, the obtained limits of detection are 

not low enough for gluten-free control showing LOD values of around 50-100 mg L-

1.194,195 Nevertheless, in a recent developed real-time PCR system detection limits 

below 1.5 mg kg-1 were achieved and a high correlation with the results obtained by the 

most frequently used commercially available ELISA (based on the R5 monoclonal 

antibody) was observed. However, in samples submitted to an intensive hydrolysis 

process, as with syrups and malt extracts, the DNA is practically undetectable due to 

massive DNA degradation, and therefore impossible to be amplified by Q-PCR.196 

Finally, it should be pointed out that DNA-based methods have the drawback of the 

expensive equipments required and time-consuming DNA extraction and amplification 

steps, beside the fact that many food components can act as PCR-inhibitors. 

Moreover, since the target is a protein, the direct quantification should be more 

accurate than indirect DNA detection. This becomes evident for example in the case of 

contamination with gliadin-free wheat starch, which would give a positive result through 

PCR although gliadin absence.  

Table 1.4 summarizes the most prominent proteomic and genomic based 

techniques for gliadin detection, showing in detail the target, detection technique, 

tested food sample and the achieved limits of detection. 

 

1.6.2 Immunochemical-based and biosensing detection methods 
 

Some recent reports looked at the use of flow cytometry, a high-throughput 

technique able to detect as low as 10 ng L-1 levels of gliadin,197 or the application of 

different immunoassay formats coupled to fluorescence detection. As an example one 

group reported an innovative fluorescence correlation spectroscopy assay based on a 

competitive immunoassay, resulting in a detection limit of 0.006 mg kg-1, which would 

require huge dilution of extracts from gluten-free samples for detection.198 Another fast 

and simple method was a fluorescence polarization immunoassay using a ruthenium 

chelate as a label to develop the method, reporting detection limits of 0.09 mg L-1.199 

Moreover, in 2009 the use of a microfluorimeter device based on a five channel-

microfluidic chip for the in situ detection of gliadin in raw and cooked foodstuff was 

reported. After comparing different fluoroimmunoassay formats, best results were 
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achieved with an indirect competitive assay, reaching detection limits of 4.1 µg L-1 

(ppb) with high reproducibility.200 

 

Table 1.4 Proteomic and genomic-based techniques for gluten detection. 

Target Detection 
technique 

Tested matrix  Limit of detection Reference 

Wheat 
gliadin 

MALDI/TOF-
MS 

Wheat starch, 11 processed 
commercial food samples 
and breads (high gluten food 
sample) 

4 mg kg-1; 
(good ELISA correlation: 
1.1 +/- 0.6) 

Camafeita et 
al. 1997 188 

Gliadin 
and 

glutenins 

HPLC/ ES- 
MS 

Non-defatted flour of 
different wheat varieties 

- Mamone et 
al. 2000 190 

Six gluten 
marker 

peptides 

Direct 
enzymatic 
digestion 

and 
LC/MS/MS 

Native and processed food 
samples 

1 to 30 ng kg-1 (0.001-
0.03 ppm) 

Sealey-
Voyksner et 
al. 2010 191 

Wheat, 
barley and 

rye DNA 

Quantitative 
competitive 

(QC)-PCR 

Four breads, two pastries, 
one millet product and 
eight baby food products 

10 mg kg-1 
(good correlation with 
ELISA: 11 from 15 
samples) 

Dahinden et 
al. 2001 193 

Wheat, 
barley and 

rye DNA 

rt-PCR Flours and gluten-free 
biscuits 

100 mg kg-1  Olexová et al. 
2006 195 

Wheat, 
barley and 

rye DNA 

rt-PCR using 
Taqman 
probes 

Vegetable food matrixes and 
meat products 

2.5 mg kg-1 ( in 
vegetables) and 5 mg/kg 
(in meat) 

Zeltner et al. 
2009 201 

Wheat 
DNA 

rt-PCR Flours, chocolate, starches, 
meats, candies, hydrolysates 
(beers, syrups, malt extracts) 
and heat-processed food 
samples (bread, biscuits, 
baby foods) 

below 1.5 mg kg-1  
(5 ng DNA/kg) 
(good correlation with 
R5 ELISA, except in some 
heat-treated food 
samples) 

Mujico et al. 
2011 196 

 

Several conventional immunological procedures including immunoblotting and 

ELISA formats using different monoclonal or polyclonal antibodies against a variety of 

gliadin components are commonly used in an attempt to quantify gluten in food, being 

the ELISA-like techniques the most common used for gliadin detection, as already 

mentioned.  

Early assays used principally polyclonal antibodies, but later monoclonal based 

systems allow more precisely quantization of celiac toxic epitopes. One of the first toxic 

sequence to be identified was a 19 amino acid peptide of α-gliadin 

(LGQQQPFPPQQPYPQPQPF), and monoclonal antibodies has been raised against it, 

for the detection of gliadin and gluten hydrolysates.202 Other monoclonal antibodies 



Immunoanalytical strategies based on magnetic carriers for food safety 

56 

 

against short heat-stable epitopes (R5 antibodies)203 or towards the toxic 33-mer from 

α-gliadin (G12 and A1 antibodies)204,205 were also reported.  

Different approaches for sandwich ELISAs were developed and were the first 

commercially available methods.36 One was developed in the early 1990s based on a 

monoclonal ω-gliadin antibody that recognises the heat- stable ω fraction from wheat, 

rye and barley prolamins, but not oat avenins.206 This became the official method of the 

Association of Analytical Communities (AOAC), but only for gluten levels above 160 

mg/kg. It was able to quantify native and heated gluten, but unable to accurately detect 

and quantify barley prolamins. Moreover, it could over- or underestimate gluten 

content, and could not accurately quantify hydrolyzed gluten.36 In addition, the relative 

amount of ω-gliadin to other gliadin fractions was not consistent between cultivars and 

species leading to inaccurate results.207 

The other more recent immunological method is based on a monoclonal antibody 

R5,203,208 and was endorsed by Codex Committee on Methods of Analysis and 

Sampling for gluten determination. In this case, antibodies are directed towards a 

specific potentially celiac toxic pentapeptide glutamine–glutamine–proline–

phenylalanine–proline (QQPFP) and homologous sequences that occur repetitively in 

gluten of wheat, rye and barley prolamins, but not found in avenins. It was claimed that 

this antibody does not cross-react with avenin and the method is able to quantify native 

and heated gluten, being more sensitive than the anti- ω-gliadin ELISA.  Gliadins are 

detected with the R5 ELISA in the range of 2–5 mg kg-1 food, having a LOD of 3 mg kg-

1 gluten (1.5 ppm gliadin) and a LOQ of 5 mg kg-1.209 However, some criticism is that it 

overestimates barley hordein (especially in barley contaminated oats, unless a hordein 

standard is used for the tests), shows cross-reaction with soya proteins and is also 

unable to accurately quantify hydrolyzed gluten.36,207 

It should be noted the gluten proteins are not necessarily intact when present in 

food. The original version of the R5-ELISA and the anti-ω-gliadin ELISA employ a 

sandwich format, and this kind of ELISAs require multivalency or at least two epitopes 

(i.e. two antibody binding sites), which is not always the case when proteins are 

hydrolyzed leading to the underestimation of small gluten fragments.36,210 A R5 

antibody-based competitive ELISA was specifically developed to overcome this 

limitation and so hydrolyzed gluten peptides containing single epitopes can be 

detected.211 The combination of the competitive R5 ELISA and peptic-tryptic digestion 

of prolamins was shown to be suitable for the determination of partially hydrolyzed 

gluten in fermented cereals with LOD 2.3 and LOQ 6.7 mg kg-1.212 Another recent 

competitive ELISA test with high sensitivity, reproducibility, and repeatability was 



Chapter 1 

 

57 

 

reported, showing LOD values of 0.44 mg kg-1.205 However, none of these methods are 

still validated. 

There are several commercially available test kits currently on the market for gliadin 

and/or gluten detection: RIDASCREEN Gliadin ELISA kit (R-Biopharm, Darmstadt, 

Germany), Haven Gluten Assay Kit (Allmark, Chester UK), Gluten Check Assay 

(Diagnostic Innovations, St. Asaph, UK), Gluten ELISA Kit (Tecna, Trieste, Italy), 

Gliadin ELISA kit (IM3717, Immunotech, a Beckman Coulter Co., Prague, Czech 

Republic), BioKits Gluten Assay Kit (Tepnel BioSystems Ltd, Manchester, UK), 

INGEZIM GLUTEN (Ingenasa, Madrid, Spain), just to cite a few. They mainly consist of 

a reference material, one or more specifically developed antibody solutions, and other 

chemicals like buffers and extraction cocktails. However, by comparing the different 

ELISA-test kits it has been shown that the measured gliadin contents varied depending 

on the antibody and reference material used for raising the antibody as well as for 

calibrating the assay, which stresses thus the importance of validating 

immunochemical methods for gluten detection.31 Therefore, there is still a requirement 

for a sensitive and fast assay to screen different foods on the market. Moreover, there 

is a definitive need for an assay that is easy to use and can be used on site, so that 

industries generating gluten-free foods can rapidly test incoming raw materials as well 

as checking for gluten contamination throughout the food production process.213  

As explained in the previous section, biosensors are promising candidates to cover 

this demand. The first report of an optical biosensor based on porous silicon (Psi) 

technology for gliadin detection appeared some years ago, which exploited the use of a 

recombinant glutamine-binding protein from Escherichia coli, that is able to recognize 

the gliadin in micromolecular concentration.214,215 

More recently the development of two electrochemical immunosensors was reported 

by Nassef and colleagues. The first one was based on the measurement of gliadin 

content using gold electrodes with antibody- modified acidic self- assembled 

monolayers (SAMs) and a sandwich assay coupled to differential pulse voltammetry for 

the detection. In this approach a highly sensitive immunosensor with low ppb detection 

limits (5.5 and 11.6 µg L-1 depending on the surface chemistry), very good 

reproducibility, and an excellent correlation with the ELISA methods was achieved.213  

The second developed immunosensor relied on the spontaneous self-assembly of anti-

gliadin Fab fragments on gold surfaces as a means of improving the sensitivity. Once 

again a sandwich immunoassay format was employed and a limit of detection of 3.29 

µg L-1 was achieved by using amperometry for gliadin detection.216 
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Table 1.5 summarizes the most prominent immunochemical based techniques for 

gliadin detection, in which the obtained detection limits were below the 20 mg kg-1 (20 

ppm) established by the food regulations. The table presents in detail the target, type of 

assay with the employed antibodies or labeled antigen, detection technique, tested 

food sample and the achieved limits of detection. 

 
Table 1.5 Immunochemical assays for gluten detection. 

Target Type of 
assay  

Detection 
technique 

Tested matrix  Limit of detection Reference 

Gliadin Sandwich/ 
pAb 

ELISA  22 µg L-1 (ppb) 
(low reactivity with 

barley and oats) 

McKillop et 
al. 1985 217 

Gliadin Sandwich/ 
moAb 

ELISA Nominally gluten-
free products 

based on wheat 
starch 

15 µg L-1 
(low reactivity with 

barley, rye, oats) 

Freedman et 
al. 1987 218 

ω-gliadin 
(and HMW-
glutenins) 

Sandwich/ 
moAb 

(401/21) 

ELISA Meat/gluten 
blends (cooked), 

flour/starch 
blends, flours 

100-150 µg L-1 Skerritt and 
Hill 

1990 206 

Gliadin Competitive/ 
pAb 

ELISA Different types of 
foods and even 
processed foods 
including meat 

products 

1 µg L-1 Chirdo et al. 
1995 219 

Gliadin of 
wheat, 

barley and 
rye 

Sandwich 
Competitive 

biotin-Ab 
Competitive 
biotin-gliadin  
mAb (12A1, 
and 13B4) 

ELISA Different types of 
foods and even 
processed foods 
including meat 

products 

1 µg L-1 
20 µg L-1 and 

5 µg L-1  
(No reactivity with oats, 

rice, soy or maize) 

Chirdo et al. 
1998 220 

19mer toxic 
gliadin 
peptide 

Sandwich/ 
moAb (PN3) 

ELISA Wheat starches; 
dried skimmed 
milk powder, 

sugar beet bran, 
flours; cooked & 
uncooked gluten-

free products 

Gliadin: 4 µg L-1 (0.08 mg 
kg-1) 

Rye: 500 µg L-1 (10 mg 
kg-1) 

ω-gliadin, barley, oats:  
1 mg L-1 (20 mg/kg) 
(Also detect oats) 

Ellis et al. 
1998 202 

Wheat, 
barley, rye 
and oats 

prolamins 

Sandwich/ 
3 moAb 
cocktail 

ELISA Different flours, 
gluten-free foods  

and wheat 
starches 

1.5, 0.05, 0.15 and 12 µg 
L-1 (for gliadins, 

hordeins, secalins and 
avenins respectively) 

Sorell et al. 
1998 221 

Toxic 
epitopes in 

wheat, 
barley and 
rye gliadin  

Sandwich 
Competitive/ 

moAb (R5) 

ELISA Unprocessed and 
heat-processed 

wheat and barley-
based products, 

hydrolyzed foods, 
contaminated oat 

samples 

1.5 µg L-1 
1.2 µg L-1 

Valdés et al. 
2003,203 

Ferre et al. 
2004 211 

Gliadin Competitive/ 
Gliadins 

Homogeneous 
stopped-flow 

Gluten- 
containing and 

4 µg L-1 Sánchez-
Martínez et 
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labeled with 
terbium(III) 

chelate/ pAb 

fluorimmunoassay gluten-free food 
samples (flours, 

bread, cocoa, 
baby food)  

al. 2004 222 

16mer 
common to 
α, β, γ and 
ω-gliadin   

Sandwich 
Competitive/ 

Gliadin 
adsorbed to 

latex or 
captured by 
pAb/ second 

pAb-FITC 

Flow Cytometry Flour, pasta, 
biscuit and cake 

samples 

10 ng L-1  
1 µg L-1 

Capparelli et 
al. 2006 197 

ω-gliadin 
and toxic 

epitopes R5 

Sandwich/ 
moAb 

(401/21; R5) 

ELISA Barley flour 5 mg L-1 (ω-gliadin) 
1.5 mg L-1 (R5) 

Kanerva et al. 
2006 207 

Gliadin Competitive/ 
Fluorescein 

labeled gliadin 
peptides/ pAb 

Fluorescence 
correlation 

spectroscopy 

Extract of gliadin 
from a crude 

preparation and 
enzyme digestion 
with pepsin and 

trypsin 

0.006 mg L-1  Varriale et al. 
2007 198 

Gliadin Competitive/ 
Gliadin 

labeled with 
Ru(II) chelate/ 

pAb 

Long-Wavelength 
Fluorescence 
polarization  

Maize flour and 
bread 

0.09 mg L-1 Sánchez-
Martínez et 
al. 2007 199 

Gliadin toxic 
epitopes (α- 
and γ-gliadin 

and ω-
secalin) 

Sandwich/  
2 x moAb,  

1x pAb 

ELISA Samples labeled 
as gluten-free, 

samples spiked by 
wheat flour 

5 µg L-1 
(No cross-reactivity with 

oat, rice, maize, and 
buckwheat) 

Gabrovská et 
al. 2006 223, 

Sánchez et al. 
2007 224  

33mer toxic 
gliadin 
peptide 
(wheat, 

barley & rye) 

Sandwich 
Competitive/ 
moAb (G12 

and A1) 

ELISA Different kinds of 
flours 

0.6 µg L-1 
0.4 µg L-1 

Morón et al 
2008a and b 

204,205 

Gliadin Sandwich 
(indirect)/ 

Capture moAb 
and secondary 

pAb 

Electrochemical 
immunosensor 

(DPV) 

Raw materials 
(bread and cake 
mix), processed 

foods (biscuit and 
pasta) and gluten-
containing sample 
(Tostagrill bread) 

5.5 µg L-1 Nassef et al. 
2008 213 

Gliadin Sandwich 
(direct)/ 

Capture Fab 
fragments and 

mAb-HRP 

Electrochemical 
immunosensor 

(impedimetric and 
amperometric) 

Gliadin 
preparation 

provided by the 
Prolamin Working 

Group (PWG) 

0.42 mg L-1 (impedance) 
3.29 µg L-1 

(amperometry) 

Nassef et al. 
2009 216 

Gliadin Competitive 
(indirect)/ 

biotinylated 
gliadin to 

immobilize; 
moAb 

Microfluorimeter 
device based on a 

five channel-
microfluidic chip 

Gluten-free 
sample (Harisín 

pasta) and gluten-
containing sample 

(“Tostagrill” 
toasted bread) 

4.1 µg mL-1 Mairal et al. 
2009 200 

 



Immunoanalytical strategies based on magnetic carriers for food safety 

60 

 

In this dissertation, an alternative novel competitive immunochemical method on 

magnetic particles was developed for the dual detection through a magneto 

immunoassay with optical detection and a magneto-electrode coupled to amperometric 

sensing. 

 

1.7 PATHOGENIC BACTERIA. AN OVERVIEW OF THE DETECTION 
METHODS  

 

Culture-based methods are considered to be the “gold standard” and remain the 

most reliable and accurate techniques for food-borne pathogen detection. They are 

known for their cost effectiveness, sensitivity, ability to confirm cell viability and ease of 

standardization. Although these methods are designed to be able to detect a single 

target cell in the sample (which size can vary from 10 g to 375 g or more), amplification 

of the signal is required through the growth of a single cell into a colony.  

As a result of the high demand for obtaining rapid information about pathogenic 

contamination in HACCP programs, in recent years considerably efforts have been 

directed towards the development of alternative methods that reduce the assay time of 

microbiological analysis and also save media requirements. These rapid methods are 

designed to avoid selective culturing and serological/biochemical identification.225  

 

1.7.1 Conventional culture-based methods 
 

The general approach for recovering and identifying the bacteria usually includes a 

morphological evaluation of the microorganism as well as tests for the organism’s 

ability to grow in different media under a variety of conditions, which involves the 

following basic steps:226,227 i) pre-enrichment of the sample in a nutrient non-selective 

broth such as buffer peptone water (BPW), lactose broth or Luria-Bertani broth; ii) 

selective enrichment and differential plating on selective agar media; iii) biochemical 

screening; and iv) serological confirmation. 

The purpose of pre-enrichment is to resuscitate injured cells and/ or increase the 

level of the target pathogen in the sample in order to ensure that any viable 

microorganism is multiplied and subsequently detected. Pre-enrichment may also be 

useful for diluting any inhibitory compounds or preservatives found in the sample, as 

well as rehydrating cells sampled from dried or processed foods. This incubation step 

takes usually between 18 to 24 h, followed by the selective enrichment in which 
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specialized media are used to selectively increase the concentration of the target 

pathogen while at the same time suppressing the growth of background microflora 

through some types of colorants or inhibitors. Overall, cultural enrichment results in 

exponential amplification of the target organism by as much as a million-fold, becoming 

thus much easier to be detected. As an example the RV broth (Rappaport-Vassiliadis) 

is efficient for selective enrichment of Salmonella.228 

The next step in culture-based food-borne pathogen detection is the selective and 

differential plating, which is facilitated by the use of a combination of selective agents 

that suppress the growth of competitive microorganisms, and differential agents that 

allow the organism to be readily distinguished from other present microorganisms. In 

the particular case of Salmonella, some typical selective agar media are: Bismuth 

Sulfite agar, Xylose Lysine Deoxycholate agar (XLD) and Brilliant Green agar (BGA), 

as shown in Figure 1.14. If after the selective and differential plating no typical colonies 

have grown, the analysis is completed and the results are reported as negative. In the 

case that one or more colonies that fulfill the presumptive positive criteria were 

isolated, additional biochemical and/or serological testing are needed to confirm that 

the isolate is indeed the target pathogen. The biochemical tests are usually carried out 

in tubes and are based on the unique features of the different bacterial species 

metabolism, such as the presence of specific enzymes and indicators, carbohydrates 

and cell respiration. In these tests typical macroscopic changes are observed in the 

tubes after the bacterial growth resulting from their specific metabolism (Figure 1.14).  

 

 
Figure 1.14 Typical Salmonella colonies in different selective agar media (from left to right, bismuth sulfite, 
XLD and BGA) and some biochemical tests for the bacterial identification. 
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On the other hand, serological tests as agglutination and precipitation are normally 

performed on plates completing the confirmation. Further tests (e.g., antibiotic 

resistance, phage typing, immunological recognition, and molecular typing) may 

provide additional information about the strain, such as the presence of specific 

virulence factors or the identification of a particular molecular fingerprint.  

Performed in the conventional manner, the combined enrichment and plating steps 

take 24–48 hours each, which means that presumptive detection of a pathogen can 

take between 2 and 4 days. Moreover, the subsequent confirmation of a positive 

sample can take up to a week or more. Therefore the major drawback of 

microbiological methods is the long assay times required, besides their labor-

intensiveness. This is an obvious inconvenience in many industrial applications, 

particularly in the field of foods sector.2,228 

In spite of their disadvantage, conventional culture methods still represent a field 

where progress is possible. Automation may be very useful in reducing the time 

required to prepare culture media, perform serial dilutions, count colonies, etc. There 

are a wide variety of rapid culture methods that have been designed to replace the 

standard agar plate, to reduce the workload, facilitate rapid implementation, simplify 

handling, and/or reduce the need for a complete laboratory infrastructure, which do not 

necessarily shorten assay times. Some of these modified culture methods are based 

on the colony counting method using disposable cardboards containing dehydrated 

media, while others are based on the MPN method. In addition, many companies are 

trying to shorten the assay times by developing even more selective culturing media. In 

this perspective, a staggering number of chromogenic and fluorogenic culture media 

have been developed for the detection and enumeration of specific bacteria in recent 

years. The addition of these media to culturing protocols facilitates the rapid 

identification of presumptive colonies of the target microorganism, which has led to its 

incorporation in some official methods. Moreover, the classical methods are often 

combined together with other pathogen detection methods like an automated or semi-

automated DNA, antibody, or biochemical-based method to yield more robust 

results.38,229 

 

1.7.2 Rapid methods for food pathogen detection 
 

Different instrumental methods have been developed based on a variety of 

analytical techniques such as chromatography, infrared or fluorescence spectroscopy, 

bioluminiscence, flow cytometry, electric conductance and impedance. The last two 
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mentioned methods are being used in many laboratories and are based on measuring 

the conductance changes of the medium, in consequence to the microbial metabolism 

and growth. The drawback of this kind of technique is the requirement of highly trained 

personnel and of complex and expensive instrumentation centralized in big 

laboratories.92,228 Flow cytometry is another useful high throughput technique that can 

be used to sort and even identify specific biological cells and particles from liquid 

samples using fluorescently labeled target-specific ligands (such as antibodies), which 

gave very promising results achieving low detection limits in milk.230 However, the 

complicated optical alignment process and relatively higher cost of flow cytometry 

equipment, besides the fact that background components of the sample matrix may 

interfere with fluorescence based detection, are some of the practical hindrances to the 

routine use of this method.  

Due to advances in areas such as genomics and biotechnology, powerful 

methodologies have been developed to detect both specific pathogens and indicator 

organisms. Because many microorganisms are not easily cultured or can enter a viable 

but non-culturable state, the current methods focus on immunological or genetic 

characteristics to detect the presence of specific pathogenic microorganisms. These 

methods not only increase the rapidity of analysis, but they are also able to achieve a 

high degree of sensitivity and specificity without the need for complex cultivation and 

additional confirmation steps.141 Most notable amongst these new techniques are the 

enzyme-linked immunosorbent assay (ELISA), DNA hybridization, and Polymerase 

Chain Reaction (PCR). 

Immunological detection of bacteria has become more sensitive, specific, 

reproducible and reliable with many commercial immunoassays available for the 

detection of a wide variety of bacteria and their related biotoxins in food. Advances in 

antibody production have stimulated this technology, since polyclonal antibodies can 

be now quickly and cheaply obtained, and do not require the time or expertise 

associated with the production of monoclonal antibodies. Detection using automated 

and robotic ELISAs is widely used since they can reduce detection times after 

enrichment to as low as 1–3 h. Many test kits are available on the market, including 

immunodiffusion, ELISA and various lateral flow devices that have been validated for 

detecting different food-borne pathogens.229,231 Although the promising features of 

lateral flow systems in terms of their speed and simplicity, they still require high 

concentrations of target organisms (107-109 CFU) and have a tendency to produce a 

relatively higher number of false positive results compared to more traditional microtiter 

plate ELISA methods.65 While the immunological-based detection is not much specific 
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and sensitive than nucleic acid-based detection, but it is faster, more robust and has 

the ability to detect not only contaminating organisms but also their biotoxins that may 

not be expressed in the organism's genome. In spite of their very less assay time 

compared to traditional culture techniques and PCR based-methods, antibody-based 

detection usually requires a minimum of 103 to 104 CFU for detection and some 

problems related to low affinity of the antibodies or potential interference from 

contaminants may arise.38,141 

Antibodies that recognize bacterial pathogens coupled to micro or nanometer scale 

magnetic particles have also been used to aid in detection by separating microbial cells 

from contaminating microflora and interfering components of the food matrix, which is 

called immunomagnetic separation (IMS). This pre-analytical sample processing is an 

efficient extraction and concentration method.232 As pathogens are usually represented 

in low numbers in food products, the processing of large sample volumes is often 

required for concentrating and separating bacteria and their further effective detection. 

As explained in § 1.3, in IMS the antibody functionalized magnetic particles are 

incubated with the sample to bind target cells and separate them from the sample 

matrix through application of a magnetic field. The magnetic particle-bound target can 

then be washed and resuspended into smaller volumes increasing thus their 

concentration in the testing medium. In comparison to physical separation such as 

centrifugation and filtration, or chemical separation such as the use of metal 

hydroxides, resins and lectins, IMS is simpler and generally results in higher capture 

efficiency due to the greater surface area available for target binding. IMS has been 

paired with a variety of rapid detection methods for bacterial pathogens, including 

fluorescence and bioluminescence techniques, enzymatic assays, PCR-based tests 

and biosensors.233 

Nucleic acid-based assays consist of two main types, hybridization using probes 

and amplification by PCR and related techniques. The recent development of 

microarray technology offers a powerful platform for probe hybridization where millions 

of probes can be deposited and analyzed simultaneously. The easiest way to detect 

specific nucleic acid sequences is through direct hybridization of a specific nucleic acid 

probe, carrying detectable marker molecules, to microbial complementary nucleic acid 

extracts. The probes may be used to detect genes in the bacterial DNA (Southern 

blots) or to detect mRNA or rRNA (Northern blots). Fluorescent in situ hybridization 

(FISH) with oligonucleotide probes directed at rRNA is the most common method 

among molecular techniques not based on PCR. The probes used by FISH tend to be 
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15–25 nucleotides in length, and are covalently labeled at their 5’ end with fluorescent 

labels which can be detected using epifluorescence microscopy.  

PCR is a method used for the in vitro enzymatic amplification of specific DNA 

sequences by thermoresistant DNA polymerases. The target DNA, synthetic 

oligonucleotide primers (20-30 nucleotides in length), a thermostable DNA polymerase 

and the DNA subunits are combined in a microcentrifuge tube and subjected to 

temperature changes that facilitate DNA denaturation, annealing of the oligonucleotide 

primers to the target DNA and extension of the primers across the target sequence. 

These cycles are repeated many times, thus resulting in increasingly greater quantities 

of target sequence, being able to generate millions of copies of a single DNA molecule 

in around 20 to 30 temperature cycles. The PCR amplified products are conventionally 

separated and detected by electrophoresis on agarose gels.141,229 

Nucleic acid-based detection coupled with PCR has distinct advantages over culture 

and other standard methods for the detection of microbial pathogens such as 

specificity, sensitivity, accuracy and capacity to detect small amounts of target nucleic 

acid in a sample.234 Methods linking PCR detection to samples enriched for pathogen 

proliferation (usually overnight) are available for the majority of foodborne pathogens. 

For example, the USDA method for detecting Salmonella combines enrichment and 

PCR screening, resulting in reduced numbers of samples for further testing and 

increased testing sensitivity. Moreover, multiple primers can be simultaneously used to 

detect different pathogens in one multiplex reaction. Further improvements were 

provided by the development of real-time PCR which allows instantaneous 

amplification and detection at the same time, being also meritorious for the capability to 

quantitatively identify foodborne pathogens in foods when no enrichment is required.  

PCR-based methods provide limits of detection on the order of 101 to 104 CFU mL-1, 

depending on the DNA extraction efficiency and the nature of the food samples. 

However, one important limitation of PCR is that it gives also positive signal with death 

or injured whole cells, and even with free DNA. As such, this approach cannot be 

applied directly to processed foods because intact DNA will be detected. In addition, 

PCR is adversely affected by potential inhibitors in the food matrices; therefore it is 

critical that when designing PCR assays for food testing, internal amplification controls 

are included.235 Furthermore, from an industrial point of view routine detection of 

microbes using PCR can be expensive and complicated, requiring skilled workers to 

carry out the tests.38 
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Finally, it should be pointed out that to achieve the low limits required by the food 

regulatory agencies, which in the case of Salmonella establish the absence of bacteria 

in 25 g (or mL) of food sample, some degree of pre-enrichment lasting between 6-8 to 

48 h remains essential in both immunochemical as well as nucleic acid-based 

methods. Although this results in longer total analysis times than the minutes or few 

hours of the detection strategy itself, the assay time can be shortened to less than one 

day by indeed replacing the selective culturing and biochemical/ serological testing.  

On the other hand, food samples are a complex and heterogeneous matrix 

consisting of various components including particulate matter, biochemical, and 

inorganic food components, fats and non-target (harmless) background microflora. 

Many of these components produce severe interferences in biological reactions, e.g., 

fat and particulates can interfere with antibody binding, and complex carbohydrates can 

inhibit nucleic acid amplification.38 

The development of biosensors is a growing area, in response to the demand for 

rapid real-time, simple, selective and cost-effective analytical methods. Biosensing 

devices, due to all their advantageous features detailed in section 1.4, can be 

considered as ideal tools to be used as an “alarm” to rapidly detect the risk of 

contamination by pathogens in a rapid and sensitive manner.236 The specific 

recognition in such systems is mainly due to the biological probe, such as nucleic acid 

or antibody, giving rice to genosensors and immunosensors, respectively. Wide 

varieties of transduction methods have been developed in the past decade for the 

detection of food-borne pathogens, being optical, mass based and electrochemical the 

most popular and common.237 Optical biosensors, and within this group principally the 

ones based on SPR, are particularly attractive as they can allow direct label-free 

detection. Although this methodology has been successfully applied for pathogenic 

detection, it does not reach the required limits of detection to ensure food safety 

without performing a pre-enrichment step and is limited by the high cost of the 

associated instrumentation.92,238  On the other hand, electrochemical detection has 

several advantages like low cost, ability to work with turbid samples and easy 

miniaturization. Among the different types of detections, amperometric transduction is 

the most common electrochemical detection method used for pathogen analysis, 

having superior sensitivity than potentiometric methods.38 

Our group has been reporting many methodological improvements in biosensors 

(immunosensors and genosensors) for the sensitive detection of pathogenic bacteria. 

In the case of Salmonella genosensors, different detection methods were developed in 

the last 10 years. The first strategies combined the DNA physical adsorption with 
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enzymatic labeling239 or label free detection using the intrinsic signal of the guanine240. 

Further improvements were achieved by the oriented immobilization of the DNA 

through the binding of biotinylated oligonucleotides to streptavidin modified magnetic 

beads.241 To achieve even higher sensitivities, PCR was performed using two labeled 

primers giving place to a double-tagged amplicon, in which one of the tags is used for 

the immobilization while the other can be recognized by enzymatic labels for further 

amperometric detection. This kind of approach was applied on magnetic beads242 as 

well as on GEC electrodes modified with gold nanoparticles by using a thiolated 

primer.243 Moreover, a Salmonella immunosensing approach was also developed using 

a sandwich immunoassay format on magnetic beads as solid support, being able to 

detect 7.5 x 103 CFU mL-1 of bacteria in milk and as low as 0.1 CFU mL-1 after 8 h pre-

enrichment.163 

Finally, in our group (GSB), the detection of Salmonella based on P22 phages, 

inactivated by UV light and, covalently attached on tosyl-activated magnetic particles 

was recently achieved. In the developed approach the immobilized phage 

nanoparticles were used for the phagomagnetic separation and pre-concentration of 

the cells, and the subsequent detection strategy was based on the double-tagging PCR 

amplification of the bacterial DNA followed by electrochemical magneto-genosensing 

(PMS/double-tagging PCR/m-GEC genosensing).244 In the next section the use of 

bacteriophages for bacteria detection is further discussed.  

 

1.7.3 Bacteriophages for bacteria detection 
 

As previously commented in § 1.5.2, a wide range of methods for phage-based 

bacteria detection have been reported, using bacteria labeling or 

capturing.43,147,172,174,186,187 The detection schemes can be based on the initial binding 

event with labeled phages or need a productive phage infection, may utilize either 

phages that have been genetically or physiologically modified in some manner to 

perform a specific detection task or wild-type phages, as well as modified phage 

components (like fluorescent labeled endolysin cell wall binding domains or phage 

tailspike proteins). Moreover in many cases the phage-based approaches have been 

coupled to immunomagnetic separation to improve the detection limits. 

The developed bacteria tagging strategies are classified into different groups, such 

as:  
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 Phage DNA labeling strategy. Tagging of phage nucleic acid with fluorescent dyes 

like YOYO-1245, DAPI246 or SYBR gold185). 

 Phage protein labeling strategy. Modification of the phage capsid with different tags 

such as biotin or fluorescent molecules which are displayed upon phage attachment 

to the target bacteria. In this case the labeling can be performed by expression of 

specific tags using genetic engineered phages as in the case of biotin binding 

peptides which are labeled with streptavidin-modified quantum dots247,248, or by 

direct conjugation of fluorescent tagging molecules (like Cy3, Alexa 546, Alexa Fluor 

488 and 647 C5-aminooxyacetamide) to phage capsid proteins168,249. 

 Reporter phage strategy. Use of phages as delivery vehicles to transport 

measurable markers into the target cells after a productive infection of the host 

bacterium and the subsequent expression of reporter genes carried in the phage 

genome. The expressed reporter proteins usually give easy-to-measure signals 

such as bioluminescence as in the lux reporter genes expression44,250,251, 

fluorescence like in the case of green fluorescent protein (GFP)252,253, or colorimetric 

signals when based on lacZ encoded β- galactosidase enzyme254. Finally, a more 

unusual application of this strategy involves the ice nucleation gene (inaW), which 

protein product integrates within the bacterial outer cell membrane acting as a 

catalyst for ice crystal formation255. 

 Phage amplification strategy. Reliance on the phage’s natural lifecycle after infection 

and host-based amplification with the subsequent measurement of progeny phages 

released from the target cells and amplified through the addition of helper cells 

which are infected to produce a burst of new phages. The progeny phages can be 

detected through the formation of plaques on a growth plate256, simple optical 

density measurement257 or cell staining methods as means of determining host cell 

viability258. 

 Phage-mediated lysis strategy. Exploitation of phages capability for bacteria lysis 

and detection of released intracellular specific constituents such as adenosine 

triphosphate (ATP)186 or host enzymes (like adenylate kinase and β-

galactosidase)259–261, by applying a routine firefly luciferase based bioluminescent 

assay or by amperometric measurement of the enzymatic activity through the 

addition of electroactive substrates, respectively. 

Due to the many advantages provided by biosensors, the integration of 

bacteriophages in biosensor applications are evolving and were recovered and 

analyzed in diverse reviews.38,147,172,183,262,263  



Chapter 1 

 

69 

 

Since most studies were based on fluorescence or bioluminescence as detecting 

principles, immobilization of the phages is not required in these approaches. 

Electrochemical transducers were principally used for the measurement of enzymatic 

activity after phage-mediated cell lysis through amperometry or for detection of 

changes in the microbial growth by impedimetric monitoring264.  

On the other hand, bacteriophages can be immobilized on solid supports for 

bacteria biosensing, taking advantage of their high specificity to capture their targets. 

An early version of phage-based biosensor used the passive immobilization onto a 

polystyrene strip and application as a dipstick device to capture Salmonella from 

foodstuff detecting the bacteria by PCR or epifluorescence microscopy after addition of 

a fluorescent dye.265 Later, the use of phages for the creation of pathogenic sensing 

platforms has been reported by using mainly Surface Plasmon Resonance (SPR) as 

optical transduction platform266,267, or mass-sensitive transducers based on quartz 

crystal microbalance (QCM)267, surface acoustic wave 268, and magnetoelastic 269–271 

sensors. These early reports have mainly relied on physical adsorption for the 

attachment of the phages on the sensor surface. However, this approaches results in 

poor phage surface coverage and no orientation, affecting the sensitivity of the 

platform.  

In order to maximize the bacteria capture efficiency, the phage head should ideally 

be immobilized to the solid phase whereas its tail faces outwards. Chemical attachment 

of the phages on solid surfaces and transducers would yield better coverage and thus 

significantly improve the performance of these sensors. Streptavidin-mediated 

immobilization of biotinylated bacteriophages in which biotin was covalently attached to 

the capsid proteins272, directly expressed on the head region273 or bound to biotin 

carboxyl carrier peptides expressed on the phage capsid through genetic 

engineering274, was reported. Alternatively, phages can be immobilized through 

electrostatic interaction by taking advantage of the phage head’s net charge, which is 

usually negative, for their physisorption on papers coated with cationic layers275, silica 

supports276 or positively charged cellulose membrane277. Thiol-gold chemisorption278 

and hydrogen bonding using different approaches279 were reported for the 

immobilization on gold surfaces. Finally, covalent immobilization of bacteriophages 

through the reaction between phage primary amine functions and amine-reactive 

groups (NHS ester, carboxyl groups, epoxy, isocyanate, modified SAM, glutaraldehyde, 

etc) on gold surface279–281, screen-printed carbon electrode264, and glass 

substrates184,282 for biosensor application were also reported.  
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Phage receptor binding proteins (RBP) have been also used as novel probes in 

biosensors.262 Suitable tags such as cysteine or polyhistidine tags can be added to the 

RBPs sequence at appropriate positions without altering their binding affinity283,284, or 

the overexpression of the RBP as glutathione-S-transferase fusion protein285 can be 

performed for the further oriented surface functionalization on biosensor platforms. 

More recently the RBP of a phage towards Campylobacter jejuni was expressed as a 

fusion with enhanced green fluorescent protein to label the bacteria for their 

subsequent detection using an agglutination assay coupled to fluorescent 

microscopy.286 

Table 1.6 summarizes the most prominent phage-based detection techniques for 

Salmonella detection in which the obtained detection limits were below 103 CFU mL-1 

and the assay time does not surpass a maximum of 24 h. The table shows in detail the 

employed phage, the type of assay, detection technique, tested food sample, the assay 

time and the achieved limits of detection. 

 
Table 1.6 Phage based techniques for Salmonella detection. 

Phage Type of 
assay 

Detection 
technique 

Tested 
matrix 

Assay 
time 

Limit of 
detection 

Reference 

Felix-01 Phage 
amplification 

HPLC Milk 24h <5 CFU mL-1 Hirsh and 
Martin 1983 
287 

Felix-01 Phage 
amplification 

Plaque counting Culture 
media 

4h 6x102 CFU mL-1 Stewart et 
al. 1998 256 

SJ2 IMS + Phage 
amplification 

Optical density Skimmed 
milk 
powder, 
chicken 
rinses, 
ground beef  

20h 3 CFU in 25 g 
(mL) 

Favrin et al. 
2003 288 

Felix-01 
(mutant) 

Phage 
amplification 

Plaque counting Culture 
media 

3-5h ≤10 CFU mL-1 Ulitzur and 
Ulitzur 2006 
289 

P22 Reporter gene 
(inaW) 

Cell freezing 
coupled to 
fluorescent 
indicator 

Milk and 
eggs 

2h 10 CFU mL-1 Wolber and 
Green 
1990290 

P22 Reporter gene 
(lux AB) 

Bioluminiscence Culture 
media/ 
artificially 
inoculated 
egg 

6 h/ 
16-24 

10 CFU mL-1/ 
63 CFU mL-1 

Chen and 
Griffiths 
1996250 

P22 Reporter gene 
(lux AB) 

Bioluminiscence Culture 
media, 
poultry 
and feed 
samples 

16h 1.6x103 CFU mL-1 Thouand et 
al. 2008 44 
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SJ2 Phage-based 
cell lysis and 
adenylate 
kinase 
monitoring 

Bioluminiscence 
(using firefly 
luciferase assay) 

Culture 
media 

2h 103 CFU mL-1 Wu et al. 
2001 291 

Lytic phage Phage-based 
cell lysis of 
bacteria 
absorbed on 
polypyrrole  

Impedance Culture 
media 

4-5h 103 CFU mL-1 Dadarwal et 
al. 2009 292 

Filamento
us- phage 

Phage 
physically 
adsorbed on 
piezoelectric 
platform 

QCM (Quartz 
Crystal 
Microbalance) 

Buffer 1h 102 CFU mL-1 Olsen et al. 
2006 268 

Landscape 
phage, E2 

Phage 
physically 
adsorbed on 
sensor 

Magnetoelastic 
biosensor 

Buffer/ 
water and 
fat-free milk 

30 min-
1h 

103 CFU mL-1/ 
5x103 CFU mL-1 

Lakshmanan 
2007a and 
b269,293; 
Huang et al. 
2009 294 

E2 Phage 
physically 
adsorbed on 
sensor 

Magnetoelastic 
biosensor 

Tomato 30 min 5x102 CFU mL-1 Li et al. 
2010270 

-E2 Phage 
physically 
adsorbed on 
sensor 

Magnetoelastic 
biosensor 

Eggshells 30 min 1.6x102 CFU mL-1 Chai et al. 
2012 295 

P22 
tailspike 
protein 

(TSP) with 
a cysteine 

tag 

TSP 
immobilized 
onto gold 
coated 
surfaces using 
thiol-chemistry 

SPR (Surface 
Plasmon 
Resonance) 

Culture 
media 

30 min 103 CFU mL-1 Singh et al. 
2010 283 

P22 TSP 
with 

cysteine 
and 

polyhistidi
ne tags 

TSP conjugated 
to silica 
encapsulated 
SERS 
nanoprobes 

Agglutination 
assay with 
optical and SEM 
imaging 

Buffer n.r. Single cell limit Tay et al. 
2012 284 

P22, UV 
inactivated 

Phagomagnetic 
Separation 
(PMS) coupled 
to double-
tagging PCR  
 

Electrochemical 
magneto 
genosensing 
with 
amperometric 
detection 

Culture 
media 

4h 3 CFU mL-1 Liébana et 
al. 2013 244 

 

This dissertation addresses a comprehensive study and development of novel and 

rapid immunological methodologies in different analytical formats by the integration of 

micro and nanoparticles as well as hybrid bionanoparticles including bacteriophages 

focused on food safety. The specificity of phages for the biorecognition of pathogenic 

bacteria was exploited in magnetic particles- based sensing platforms as well as for the 
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development of host-specific nanotags. Both types of strategies were applied in 

phagoassays and phagosensors for the improved electrochemical or optical detection 

of the target bacteria. 
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This dissertation addresses the development of improved immunoanalytical 

strategies for the detection of allergens and contaminants affecting food safety, by the 

integration of micro and nanoparticles on the immunochemical reaction. To achieve this 

task, two different targets (nano and micro sized) were explored: on one hand, the 

gliadin in gluten-free foodstuff, and on the other, the pathogenic bacteria Salmonella 

enterica serovar Thyphimurium. The outstanding features of the magnetic particles as 

platforms for the immunoassay were comprehensible studied in order to minimize the 

matrix effect and to increase the sensitivity. Moreover, the integration of 

bionanomaterials as bacteriophages to the immunoassays was also explored. 

 

The general aim was the development and optimization of different immunoassay 

formats (competitive and sandwich, direct and indirect), performed on micro- or 

nanostructured magnetic particles, and the evaluation of the matrix effect and analytical 

performance of the different strategies using spiked samples. For both targets the 

immunochemical systems were evaluated by dual detection through optical and 

electrochemical readouts. The capabilities to achieve selective and sensitive detection 

strategies and to improve the performance of current detection methods were also 

explored.  

 

Therefore the following specific objectives have been pursued in this work: 

 

 To study novel immobilization strategies for the covalent binding of different 

bioreceptors on micro and nanosized magnetic platforms in an oriented way.  

 To characterize the biomolecule orientation immobilized on the magnetic 

carriers, as well as to study its coupling efficiency. 

 To develop and assess the analytical performance of different immunoassay 

formats, such as competitive and sandwich, as well as to optimize the 

incubation conditions and immunoreagents concentration in order to achieve an 

improved magneto immunoassay system. 

 To achieve the labeling of phage nanoparticles for the electrochemical and 

optical tagging of bacteria and their detection.  

 To exploit the use of bottom-up hybrid nanomaterials such as phage-modified 

gold nanoparticles and phage-modified magnetic nanoparticles as bioanalytical 

tools for bacteria tagging.  
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 To study the capabilities of magnetic-phage hybrid nanoparticles to capture and 

pre-concentrate bacteria from complex food samples. 

 To design novel biosensing analytical systems based on phage nanoparticles 

as a biorecognition element for pathogenic bacteria detection. 

 To assess the accuracy of the different immunochemical strategies for the 

detection of food allergens and contaminants in spiked food samples.  

 

 

Dissertation outline  
 

The next chapters present the experimental work carried out in this dissertation, as 

well as the achieved results, discussion and conclusions. Chapter 3 describes the 

construction of the magneto-electrodes and their electrochemical characterization, 

while Chapters 4 to 8 present the developed immunoanalytical strategies using 

magnetic particles and hybrid bionanoparticles for the optical or electrochemical 

detection of the model targets, consisting each chapter of a short introduction, a brief 

description of the specific aim, experimental section, results and discussion, and a 

conclusion related to each specific work. On one hand, Chapter 4 shows the 

integration of magnetic particles in a competitive immunoassay, applied for the 

detection of gliadin in gluten-free foodstuff. And on the other, Chapters 5 to 8 describe 

the design of novel immunoanalytical strategies in non-competitive format for the 

screen-out of Salmonella by the integration of magnetic carriers and bacteriophages. 

The design of optical immunoassays and electrochemical immunosensors based on 

bacteriophages can be separated in two main research lines, based on the use of the 

P22 phage towards Salmonella as a model: a) the use of biotinylated bacteriophage as 

specific and sensitive tagging reagent (Chapters 5 and 6) and, b) the integration of the 

phagic nanoparticles as biorecognition elements in magnetic micro and nanoparticles 

(Chapters 7 and 8). Finally, in Chapter 9 the general conclusions are presented, as 

well as future perspectives on the application of the developed work.  

 



 

 

 

 

CHAPTER 3 

 

CONSTRUCTION AND CHARACTERIZATION OF 

MAGNETO GRAPHITE-EPOXY COMPOSITE 

ELECTRODES  
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3.1 INTRODUCTION 
 

One of the main expertise areas in our group is the construction of conducting rigid 

graphite-epoxy composites (GEC), by using epoxy resin as the polymeric matrix1,2. 

GEC material is highly moldable before curing, permitting the easy construction of 

amperometric sensors of various shapes and sizes. In addition, once the material is 

cured, it is very resistant from a mechanical point of view, being stable at moderately 

high temperatures and even in the presence of organic solvents. Moreover, the surface 

can be renewed with a simple polishing procedure allowing the indefinitely reuse of the 

electrodes.  

Regarding the electrochemical properties, GEC is made of small conductive 

graphite particles dispersed in a polymeric matrix. This configuration acts as a 

microelectrode array, showing higher signal-to-nonspecific adsorption ratio and lower 

detection limits when compared to other well-known carbon electrodes as glassy 

carbon. The high sensitivity of this electrochemical transducer, coupled with its 

compatibility with miniaturization and mass fabrication technologies, makes it very 

attractive for quick and simple analyses in industrial applications.3 

On the other hand, their utility as biosensors transducer was widely demonstrated in 

many applications. Different biomolecules (DNA and proteins) were shown to be tightly 

immobilized under static conditions to the GEC surface through simple adsorption 

procedures, obtaining a stable and reproducible biorecognition element for the 

subsequent electrochemical detection. However, the adsorption in the presence of 

water and under stirring is negligible, showing thus low nonspecific adsorption. All 

these features make them good candidates to be integrated in bioinstrumentation.4 

Other variations of the GEC electrodes were also introduced, showing a high 

versatility. Firstly, biocomposites were developed by integrating a biological material 

directly in the composite, acting the GEC in this case not only as transducer but also as 

a reservoir of the biological material. Biocomposites have the main advantage of a 

simplification in the methodology, saving time through the elimination of the 

immobilization step and permitting a very easy renewal of the surface with the 

integrated biorecognition element through a simple polishing action.3,5 

On the other hand, the introduction of a small neodymium magnet inside the GEC 

electrodes (m-GEC) designed in our laboratories allowed the electrochemical 

genosensing6 and immunosensing7. The performance of immunoassays on magnetic 

particles as solid support, provide many advantageous features to the immunosensing 
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approach, based on the concept of magnetic bioseparation and minimized matrix 

effect, 7 as well as the easy magnetic immobilization of the biorecognition element on 

the transducer surface, as extensively explained in Chapter 1 (§ 1.5.1).  

In the present dissertation, m-GEC electrodes were used in all the developed 

strategies coupled to electrochemical detection and the biorecognition element was 

attached on the transducer by magnetic immobilization. This chapter describes the 

construction of the m-GEC working electrodes and their further characterization using 

cyclic voltammetry. 

 

 

3.2. AIM OF THE CHAPTER 
 

This chapter is focused on the construction and characterization of the working 

electrodes and magneto electrodes based on conducting graphite-epoxy composite.   

Therefore the specific objectives of this chapter were the following: 

 To construct the working electrodes based on magneto graphite-epoxy 

composites. 

 To establish the reduction potential of the benzoquinone on the constructed 

electrodes (that will be consequently applied for all amperometric 

measurements). 

 To assess the reproducibility of the construction and renewing process of the 

prepared m-GEC. 

 To study the effect of capturing the modified magnetic particles (with gliadin, 

antibodies or phages as biorecognition element) on the electrode surface. 

 To analyze the reusability of the modified m-GEC electrodes. 

 

 

3.3 EXPERIMENTAL SECTION 
 

3.3.1 Materials 
 

The graphite-epoxy composite was prepared using 50 µm particle size graphite thin 

powder (product nº 1.04206.2500, Merck, Darmstadt, Germany), an epoxy resin and 

hardener (product Nº Epo-Tek H77, Epoxy Technology, USA). The body of the 

electrodes consists of PVC tubes of 6 mm i.d., 8 mm o.d. and 22 mm long provided by 
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a local retail store. For the electrical connection a female connector with a metal end of 

2 mm in diameter (product nº 224CN, Onda Radio, Spain) and a copper disk with a 

diameter of 6 mm (local retail store) were used. The neodymium magnets used for the 

magneto-electrodes construction were from HALDE GAC (product nº N35D315). 

Before each use, the surface of the m-GEC electrode was thoroughly smoothed, first 

with abrasive paper of different thickness (local retail store) and then with alumina 

paper (polishing strips product nº 301044-001, Orion). 

The voltammetric characterizations were carried out using an Autolab PGSTAT Eco-

Chemie. A three-electrode setup was used, comprising a platinum auxiliary electrode 

(Crison 52-67 1, Spain), a double junction Ag/AgCl reference electrode (Orion 900200) 

with 0.1 mol L-1 KCl as the external reference solution, and a magneto graphite- epoxy 

composite (m-GEC) electrode as the working electrode. 

The hydroquinone used as electroactive species for the electrochemical 

characterization was from Sigma-Aldrich (product nº H9003). 

The buffer solutions were prepared with milli-Q water (Millipore Inc., Ω = 18 MΩ cm) 

and their compositions were: PBST (0.01 mol L-1 phosphate buffer, 0.15 mol L-1 NaCl, 

0.05 % v/v Tween 20, pH 7.5); b-PBST (2 % w/v BSA in PBST as blocking buffer); and 

PBSE (0.1 mol L-1 sodium phosphate, 0.1 mol L-1 KCl, pH 7.0) for the electrochemical 

measurements.  

The magnetic microparticles of 1 µm and 2.8 µm diameter with surface tosyl groups 

(Dynabeads MyOneTM Tosylactivated, product no. 655.01 and Dynabeads M-280 

Tosylactivated, product n° 142.03) for the covalent binding of gliadin and 

bacteriophages (to prepare the gliadin-MP and P22-MP conjugates), respectively, and 

the microparticles of 2.8 μm diameter coated with the specific high-affinity antibodies 

for the immunomagnetic separation of Salmonella (Dynabeads anti-Salmonella, 

product no. 710.02) were purchased from Invitrogen Dynal AS (Oslo, Norway). They 

are hydrophobic particles composed of paramagnetic γ-Fe2O3 and Fe3O4 nanoparticles 

dispersed in a polystyrene polymer matrix with an average magnetic content of 17 wt 

%.8  

The magnetic separation of the particles during the washing steps was carried out 

using a magnetic separator for Eppendorf tubes Dynal MPC-S (Product no. 120.20D, 

Dynal Biotech ASA, Norway) and the incubations under shaking and/ or temperature 

control in Eppendorf tubes were performed using an Eppendorf Thermomixer compact.  
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3.3.2 Construction of the magneto electrodes based on graphite-epoxy 
composite (m-GEC)  

 

The process followed for the construction of the m-GEC electrodes is schematically 

outlined in ¡Error! No se encuentra el origen de la referencia. 3.1.  

Firstly, the body and connection of the electrode had to be prepared (steps i- iv). 

With this aim copper disks used as electrical contact were cleaned to remove all 

copper oxide present on the surface by dipping it for a few seconds in 1:1 HNO3 and 

rinsing immediately well with milli-Q water. The cleaned plates were then soldered to a 

female electric connector with a metal end of 2 mm diameter (i) using a Sn wire (iii). 

Afterwards, the female electric connector was set inside a cylindrical PVC tube (iv) 

using a hammer. A gap with a depth of 3 mm is thus obtained in the end of the body 

electrode. 

In the meanwhile, the graphite- epoxy composite paste was prepared. The epoxy 

resin (Epo-Tek H77) was initially mixed with its hardener at a 20:3 (w/w) ratio, 

according to the manufacturer recommendations, and then graphite powder was added 

to this mix in a 1:4 (w/w) ratio. The mixture was thoroughly hand-mixed to ensure the 

uniform dispersion of the graphite powder throughout the polymer (approximately for 30 

min). The resulting paste was placed in the 3 mm gap of the previous prepared PVC 

cylindrical sleeve body. A small neodymium magnet (3-mm i.d.) was placed into the 

center of the electrode after the addition of a thin layer of composite paste in order to 

avoid the direct contact between the magnet and the electrical connector (v and vi).  
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Figure 3.1 Schematic representation of the steps followed for the construction of m-GEC electrodes. 
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Finally, after filling and tightly packing the GEC paste in the electrode body gap (vii), 

the m-GEC electrodes were cured at 90 ºC for 4 days in order to obtain a rigid 

composite. Before each use, the surface of the m-GEC electrodes were wetted with 

milli-Q water and then renewed and thoroughly smoothed by a simple polishing 

procedure, first with abrasive paper of different grit (500, 800 and 1000) and then with 

alumina paper. When not in use, the electrodes were stored in a dried place at room 

temperature. 

 

3.3.3 Characterization of the m-GEC electrodes by cyclic voltammetry 

 

Cyclic voltammetry is the most widely used technique for acquiring qualitative 

information about electrochemical reactions, providing rapidly considerable information 

on the thermodynamics of redox processes, on the kinetics of heterogeneous electron-

transfer reactions, and on coupled chemical reactions or adsorption processes.9  

The characterization of the previously prepared electrodes is performed through this 

technique, which consists of scanning linearly the potential applied over a stationary 

working electrode (in an unstirred solution) between two established potentials, first in 

one direction and then in the reverse until returning to the starting point. During the 

potential sweep the potentiostat measures the current and the resulting plot of current 

vs. potential is called voltammogram. This is a complex, time-dependent function of a 

large number of physical and chemical parameters, offering thus a rapid location of the 

redox potentials of the electroactive species and being the intensity directly related with 

their concentration.  

The electrochemical properties of the electrodes were affected by the graphite-

epoxy composite proportions and homogeneity as well as by the curing and renewing 

processes, being the electron transfer determined by the active conducting graphite 

area on the electrode surface. The electrochemical cell used for the voltammetric 

characterization was composed of a three-electrode setup (previously detailed in § 

3.3.1) immersed in 20 mL PBSE buffer and the electrochemical response of the 

constructed electrodes was evaluated through the redox couple hydroquinone/ 

benzoquinone in a potential range between -0.6 and +1.0 V at a scan rate of 50 mV s-1.  

The hydroquinone was added to the cell at a final concentration of 1.8 mmol L-1 and the 

measurements were carried out without stirring. Hydroquinone was chosen as electro-

active specie since this was the mediator applied in all subsequent amperometric 

detection strategies that use horseradish peroxidase as enzymatic label.  
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Besides giving information about the reproducibility of the construction and renewing 

process of the prepared m-GEC, the voltammetric characterization provided the 

reduction potential of the benzoquinone on the constructed electrodes that were 

consequently applied for all amperometric measurements. The reduction potential was 

used to regenerate the hydroquinone previously oxidized by the peroxidase enzyme.  

In addition to the four principal parameters obtained from the voltammogram, the 

cathodic and anodic peak currents and potentials (Ipc, Ipa, Epc and Epa), as shown in 

Figure 3.2, A, the position of the peaks on the potential axis is related to the formal 

potential of the redox process (Eº) and the peak separation (ΔEp) gives information 

about the number of electrons transferred and the reversibility of the process. The 

formal potential for a reversible couple is centered between the anodic peak and 

cathodic peak potentials (Epa and Epc) and thus the separation between the peak 

potentials is given by: 

ΔEp = Epa – Epc = (0.059/n) V 

The redox reaction between benzoquinone and hydroquinone involves the 

transference of two electrons (n=2) as shown in Figure 3.2, B, and thus for a nernstian 

or reversible diffusion-controlled process a ΔEp of around 30 mV would be expected. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 (A) Schematic representation of a cyclic voltammogram, showing the anodic and the cathodic 
peaks (pa and pc), with the corresponding oxidation and reduction of the electroactive species (being O 
and R the oxidized and reduced forms, respectively.) (B) Redox reaction for the exchange between 
benzoquinone and hydroquinone taking place during the voltammetric measurements. 

 

However, the reversibility of the redox reaction is not only evaluated by the ΔEp, but 

also by the peak currents. In a reversible electron transfer process the anodic peak 

 

 

 

Epa 

Epc 
ΔEp 

ipc 

ipa 

Potential (V) vs. Ag/AgCl 

C
ur

re
nt

 (µ
A

) 

0 



Chapter 3 

 

97 

 

current should be the same than the cathodic peak current, being thus their ratio 

(Ipa/Ipc) equal to the unity for a simple reversible couple.9,10 

The effect of the magnetic immobilization, in order to attach the biorecognition 

element (for instance the gliadin or the antibodies and bacteriophages with the 

captured bacteria) to the m-GEC transducer by means of the magnetic particles, was 

also analyzed. The details of the gliadin and phage immobilization procedures, as well 

as of the bacteria immuno and phagomagnetic separation are given in each 

corresponding chapter (§§ 4.3.2.2, 8.3.2.1, 5.3.3 and 8.3.3, respectively). The aim of 

this study was to analyze if the presence of the magnetic particles attached to proteins 

(in the case of gliadin detection) or bacteria (in the case of phage based detection) on 

the m-GEC electrode surface, affected the electrochemical behavior of the working 

electrodes. If some shift in the reduction potential of the benzoquinone was observed in 

the voltammograms, this should be the applied potential for the amperometric 

measurements carried out in the further detection strategies.  

Finally, the reusability of the m-GEC electrodes was also studied. 

 

 

3.4 RESULTS AND DISCUSSION 

 

3.4.1 Characterization of the m-GEC electrodes by cyclic voltammetry 
 
Figure 3.3, A illustrates the response of ten m-GEC electrodes of the same batch, 

i.e., prepared with the same graphite-epoxy paste, while Table 3.1 shows the average 

potential and current peaks values as well as the ΔEp and Iap/Icp ratio calculated from 

the obtained voltammograms. The results demonstrated an outstanding reproducibility 

of construction as well as of the polishing process, confirming that they could be used 

equally for the replicates in the amperometric detection. In the case of observing some 

unusual behavior or peak shift, the affected electrodes were removed and not further 

used for the detection.  

With the bare m-GEC electrodes the reduction peak for the benzoquinone was 

found to be around -0.100 V, while the oxidation peak of the hydroquinone around 

+0.180 V (vs. Ag/AgCl). Regarding the peak deviation of the electrodes batch, the 

obtained coefficient of variation (CV) values were 8.9 and 11.7 % for the anodic and 

cathodic potentials and 12.7 and 12.4 % for the anodic and cathodic currents, 

respectively. 
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Figure 3.3 Electrochemical characterization by cyclic voltammetry of 10 m-GEC electrodes of the same 
batch (A) and comparison of the bare magneto electrode (in red) with MP modified m-GEC electrodes 
containing phage and captured bacteria (B). In all cases, 0.1 mol L-1 phosphate buffer, 0.1 mol L-1 KCl, pH 
7.0 and 1.81x10-3 mol L-1 hydroquinone were used and the potentials were recorded vs. Ag/AgCl reference 
electrode, at a scan rate of 50 mV s-1. 

 

The effect of adding the modified magnetic particles on the electrode surface was 

also studied. With this aim the modified magnetic particles systems were analyzed, i.e. 

the gliadin-MP as well as the antibody-modified and phage- modified MP with attached 

bacteria by capturing the particles on the electrode surface and comparing the obtained 

cyclic voltammograms with the behavior of the bare magneto-electrodes. In the case of 

gliadin-MP, the presence of the magnetic particles did not influence the cyclic 

voltammetry, obtaining approximately the same redox peaks than with the bare 

electrodes. However, in the case of the phage-modified and antibody-modified 

magnetic particles with the captured bacteria a shift in the peaks could be observed as 

can be seen in Figure 3.3, B and Table 3.1. This change in the peak position increased 

thus the ΔEp value indicating a slight impediment in the electron transfer at the 

electrode surface. However, the Ipa/Ipc ratio approached even more to the unity, which 

is another parameter of reversibility as previously explained. 

 
Table 3.1 Potential and current peak values, ΔEp and Iap/Icp ratios for bare m-GEC electrodes as well as 
m-GEC modified with Salmonella-MP, obtained from the average of ten electrodes voltammograms 
registered using benzoquinone/ hydroquinone as redox couple.  

 Epa (V) Epc (V) ΔEp (V) Ipa (µA) Ipc (µA) Ipa/Ipc 

 
bare m-GEC 0.176 -0.096 0.272 137 150 0.91 
 
m-GEC with Salmonella-MP 0.263 -0.140 0.403 116 114 0.98 
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Different magnetic particles concentrations (0.05, 0.1 and 0.2 mg mL-1) were tested 

showing the same behavior in all cases. Since the average cathodic potential was 

around -0.140 V, a working potential of -0.150 V was accordingly selected for the 

subsequent amperometric detection of Salmonella in this dissertation. It should be 

pointed out that the presence of the modified magnetic particles on the electrode 

surface improved the reproducibility of the m-GEC electrodes, obtaining in this case CV 

values of 3.3 % in the anodic as well as the cathodic potential, and 7.5 and 6.3 % in the 

anodic and cathodic currents, respectively, for a batch of 10 electrodes.  

 

Finally, the reusability of the modified m-GEC electrodes was also studied. Figure 

3.4 shows the electrochemical characterization performed by cyclic voltammetry of a 

bare m-GEC electrode compared with a m-GEC electrode with gliadin-MP captured on 

the surface, after different renewal polishing processes.  

As displayed in the figure, the electrochemical behavior of the m-GEC electrode was 

not modified due to the presence of the magnetic particles before the polishing 

procedure, thus confirming the reusability of the m-GEC electrode after the renewal 

process. The Figure shows successive rounds (five) of surface renewal.  
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Figure 3.4 The voltammograms comparatively show the electrochemical signal of a bare m-GEC electrode 
with the m-GEC electrode modified with gliadin-MP 0.1 mg mL-1 and antiGliadin-HRP antibody diluted 
1/4000, after renewal of the surface by polishing. Five successive rounds of renewal procedure are shown. 
The conditions were the same as described in Figure 3.3. 
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3.5 CONCLUSIONS 

 

The constructed m-GEC electrodes were highly reproducible for their subsequent 

use in the immunochemical strategies based on electrochemical detection developed in 

this dissertation. Although the peak separation (ΔEp) was bigger than the expected 

value for a reversible system, the current ratio (Ipa/Ipc) was almost equal to 1, 

indicating reversibility.  

The benzoquinone reduction potential established through the cyclic voltammetry 

characterization for further amperometric detection was -0.100 V for the gliadin-MP and 

-0.150 V for the Salmonella immuno- and phagomagnetic separation based strategies. 

Finally, the reusability of the m-GEC electrodes was also demonstrated. 
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4.1 INTRODUCTION 
 

The detection of gliadin is of high interest for food safety of celiac patients, as 

previously mentioned in Chapter 1 (§ 1.1.1). Since the only treatment known until now 

is a lifelong avoidance of this protein in the diet, gluten has been included in food 

regulations.1 Therefore it has been established that foods labeled with the term gluten-

free, may not exceed a gluten content of 20 mg L-1.2 As a result, it is essential to have 

an easy and reliable method to detect gliadin, not only for the celiac patients, but also 

for the industries generating gluten-free foodstuffs in order to rapidly test incoming raw 

materials and check for gluten contamination throughout the food production 

process.3,4  

The most commonly used methods for gliadin measurement are based on 

immunological procedures, including immunoblotting and Enzyme-Linked 

Immunosorbent Assay (ELISA), using monoclonal or polyclonal antibodies against a 

variety of gliadin components.5 As detailed in § 1.6.2, different ELISAs are 

commercially available. However, the validated methods employ a sandwich format, 

being thus unable to detect small gluten fragments present in hydrolyzed foodstuff.2,6  

Since biosensors are promising candidates for the rapid, real-time, simple, selective, 

and low cost decentralized analysis of foodstuff, two electrochemical immunosensors 

for gliadin determination based on gold electrodes and using a sandwich format were 

reported as an antecedent.4,7 

This chapter is focused on the integration of magnetic particles into competitive 

immunoassays with electrochemical and optical detection taking as a model target the 

protein gliadin. To achieve this task, the development of two immunochemical 

strategies for the sensitive detection of gliadin and small gliadin fragment in natural or 

pre-treated food were performed: on one hand, a novel magneto immunoassay based 

on optical detection and on the other, an electrochemical magneto immunosensing 

approach. In both cases, the immunological reaction was performed on magnetic 

particles as a solid support in a competitive format. For the first time, the toxic protein 

fraction of gluten, gliadin, was successfully immobilized in an oriented way by covalent 

binding on tosylactivated magnetic particles as well as carboxyl-activated 

nanoparticles. The biorecognition strategy was based on a competitive assay, using 

commercially available antibodies with horseradish peroxidase (HRP) as enzymatic 

label. In the case of the electrochemical approach the modified magnetic particles were 

then captured onto the surface of a magneto electrode based on graphite-epoxy 

composite (m-GEC) for the further amperometric detection.  
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Direct, as well as indirect competitive immunoassays were comprehensively studied, 

achieving the best analytical performance with the direct competitive format. Excellent 

detection limits (in the order of µg L-1) were achieved, according to the legislation for 

gluten-free products. Furthermore the matrix effect, as well as the performance of the 

assays was successfully evaluated using spiked gluten-free foodstuffs, such as 

skimmed milk and gluten-free beer, obtaining excellent recovery values. 

 

4.2 AIM OF THE CHAPTER 
 

This chapter addresses the covalent immobilization of gliadin on magnetic micro and 

nanoparticles and the further integration of the modified magnetic carriers in a 

competitive magneto immunoassay with optical detection as well as a competitive 

magneto immunosensing approach.  

The specific objectives of this chapter were: 

 To develop a covalent immobilization strategy for attachment of the antigen 

gliadin to micro and nanostructured magnetic particles. 

 To evaluate the antigen orientation on the magnetic carrier and the coupling 

efficiency. 

 To optimize the competitive magneto immunoassay format to detect the small 

gliadin fragments valid for both non-treated and hydrolyzed foodstuff, including 

the incubation conditions and immunoreagents concentration. 

 To assess a dual detection system for the competitive magneto immunoassay 

based on both electrochemical and optical readouts.  

 To design a novel competitive magneto immunosensing approach coupled to 

amperometric detection for the rapid, on-site testing of gliadin.  

 To study the extraction procedure for the gliadin analysis in food samples as 

milk and beer and evaluate the matrix effect. 

 To analyze the accuracy of both methods for the detection of gliadin in spiked 

food samples.  
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4.3 EXPERIMENTAL SECTION 
 

4.3.1 Materials 
 

4.3.1.1 Chemicals and biochemicals 

 

The magnetic particles (MP) of 1 µm diameter modified with tosyl groups 

(Dynabeads MyOneTM Tosylactivated, product nº 655.01) were purchased from 

Invitrogen Dynal AS (Oslo, Norway), while Activ-Adembeads (product discontinued) of 

300 nm with already activated surface carboxylic groups were supplied by Ademtech 

SA (Pessac France). Dynabeads are hydrophobic particles composed of paramagnetic 

γ-Fe2O3 and Fe3O4 nanoparticles dispersed in a polystyrene polymer matrix with an 

average magnetic content of 17 wt %.8 On the other hand, the magnetic nanoparticles 

consist of polymer-based magnetic particles with a core-shell structure, in which the 

core is maghemite γ-Fe2O3 (representing 70 wt %), while the shell is a styrene-based 

copolymer.  

Gliadin from wheat was obtained from Sigma-Aldrich (product nº G3375) and stock 

solutions were prepared with 60 % (v/v) ethanol in carbonate buffer (0.05 M carbonate-

bicarbonate, pH 9.6), and stored at room temperature for not longer than a month. 

Bovine serum albumin (BSA) and the polyclonal antibodies: anti-gliadin (wheat) 

antibodies (product nº G9144), anti-gliadin (wheat) antibodies- peroxidase conjugate 

(product nº A1052) (both developed in rabbit), and anti-IgG (rabbit)-peroxidase 

(product nº A8275) developed in goat, were purchased from Sigma-Aldrich.  

Bradford solution (Coomassie Bradford Assay Kit, product nº 23200) and the 

peroxide and TMB (3,3’,5,5’- tetrametylbenzidine) solutions utilized for the optical 

measurements (TMB Substrate Kit, product nº 34021) were purchased from Pierce.  

The hydrogen peroxide 30 % used as a substrate in the electrochemical 

measurements was purchased from Merck (product nº 1.07209.0250, Germany), while 

the hydroquinone used as a mediator was from Sigma-Aldrich (product nº H9003). 

All buffer solutions were prepared with milli-Q water (Millipore Inc., Ω = 18 MΩ cm) 

and all reagents were of the highest available grade, supplied from Sigma or Merck.  

The composition of the solutions used for the immobilization on tosylactivated 

particles was: coating buffer (0.1 mol L-1 sodium borate, pH 8.5); ammonium sulfate (3 

mol L-1 prepared in coating buffer), blocking buffer (0.01 mol L-1 sodium phosphate, 

0.15 mol L-1 NaCl, 0.5 % w/v BSA, pH 7.4), washing buffer (0.01 mol L-1 sodium 
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phosphate, 0.15 mol L-1 NaCl, 0,1 % w/v BSA, pH 7.2); and storage buffer (0.01 mol L-1 

sodium phosphate, 0.15 mol L-1 NaCl, 0.1 % w/v BSA, 0.02 % (w/v) sodium azide, pH 

7.4). For the immobilization on magnetic nanoparticles (Active-Adembeads), the 

activation and storage buffers were provided by the suppliers (Ademtech SA).  

The cocktail solution used for the gliadin extraction procedure was constituted by: 5 

mM dithiothreitol and 6 % SDS in PBS 1 mM, pH 7.4.  

Finally, for the detection assays the following solutions were prepared: carbonate 

buffer (0.05 M carbonate-bicarbonate buffer, pH 9.6); PBST (0.01 mol L-1 phosphate 

buffer, 0.15 mol L-1 NaCl, 0.05 % v/v Tween 20, pH 7.5); b-PBST (2 % w/v BSA in 

PBST as blocking buffer); and PBSE (0.1 mol L-1 sodium phosphate, 0.1 mol L-1 KCl, 

pH 7.0) for the electrochemical measurements. 

 

4.3.1.2 Instrumentation 

 

The gliadin immobilization on the magnetic particles was carried out using a Labinco 

rotator (Model LD-79) with controlled rotation. 

The magnetic separation of the particles was carried out using a magnetic separator 

for Eppendorf tubes Dynal MPC-S (product nº 120.20D, Dynal Biotech ASA, Norway) 

or a 96-well plate magnet (product nº 21358, Thermo Fisher Scientific, Waltham, USA). 

All the incubations and washing steps under shaking and/ or temperature control in 

Eppendorf tubes were performed using an Eppendorf Thermomixer compact, while the 

incubations and washing steps with the microtiter plates were performed using a 

Minishaker MS1 (IKA, Germany). 

Polypropylene and polystyrene microtiter plates were purchased from Corning 

(product nº 153364) and Nunc (product nº 269787, Roskilde, DK), respectively. The 

first ones were used for the immunoassay performance with the magnetic particles 

while the second ones were used after the reaction with TMB and stop with H2SO4, by 

transferring the supernatants for the read-out. Optical measurements were performed 

in all cases on a TECAN Sunrise microplate reader with Magellan v4.0 software, as 

outlined in Figure 4.1. 

In the case of the electrochemical detection, a three-electrode setup was used 

comprising a platinum auxiliary electrode (Crison 52-67 1), a double junction Ag/AgCl 

reference electrode (Orion 900200) with 0.1 mol L-1 KCl as the external reference 

solution, and a rigid and renewable magneto graphite-epoxy composite (m-GEC) 

electrode as the working electrode. Before each use, the surface of the m-GEC 
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electrode was thoroughly smoothed, first with abrasive paper and then with alumina 

paper (polishing strips 301044-001, Orion). The reproducibility for the construction and 

the polishing procedure was previously evaluated as described in Chapter 3. 

Amperometric measurements were performed with a LC-4C amperometric controller 

(BAS Bioanalytical System Inc, U.S.), while voltammetric characterizations were 

carried out using an Autolab PGSTAT Eco-Chemie. The assembly for the 

amperometric detection is shown in Figure 4.2. 

 

 

 

 

 

 

Figure 4.1 Polypropylene microtiter plate placed on the magnet for the capture of the magnetic particles 
before transferring the supernatants to the polystyrene plates for the final read-out (A) and image of a 
microplate reader used for the optical detection (B). 

 

 

 

 

 

 

 

 

 

 
Figure 4.2 Ammeter used for all amperometric measurements with the whole system assembly and zoom 
in of t he three-electrode setup used for the electrochemical measurements, showing the auxiliary (A), 
reference (R) and working (W) electrodes. 
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4.3.2 Gliadin binding on magnetic micro and nanoparticles and 
coupling efficiency 

 

Gliadin was covalently coupled to 1 µm tosylactivated magnetic particles (MP) as 

well as to 300 nm activated carboxylic magnetic nanoparticles (nMP) through the 

reaction with the aminated and/ or thiolated aminoacidic moieties of the protein.9,10 To 

control the nonspecific adsorption both kinds of magnetic particles were also modified 

with the inert protein bovine serum albumin, following the same immobilization 

protocols. Finally, the stability of the gliadin-modified MP was also studied on a monthly 

basis over a 7-month period. 

 

4.3.2.1 Preparation of the gliadin stock solution 

 

In order to follow the recommended protocol by Dynal, a gliadin stock solution with a 

concentration of 20 mg mL-1 had to be prepared for the immobilization. However, the 

first challenge was to be able to achieve this concentrated solution. The first attempt 

was to prepare a 200 mg mL-1 stock in milli-Q water but it was impossible to dissolve, 

not even by shaking and heating. The next try was to prepare directly the 20 mg mL-1 

solution (0.1 g in 5 mL) in borate buffer (coating buffer) but unsuccessfully after shaking 

and heating up at 40 ºC overnight. 

In parallel, the protein was tried to be dissolved in DMSO achieving the total 

dissolution by just shaking at room temperature. 

Since previous studies about gliadin solubility demonstrated that it was totally 

soluble in aqueous solutions containing 60 % (v/v) ethanol,11 the 20 mg mL-1 stock was 

prepared in 60 % ethanol with borate buffer. In this case the protein could be dissolved 

by shaking and after 20h incubation at 40ºC. This was finally the selected preparation 

for the stock solution since the suggested coating buffer could be added in this case. 

 

4.3.2.2 Immobilization of gliadin to tosylactivated magnetic microparticles 

 

The binding of the antigenic proteins to the tosylactivated magnetic microparticles 

(MP) was performed using the coating protocol suggested by the manufacturer. A 

schematic representation of the reactions is shown in Figure 4.3. A volume of 100 µL of 

tosyl-modified magnetic particles (100 mg mL-1) was washed twice with 1 mL of coating 

buffer. Afterwards, the magnetic particles were resuspended in a final volume of 250 
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µL, comprising 147 µL of coating buffer, 20 µL of the 20 mg mL-1 gliadin stock solution 

(prepared in 60 % ethanol/ 40 % borate buffer 0.1M, pH 8.5) and 83 µL of 3 mol L-1 

ammonium sulphate. The particles were then incubated during 24 hours (by mixing 2 h 

at 37 ºC and 800 rpm followed by tilt rotation 22 h at room temperature and 30 rpm). 

After incubation, the modified-MP were separated with a magnet and the supernatant 

was removed and placed in another tube to perform the quantification of the remaining 

protein by Bradford test. The modified particles were then resuspended in the same 

total volume (250 µL) of blocking buffer and incubated overnight, as previously 

explained, for inactivating the remaining tosyl groups. The particles were then 

submitted to three washing steps with the washing buffer and finally resuspended in 

storage buffer to reach a 25 mg mL-1 stock solution, which was stored at 4ºC. Before 

each assay, gliadin-MPs were washed (X3) with PBST and resuspended to a final 

volume in order to obtain the desired concentration of magnetic particles.  

 

Figure 4.3 Schematic representation of the immobilization of gliadin on the magnetic particles with the 
subsequent blocking with BSA. 

 

4.3.2.3 Immobilization of gliadin to carboxyl-activated magnetic nanoparticles 

 

In the case of the magnetic nanoparticles (nMP), the immobilization was performed 

following a very similar protocol in order that the results are comparable. Again 100 l 

of the nMP (100 mg mL-1) were washed twice, but in this case in 1 ml of activation 

buffer provided by the supplier. The magnetic particles were resuspended in 230 l of 

activation buffer and 20 l (20 mg mL-1) of gliadin solution was then added. After 

homogenization with vortex, the particles were incubated in the same conditions than 

the microparticles. Subsequent to the immobilization step, the modified-MP were 

separated with a magnet and the supernatants were kept as well for the further protein 

detection. The modified nanoparticles were washed once in 250 l and finally 
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resuspended in 400 l of storage buffer to reach 25 mg ml-1 stock solution, which was 

stored at 4 ºC until used.  

 

4.3.2.4 Coupling efficiency study 

 

In order to analyze the efficiency of the gliadin coupling to the magnetic particles, 

the amount of protein present in the supernatants after the immobilization step was 

determined by Bradford test12 and was subsequently compared to the concentration 

before the conjugation.  

The Bradford test is a colorimetric method based on the reaction of the proteins with 

the Coomassie Brilliant Blue G-250 dye. The anionic form of this reagent binds non-

covalently principally to the arginine aminoacids in the protein and interacts also to 

some extent with histidine, lysine, tyrosine, tryptophan and phenylalanine residues. In 

the absence of proteins the dye has a yellow-brown color, which changes to blue after 

the reaction with proteins in an acidic medium, generating a concomitant shift in the 

absorption maximum from 465 nm to around 610 nm.13 The difference between both 

forms of the dye is greatest at 595 nm, being this the optimal wavelength to perform the 

optical read-outs. This method is rapid, sensitive and presents low matrix interference. 

The assay was performed according to the manufacturer of the kit (Coomassie 

Bradford Assay Kit, Pierce) by processing different dilutions of the samples and a 

standard curve prepared of gliadin dilution series. After the reaction, the plate was 

shaken for 30 seconds, incubated for 10 minutes at room temperature and finally after 

a short agitation, the absorbance was measured at 600 nm. The calibration curve was 

obtained by plotting Abs vs. gliadin concentration and the amount of protein in the 

supernatants was determined by interpolation. 

 

4.3.3 Epitope orientation and nonspecific adsorption study 
 

In order to ensure the correct orientation of the epitope, gliadin-MP and BSA-MP (as 

negative control to evaluate the non-specific adsorption) were incubated with the 

specific antibodies to compare the signal-to-non specific adsorption ratio. For the direct 

immunoassay format antiGliadin-HRP were used, whereas for the indirect format the 

antiGliadin primary antibody reacts in a second step with the antiIgG-HRP secondary 

antibody to produce the optical or the electrochemical signal. 
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4.3.4 Competitive magneto immunoassay for the optical detection of 
gliadin 

 

A competitive immunoassay was chosen to be developed since this is the most 

suitable format to be able to detect not only the native protein, but also the hydrolyzed 

fragments that could result from the heat treatment during food processing. A sandwich 

format could underestimate the gliadin content in the samples due to the fact that it 

needs multivalency, which means at least two epitopes for the detection.  

Different competitive formats, direct and indirect, were evaluated for the first time 

using the gliadin modified magnetic microparticles (gliadin-MP). Moreover, some 

parameters of the magneto immunoassay, like incubation time and reagents 

concentration, were analyzed in both magnetic carriers, the gliadin modified 

microparticles (gliadin-MP) and nanoparticles (gliadin-nMP).  

The direct and indirect competitive magneto immunoassay with optical detection, 

were performed in 96-well microtiter plates for the optimization of the main factors 

affecting the competitive immunological reaction. In the direct assay (Figure 4.4, A), the 

gliadin in the samples competes with the gliadin immobilized on the magnetic particles 

for the antiGliadin-HRP antibody, whereas in the indirect assay (Figure 4.4, B), the 

non-labeled antiGliadin antibody is revealed with a secondary antibody labeled with the 

HRP enzyme (antiIgG-HRP) as optical reporter.  

 

Figure 4.4 Schematic representation for the gliadin determination based on (A) direct and (B) indirect 
competitive magneto immunoassay. 

 

Two–dimensional (2D) serial dilution experiments were performed using the direct 

and indirect competitive magneto immunoassay with optical detection in order to select 

the optimal concentration for both the gliadin modified magnetic particles, as well as 
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the specific gliadin antibodies. With this aim, increasing concentrations of gliadin-MP 

were tested in one dimension of the microplate and challenged towards different 

concentration of antiGliadin antibodies in the other direction. In the case of the indirect 

competitive assay, the antiIgG-HRP antibodies solution was fixed in a 1/2000 dilution, 

as recommended by the manufacturer, and the concentration of the other two 

components were varied in the two dimensions of the microplate. The optimal 

concentrations were chosen to produce a signal ranging from 0.8 to 1.2 absorbance 

units. Beside the reagent concentration, an important parameter such as the need of a 

preincubation step14 was also optimized to improve the immunoassay. Other 

experimental parameters (like surfactant concentration, ionic strength and pH) were 

used as optimized in previous works.15 

The direct competitive magneto immunoassay was performed in microtiter plates 

with flat-bottomed wells comprising the following steps (referred to the ‘amount added 

per well’): i) Preincubation step with 75 µL of the gliadin standard solutions in PBST 

with 6 % ethanol (from 2.0 x 10-4 to 50.0 µg mL-1) and 75 µL of the antiGliadin-HRP 

antibody; ii) Competitive immunological reaction with gliadin-MP (0.040 mg mL-1) and 

100 µL of the preincubation mix in shaking conditions at room temperature for 30 min, 

followed by washing (3X) with 100 L of PBST. 

In the case of an indirect competitive magneto immunoassay, after the step ii), a 

third step is performed: iii) Immunological reaction with 100 L of the secondary 

antiIgG-HRP antibody (diluted 1/2000 in PBST) with shaking for 30 min at room 

temperature, followed by washing (3X) with 100 L of PBST.  

After each incubation or washing step, the magnetic particles were separated from 

the supernatant on the bottom corner by using a 96-well magnet plate separator, 

positioned 2 min under the microtiter plate. Finally, in both cases, the last step was 

performed as follows: iv) Optical detection with 100 L of substrate solution, consisting 

of H2O2 and TMB in citrate buffer, incubated for 30 min at room temperature in 

darkness. The enzymatic reaction was stopped by adding 100 L of H2SO4 (2 mol L-1), 

which turns the solution to yellow, and the absorbance measurement of the 

supernatants was performed at 450 nm as schematically outlined in Figure 4.5.  

The TMB is a soluble colorimetric substrate for the horseradish peroxidase (HRP) 

enzyme and is more quickly oxidized than other HRP substrates, resulting in a fast 

color development and thus a very sensitive immunoassay. In the presence of the 

enzyme, TMB acts as hydrogen donor for the reduction of the hydrogen peroxide to 

water, as shown in Figure 4.5, and the resulting diimine causes the colored solution. 
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The color intensity is proportional to the amount of HRP activity, which in turn is related 

to the levels of target analyte in the optimized ELISA procedure. One electron oxidation 

of TMB results in a radical cation that forms a charge transfer complex with the non-

oxidized compound. This charge transfer complex absorbs at 652 nm (ε= 39,000), 

giving the blue color, while the completely oxidized form (diimine), resulting from two 

sequential one-electron oxidations of TMB, absorbs at 450 nm (ε= 59,000) turning the 

solution to yellow.16,17 

S PTMB 
H2O2

H2SO4

Magnet

Abs (450 nm)

H2O2 + 2 H2O    +

3,3’,5,5’-tetramethylbenzidine (TMB) 3,3’,5,5’-tetramethylbenzidine 
diimine

Peroxidase(HRP)

 

Figure 4.5 Schematic representation for the optical detection in the magneto immunoassay performed on 
96-well microtiter plates. Previously the competitive assay was performed on magnetic particles modified 
with gliadin and using antibodies labeled with HRP. The reaction of the TMB with H2O2 in the presence of 
the HRP is also shown. 

 

The obtained signals were inversely proportional to the amount of gl iadin added, 

since the more analyte was present in the sample, the fewer antibodies were available 

to react with the gliadin on the magnetic particles. Accordingly, the maximal signal 

corresponded to that achieved with the samples without gliadin. The obtained results of 

the standards were fitted to a sigmoidal curve as shown in Figure 4.6, according to the 

following four-parameter logistic equation: 

 

y = {(A-B)/ [1+10 exp((log C-log X) x D)]} + B 

 

The parameter A is the maximal absorbance, B is the minimum absorbance, C is the 

concentration producing 50 % of the maximal absorbance (IC50), X is the gliadin 

concentration and D is the slope at the inflection point of the sigmoid curve. 

In a competitive assay the limits of detection (LOD) correspond to the analyte 

concentration causing a 10 % of inhibition in the attachment of the labeled 
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immunoreagent, being thus obtained as the 90 % of the A value. On the other hand, 

the working range of the assay is defined between the 20 % (quantification limit) and 

the 80 % of the maximal signal. Finally, the sensitivity is given by the slope in the linear 

region of the curve.18,19 

 

 

 

 

 

 

 

Figure 4.6 Typical sigmoid curve used for the adjustment of the signal obtained with a competitive 
immunoassay, showing the most important parameters: the limit of detection (LOD), the IC50 value, and 
the working range comprised between the 80 and the 20 % of the maximal signal. 

 

4.3.5 Study of the matrix effect and gliadin extraction procedure from 
foodstuff  

 

Two different food samples were analyzed as a model of foodstuff containing gluten 

as well as gluten-free foodstuff which can be contaminated affecting thus the food 

safety of the celiac patients: beer and skimmed milk. Beer is one of the naturally gluten 

containing liquid samples while skimmed milk, although naturally gluten-free, can be 

easily contaminated during processing of milk derivatives products with cereals.  

Two extraction procedures were evaluated: the first one was the most commonly 

reported ethanolic extraction,2,6 which consist of a buffer containing 60 % v/v of 

ethanol, while the second one was a cocktail solution containing, beside the ethanol, 

5.0 mM dithiothreitol and 6 % SDS in PBS pH 7.20,21 For the extraction with ethanol, 

0.125 g of the studied sample and 0.125 mL of the gliadin solution at the selected 

concentration to spike the food matrix were added to 4.750 mL of 60 % ethanol. The 

mix was placed for 1 h in tilt rotation at 30 rpm and room temperature, following a 

centrifugation step of 10 min at 3500 rpm. On the other hand, the cocktail extraction 

was performed by adding to the spiked sample (comprising 0.125 g of the food sample 

and 0.125 mL of gliadin) 1.25 mL of the cocktail solution and after a vigorous shaking 

the mix was incubated at 40ºC for 20 min. After some minutes cooling, 3.5 mL of 
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ethanol 85 % were added and the mix was placed for 40 min in tilt rotation at 30 rpm 

and room temperature, followed by a centrifugation step as previously explained. 

During the extraction procedure the samples were diluted (1/40). After the 

centrifugation the volume is transferred to a new tube and a further 1/10 dilution was 

performed after the extraction process.  

For the evaluation of the matrix effect, the gliadin standard curves obtained in both 

foodstuffs (skimmed milk and beer) were compared with the standard curve performed 

in PBST for both kinds of modified magnetic particles, gliadin-MP and gliadin-nMP 

using the previous optimized magneto immunoassay. 

 

4.3.6 Competitive electrochemical magneto immunosensor for gliadin 
detection 

 

Optimal concentration of the antiGliadin-HRP antibodies and gliadin-MP was chosen 

to produce a high amperometric signal related to a low nonspecific adsorption by 

performing a two-dimensional serial dilution assay. The conditions were selected in 

order to reach a compromise between obtaining the highest possible signal and at the 

same time good competition parameters.  

The competitive assay was performed in 2 mL Eppendorf tubes, and comprises the 

following steps (all the referred quantities are the amounts added per tube): i) 

Preincubation and ii) Competitive immunological reaction. Both steps were performed 

as explained in § 4.3.4., but using the optimized immunoreagents concentration for the 

electrochemical measurements. Following the incubation and the washing steps, the 

magnetic particles were separated from the supernatant by placing the Eppendorf 

tubes in a magnetic separator until the particles migration towards the tube sides was 

completed, obtaining a clear solution. The particles were finally resuspended in 140 μL 

of PBST and captured by dipping the m-GEC electrodes into the tubes, as outlined in 

Figure 4.7. And finally, the last step is performed as follows: iii) electrochemical 

detection, in which the amperometric signal was determined by using the gliadin-MP 

modified m-GEC as a working electrode and dipping the three-electrode setup in 20 mL 

PBSE buffer. 100 µL of hydroquinone were immediately added at a concentration of 

1.81 mmol L-1 and under continuous magnetic stirring the m-GEC electrode was 

polarized at a working potential of −0.100 V (vs. Ag/AgCl), which was previously fixed 

through cyclic voltammetry (as outlined in § 3.4.1). When a stable baseline was 

reached, 500 µL of H2O2 were added into the electrochemical cell to a final 
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concentration of 4.90 mmol L-1 (which corresponds to the H2O2 concentration capable 

to saturate the whole enzyme amount employed in the labeling procedure), and the 

current was measured until the steady state current was reached (normally after 1 min 

of H2O2 addition). The amperometric measurements were related to the amount of 

HRP conjugated antibodies attached to the gliadin immobilized on the magnetic 

particles. The signals were proportional to the enzymatic activity since the system 

works at saturation conditions of the substrate and thus maximal intensity values were 

obtained. The reactions that occur at the polarized m-GEC electrode surface upon 

H2O2 addition in the presence of hydroquinone are the following (Figure 4.7): 

HRP (red) + H2O2 → HRP (ox) + H2O 

HRP (ox) + HQ (red) → HRP (red) + HQ (ox) 

HQ (ox) + ne- → HQ (red) 

 

 

Figure 4.7 Schematic representation of the experimental details for the capture of the magnetic particles 
by dipping the electrode in the reaction tube and for the amperometric measurement using the magneto 
immunosensor. The chemical reactions involving the HRP enzyme, H2O2 as a substrate and hydroquinone 
as a mediator occurring during the measurement by polarizing the magneto electrode at -0.100 V (vs. 
Ag/AgCl) are also shown. 

 

The standard curve was fitted to a four-parameter logistic equation as described for 

the magneto immunoassay procedure. While the modified MP were discarded and not 

reused after the electrochemical detection, the m-GEC electrodes were renewed by 

polishing for further uses, as explained in Chapter 3 (§ 3.4.1).  
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4.3.7 Accuracy study in foodstuff 
 

Gluten-free beer and skimmed milk samples were spiked with increasing gliadin 

contents from 5 to 200 mg L-1. The gliadin was extracted from the spiked samples 

using an extraction buffer containing 60 % v/v ethanol. To 0.125 g of the spiked 

samples, 4.875 mL of the extraction solution were added, and the mixture was shaken 

for 30 min under rotation. Finally, after a centrifugation step of 10 min at 3500 rpm, the 

supernatants were diluted 1/10 v/v in PBST buffer, obtaining as a result a 1/400 dilution 

of the food matrix in 6 % of ethanol. The recovery of gliadin was determined with both 

the magneto immunoassay procedure as well as with the electrochemical magneto 

immunosensor. 

 
 
4.4 RESULTS AND DISCUSSION 

 
4.4.1 Gliadin binding on magnetic micro and nanoparticles and 

coupling efficiency 
 

The efficiency of coupling to both kinds of magnetic particles was evaluated by 

Bradford test using a gliadin calibration curve prepared in 50 mM borate buffer with 1 % 

ethanol in the case of the MP or a dilution 1/5 of activation buffer with 1 % ethanol for 

the nMP. Firstly, the Bradford test was applied to a wide range of gliadin concentrations 

(from 0 to 1000 µg mL-1) in order to establish the linear region of the curve (Figure 4.8, 

A). The linear range was established between 0 and 80 µg mL-1 and very similar 

response was obtained regardless the buffer used, i.e. borate for the gliadin-MP or 

activation buffer 1/5 for gliadin-nMP, as shown in Figure 4.8, B with a very good linear 

fit (r2 = 0.9911 and 0.9916, respectively). 

The efficiency of the gliadin binding to the magnetic particles was calculated by 

subtracting the protein amount in the supernatant to the initial protein concentration 

taking into account that a concentration of 1600 µg mL-1 was added in all cases. The 

coupling proportion showed to be very reproducible in different days, giving excellent 

results in both magnetic carriers, with values of 88.5 % for the microparticles and 90.5 

% in the case of the nanoparticles.  
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Figure 4.8 (A) Gliadin calibration curve obtained by Bradford test, showing the response at a 
concentration range from 0 and 1000 µg mL-1 of gliadin. (B) Curves obtained in 50 mM borate buffer with 1 
% ethanol (for the gliadin –MP) and activation buffer 1/5 with 1 % ethanol (for the gliadin-nMP) by 
performing the Bradford test in the linear range of gliadin concentration from 0 to 80 µg mL-1. The error 
bars show the standard deviation for n=4. 

 

Due to the biological nature of the gliadin-modified MP, another important issue that 

had to be considered was their stability over the time. The stability of the gliadin-

modified MP was studied following a monthly basis over a 7 month period, during 

which time the gliadin-MP were stored as recommended by the manufacturer at 4 ºC. 

All other experimental conditions were maintained constant. As shown in Figure 4.9, no 

significant change over this period of time was observed, confirming the stability of the 

immobilized gliadin on the surface of the MP for at least 7 months.  
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Figure 4.9 Stability study of the gliadin-modified MP performed with a direct magneto immunoassay in 

PBST buffer. The experimental conditions used in all cases are: gliadin-MP concentration of 0.040 mg mL-

1, antiGliadin-HRP antibody dilution of 1/8000. The error bars show the standard deviation for n = 4. 
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4.4.2 Epitope orientation and nonspecific adsorption study 
 

Although a good coupling efficiency (determined to be of around 90 %) achieved for 

the gliadin immobilization, this fact does not ensure that the epitopes are appropriately 

exposed. Due to the randomness of the immobilization procedure, the availability of the 

epitopes after the conjugation has to be controlled since the binding to the magnetic 

particles could hinder the subsequent antibody recognition. Beside the efficiency and 

stability of gliadin coupling it is extremely important to verify the specificity and high 

affinity reaction between the antibodies and the immobilized gliadin to guarantee the 

immunoassay performance.  

As a result, the correct orientation of the epitopes was evaluated by comparing the 

signals obtained using the gliadin-MP with the response towards BSA modified 

magnetic particles (BSA-MP) as a negative control for the determination of the non-

specific adsorption of the enzymatic conjugates and antibodies. The results obtained 

after the reaction of both modified magnetic particles with the specific antiGliadin 

antibodies for the magneto immunoassay using (A) the direct and (B) indirect format 

are shown in Figure 4.10. For the direct immunoassay format antiGliadin-HRP 

antibodies were used, whereas for the indirect format the antiGliadin primary antibody 

reacts in a second step with the antiIgG-HRP secondary antibody to produce the 

optical signal.  

 

 

 

 

 

 

Figure 4.10 Evaluation of the orientation of the immobilized gliadin on the magnetic particles by its 
reaction with antiGliadin antibodies using the direct (A) and indirect (B) immunoassay format. In both 
cases, a concentration of 0.04 mg mL-1 MPs was used. For the direct immunoassay format the antiGliadin-
HRP antibodies were diluted 1/8000, whereas for the indirect format the antiGliadin primary antibodies 
were diluted 1/4000, and antiIgG-HRP secondary antibody 1/2000. Same results are shown for BSA-MP 
as negative control for the non-specific adsorption evaluation. The error bars show the standard deviation 
for n=4.   

 

The results confirmed that the primary antibodies recognized with high specificity 

and affinity the toxic gliadin epitopes, since the signal was significantly higher for the  
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gliadin-MP comparing with the BSA-MP, giving signal to-non-specific adsorption ratios 

of 7.0 and 6.0 for the direct and indirect format, respectively. Moreover, the low optical 

signals (of around 0.149 and 0.141 a.u. for the direct and the indirect format, 

respectively) obtained with the BSA-MP indicated an extremely low non-specific 

adsorption of the antibodies on the surface of the modified-MP.  

These results demonstrate that the immobilization to the magnetic particles leaves 

the epitopes oriented, allowing the subsequent antigen-antibody reaction, which 

suggests that the reactive groups for the covalent binding are not affecting the epitopes 

or that there are more than one epitope per protein. 

The aminoacidic sequences of the gliadin protein and the within reported epitopes 

were also studied as shown in Figure 4.11,22 in order to analyze the positions of the 

lysine, arginine and cysteine residues which contain the potentially reactive groups that 

could be affected by the covalent conjugation to the magnetic particles during the 

immobilization. As can be seen, the epitopes responsible for the protein antigenicity 

reported in the bibliography 23–25 did not contain any aminoacidic moiety capable to 

react with the tosyl or carboxylic groups of the magnetic particles. Furthermore the 

majority of the reactive residues were principally observed in the more distant regions 

of the protein sequence. In addition, the tertiary protein structure seemed not to affect 

the immobilization or to hinder the subsequent antigenic recognition of the immobilized 

protein. 

        10         20         30         40         50         60  

MVRVPVPQLQ PQNPSQQQPQ EQVPLVQQQQ FPGQQQPFPP QQPYPQPQPF PSQQPYLQLQ  

        70         80         90        100        110        120  

PFPQPQLPYP QPQLPYPQPQ LPYPQPQPFR PQQPYPQSQP QYSQPQQPIS QQQQQQQQQQ  

       130        140        150        160        170        180  

QQKQQQQQQQ QILQQILQQQ LIPCRDVVLQ QHSIAYGSSQ VLQQSTYQLV QQLCCQQLWQ  

       190        200        210        220        230        240  

IPEQSRCQAI HNVVHAIILH QQQQQQQQQQ QQPLSQVSFQ QPQQQYPSGQ GSFQPSQQNP  

       250        260        270        280        290  

QAQGSVQPQQ LPQFEEIRNL ALETLPAMCN VYIPPYCTIA PVGIFGTNYR   

 
Figure 4.11 Aminoacidic sequence of α-gliadin (access code in UniProtKB/TrEMPL: Q9M4L6)22, 
highlighting different peptides reported to be antigenic for celiac patients: a) 19 aminoacids sequence26, b) 
25 aminoacids sequence that include the previous23, c) 17 aminoacids sequence23, and d) 33 aminoacids 
sequence24 which includes sequence c and another shorter composed of 14 residues25. Lysine, cysteine 
and arginine residues are also highlighted in violet. As can be observed, the toxic regions are especially 
rich in glutamine (Q) and proline (P).  
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4.4.3 Competitive magneto immunoassay for the optical detection of 
gliadin 

 

Once the efficient and oriented immobilization orientation of the antigen on the 

magnetic particles was confirmed, other important parameters to be optimized are the 

immunoassay format (direct or indirect), as well as the immunoreagents concentration 

(gliadin-MPs and antibodies).  

 

4.4.3.1 Immunoassay optimization using the gliadin-MP 

 

From the two-dimensional serial dilution experiments, the concentration of the 

immunoreactants was optimized, as shown in Figure 4.12 and 4.13 for the indirect and 

direct format, respectively. In both cases, the 2D experiments were performed covering 

a large range of particles and antiGliadin antibodies concentrations to get a global 

overview of the behavior and make the first adjustments. Then, a finer analysis was 

done with replicates for each point, in order to determine the better conditions, as 

shown in the aforementioned Figures.   

In the case of the indirect assay (Figure 4.12), the first 2D experiment was carried 

out by fixing the magnetic particles concentration at 0.15 mg mL-1 and varying the 

antibodies dilutions in the two directions of the microplate: on one hand, the antiGliadin 

antibodies from 1/3000 to 1/64000, and on the other, the antiIgG-HRP antibodies from 

1(1000 to 1/8000). The different dilutions combinations were tested on the gliadin-MP 

(Figure 4.12, A) as well as on BSA-MP (Figure 4.12, B) as a negative control. Good 

responses were obtained with the gliadin-MP, achieving in many cases signals above 1 

in absorbance related to very low signals obtained with the BSA-MP, with values below 

0.2 for all the tested concentration range. This indicated a very low nonspecific 

adsorption of the antibodies on the magnetic particles. 

When analyzing the results the optimal conditions in which the absorbance was 

around 1 were obtained at a dilution of around 1/6000 of the primary antibodies and 

between 1/2000 and 1/3000 of the secondary antibodies. As a result the next 2D assay 

was performed setting in this case the antiIgG-HRP antibodies at 1/2000, by changing 

the gliadin-MP concentration from 0 to 0.6 mg mL-1 and assaying at three different 

antibodies dilutions (1/2000, 1/4000 and 1/6000), as shown in Figure 4.12, C. 

Regarding the antibodies dilution it was decided to fix the antiGliadin antibodies at 

1/4000 for further studies. However, in the case of the magnetic particles due to the 

high absorbance signals (around 2) obtained at a concentration above 0.15 mg mL-1 a 
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new optimization was performed testing gliadin-MP concentrations between 0 and 0.12 

mg mL-1 (Figure 4.12, D). The results showed that a concentration of 0.06 mg mL-1 

could be considered as optimal situation, since the absorbance was around 1 in this 

case, which is the ideal condition to adjust the maximum of a competitive 

immunoassay. Moreover, once again the low nonspecific adsorption of the antibodies 

was demonstrated giving as a result a very good signal to background ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Optimization of the immunoreagents concentration by two-dimensional serial dilution 
experiments performed with the indirect magneto immunoassay strategy. Top: A wide range of antiGliadin 
antibodies concentrations and secondary antiIgG-HRP antibodies were tested for the gliadin-MP (A) and 
BSA-MP (B), as negative control, by fixing the MP amount at 0.15 mg mL-1. In the x-axis different 
antiGliadin antibodies concentrations are assayed (expressed in µg mL-1), corresponding to the following 
dilutions: 1/3000, 1/6000, 1/8000, 1/10000, 1/12000, 1/16000, 1/32000 and 1/64000, while the different 
curves are related to the dilutions of the label showed in the right side. Bottom: Finer optimizations 
performed by fixing the antiIgG antibody dilution at 1/2000 (C) and finally setting also the antiGliadin 
antibodies at 1/4000 and comparing the signals of the gliadin-MP with BSA-MP (D). The error bars show 
the standard deviation for n=3. 

 

Afterwards, the direct immunoassay was also optimized. Again a first 2D experiment 

was performed covering a wide range of concentrations by varying the gliadin-MP from 

0 to 0.15 mg mL-1 and the antiGliadin-HRP from 1/2000 to 1/24000 (Figure 4.13, A). 

Then the antibodies dilutions were focused in a smaller span of dilutions (Figure 4.13, 

B). 
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Figure 4.13 Two-dimensional serial dilution experiments performed with the direct immunoassay format to 
optimize the antiGliadin-HRP antibodies dilution and gliadin-MP concentration. 

 

As can be seen in the Figure 4.13, optimal conditions for the direct competitive 

magneto immunoassay were found to be a gliadin-MP concentration of 0.040 mg mL-1 

and antiGliadin-HRP diluted 1/8000 and also in this format a very low nonspecific 

adsorption was shown.  

After the optimization of the reagents concentration, the magneto immunoassay was 

performed by varying the amount of gliadin in PBST buffer, in order to obtain the best 

competition range, which was found to extend over a gliadin concentration range 

between 0 and 50 µg mL-1.  

A stock solution of 2 mg mL-1 of gliadin was prepared, but again the dissolution of 

the protein was an issue. The first attempt was to dissolve the gliadin directly in PBST 

and PBST with 20 % DMSO incubating in agitation at 40ºC overnight, but without 

success. Afterwards the same concentration was prepared directly in DMSO, obtaining 

positive results, but a 20 % of DMSO was needed when diluting the stock to prepare 

the calibration curve, with the problem that this amount showed to affect the 

immunoassay hindering the acquisition of a competitive curve. As a result, different 

solutions were tested containing 60 % (v/v) of ethanol in water or buffer solution in 

order to solve the problem: a) water, b) PBST 0.01 M, pH 7.4, c) PBS 0.04 M, pH 7.4, 

d) carbonate/ bicarbonate 0.05 M, pH 9.6, e) borate 0.02 M, pH 8.5. In all cases the 

solutions were incubated overnight at 40ºC and shaking. The solution d) was the most 

efficient being the protein totally dissolved the morning after, while the solution e) 

showed also good results after a longer incubation time. The solutions a) and c) did not 

dissolve at all.  Therefore, it was decided to store the gliadin stock solution in carbonate 

buffer containing 60 % (v/v) ethanol. 
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A last important optimization was to establish if the inclusion of a preincubation step 

of the gliadin samples with the primary antiGliadin antibodies could improve the 

immunoassay performance and finally also compare both formats (direct and indirect) 

in order to determine the better situation. With this aim direct and indirect competitive 

magneto immunoassay procedures were performed using different preincubation times 

(0, 45 and 90 min) as shown in Figure 4.14. The signals were obtained using the 

optimized immunoreagents concentration previously described and assaying gliadin 

standards of the following concentrations: 0, 0.002, 0.02, 0.1, 0.5, 2.5, 10 and 50 µg 

mL-1.   

As can be seen in the Figure 4.14 and in the competitive parameters detailed in 

Table 4.1, A and B, improved results in terms of IC50 and LOD values, were achieved 

with the direct format, which also has the advantage of being simpler and faster to 

perform since an incubation step and the related washes were removed through the 

direct labeling. Furthermore, when analyzing the different preincubation times it could 

be clearly observed that the addition of a preincubation step significantly improved the 

competition parameters (Absmax/IC50 ratio), related with better LODs for the assay in 

both formats. Although a slight better LOD was obtained after 90 min preincubation in 

comparison to 45 min, much better Absmax/IC50 ratio and also a higher slope was 

obtained with the shorter preincubation, involving in addition a reduction in the assay 

time.  

 

 

 

 

 

 

 
Figure 4.14 Comparative results obtained with both immunological strategies performed with a 
preincubation step between the antiGliadin primary antibodies and the gliadin standards (from 0 to 90 
minutes). The experimental conditions were: gliadin-MP 0.04 mg mL-1; antiGliadin-HRP antibody 1/8000 
(for the direct competitive immunoassay); antiGliadin primary antibody 1/6000 and antiIgG-HRP secondary 
antibody1/2000 (for the indirect format). The error bars show the standard deviation for n =3.  

 

When looking at the results of the direct format, the higher signals obtained for the 

shorter preincubation time could be explained in the fact that as longer the antibodies 

are preincubated with the gliadin samples, as more favored will be the binding to the 

 

-6 -5 -4 -3 -2 -1 0 1 2
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
90 min
45 min
0 min

Preincubation time

Log [gliadin]

A
bs

 (4
50

nm
)

-6 -5 -4 -3 -2 -1 0 1 2
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

Log [gliadin]

A
bs

 (4
50

nm
)

 

(A) (B) 



Chapter 4 

 

125 

 

free gliadin in solution instead than to the gliadin immobilized on the magnetic particles. 

Moreover, if no preincubation was performed the recognition of the immobilized gliadin 

is more favored requiring thus a higher gliadin concentration to be able to notice a 

signal decrease. 

 
Table 4.1 Competition parameters for the direct (A) and indirect (B) competitive magneto immunoassay 
after different preincubation times. 

(A) Preincubation 
time (min) Abs max/IC50 Linear range 

(µg mL-1) Slope LOD (µg mL-1) 

 
0 0.53 1.107- 14.577 0,95 0.0503 
 

45 7.75 0.020 – 0.844 -0.81 0.0045 
 

90 3.14 0.019 – 1.294 -0.61 0.0034 
     

 

(B) Preincubation 
time (min) Abs max/IC50 Linear range 

(µg mL-1) Slope LOD (µg mL-1) 

 
0 - - - - 
 

45 0.17 0.997 – 15.58 -1.017 0.188 
 

90 0.24 1.019 – 16.41 -0,938 0.283 
     

 

As a result, a preincubation time of 45 min was chosen for further studies, giving an 

IC50 of 129.7 µg L-1 and a LOD of 4.5 µg L-1, which is more than 1000 times lower than 

the 20 ppm required limit, i.e. 20 mg L-1, according to the EC legislation for gluten-free 

products.  

 

4.4.3.2 Immunoassay optimization using the gliadin-nMP 

 

The 2D experiments with the gliadin-nMP were performed using the previously 

optimized conditions, i.e. a direct immunoassay with a preincubation step of 45 min. 

Once again, the gliadin-nMP concentration was varied in one direction of the 

microplate, while modifying the antiGliadin-HRP antibodies dilution in the other, to find 

the optimal combination that produce a signal ranging from 0.8 to 1.2 absorbance units. 

The first broader concentration range optimization (Figure 4.15, A) showed that the 

optimal results were obtained for a magnetic nanoparticles concentration between 0.04 

and 0.08 mg mL-1 and using an antibody dilution from 1/6000 and 1/12000. Therefore a 
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finer 2D analysis was performed for magnetic particles concentration below 0.08 mg 

mL-1 and assaying at four different antibodies dilutions: 1/4000, 1/6000, 1/8000 and 

1/12000 (Figure 4.15, B). After evaluating the results the optimal conditions were 

chosen to be a gliadin-nMP concentration of 0.06 mg mL-1 and antibodies dilution of 

1/6000. When comparing to the tosylactivated microparticles, which optimal 

concentrations were found to be 0.04 mg mL-1 and 1/8000 respectively, it could be 

observed that slight higher concentration of both reagents were needed in the case of 

the nanoparticles to achieve similar signals.  

 

 

 

 

 

 

 
Figure 4.15 Optimization of the antiGliadin-HRP antibodies dilution and gliadin-nMP concentration by two-
dimensional serial dilution experiments performed with the direct magneto immunoassay strategy.  

 

Once the immunoreagents were optimized, the competitive curve was performed 

with the gliadin-nMP in the same gliadin concentration range than previously performed 

with the microparticles. However, the results showed a high minimal signal (with a 

value of 0.543) and a low slope (-0.49) of the competitive curve as shown in Figure 

4.16. A first attempt to improve the results was done by decreasing the gliadin-nMP 

concentration to the half, but as can be seen in the graph the minimal signal was still 

high, obtaining nevertheless a significant signal decrease for the upper region of the 

sigmoidal curve resulting thus in an even lower slope. In the case of decreasing the 

antibodies concentration (from a 1/6000 dilution to 1/8000) the minimal signal could be 

reduced to some extent but the higher signals also decreased not showing therefore 

any improvement. Finally it was decided to decrease the incubation time of the 

competition step from 30 min to 15 min, so that the reaction with the antigen 

immobilized on the magnetic nanoparticles was less favored. The competition curve 

was greatly improved as shown in Figure 4.16, giving an IC50 of 115.8 µg L-1 and a 

LOD of 7.7 µg L-1. The competitive parameters are shown in Table 4.2. When 

comparing the results with the response obtained using the microparticles very similar 

IC50 and LOD values were achieved in both cases. As a result, the nanoparticles did 
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not show a significant improvement as was previously supposed due to the increased 

reactivity given by their smaller size. The only advantage which could be highlighted 

was a better sensitivity demonstrated through the higher slope and Abs max/IC50 ratio. 

 

 

 

 

 

 

 

 

 

 
Figure 4.16 Optimization of the direct competitive immunoassay performed with the gliadin-nMP. The 
results with the optimal immunoreagents concentration (gliadin-nMP 0.06 mg mL-1 and antiGliadin-HRP 
diluted 1/6000) are compared with the curve obtained after reducing the magnetic particles or the 
antibodies concentration, as well as after changing the incubation time for the competition step from 30 to 
15 minutes. The error bars show the standard deviation for n=3. 

  

Table 4.2 Competition parameters for the direct competitive magneto immunoassay performed on the 
gliadin-nMP. 

 Abs max/IC50 Linear range (µg mL-1) Slope LOD (µg mL-1) 

 
Gliadin-nMP 10.22 0.021- 0.811 0.87 0.0077 

     
 

 
4.4.4 Study of the matrix effect and gliadin extraction procedure from 

foodstuff 
 

The matrix effect is related with the combined effect of all components of the sample 

other than the analyte in the performance of an analytical method,27 and consists of a 

bias in the analyte determination performed in different matrixes. The most important 

type of matrix effect is any that occurs between the matrix used to prepare the 

calibration curve, and the matrix of the test samples.  

Due to the different composition of the chosen food matrixes (skimmed milk, 

involving high contents of fat, protein and minerals and beer, containing alcohol, non-

fermented complex carbohydrates, polyphenols, minerals and proteins), it is expected 
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that these complex food matrixes will produce a bias compared with the standard curve 

performed in PBST buffer.  

In order to overcome matrix effect, general procedures are dilution of the sample or 

the use of a sample extract in the preparation of the standard curve, although in food 

samples clean-up may sometimes be necessary.28  

Two different procedures for the gliadin extraction were evaluated with the direct 

competitive magneto immunoassay: i) the ethanolic and ii) the cocktail solution 

extractions. Therefore the first step was to evaluate the effect of the presence of 

ethanol and of the cocktail solution in the competitive immunoassay as shown in Figure 

4.17.  

With this aim, different ethanol amounts (3, 6, 9 and 12 %) were added to the 

calibration curve. The addition of increasing amounts of ethanol did not show a very 

significant effect on the calibration curve obtaining good competition parameters in all 

cases as can be seen in Table 4.3, with very good limits of detection as well as IC50 

values. However a drop off in the upper signals was evident for the higher ethanol 

percentages (9 and 12 %) producing thus a decrease in the sensitivity of the curve 

indicated by the slope decline.    

-6 -5 -4 -3 -2 -1 0 1 2
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4 3% ethanol
6% ethanol
9% ethanol

12% ethanol
6% ethanol + 1/40 cocktail

Log [Gliadin]

A
bs

 (4
50

nm
)

 
Figure 4.17 Study of the extraction procedure. Effect of adding different ethanol amounts as well as the 
cocktail solution in the direct competitive magneto immunoassay for the determination of gliadin. In all 
cases a gliadin-MP concentration of 0.04 mg mL-1 and a antiGliadin-HRP dilution of 1/8000 was used. 

 

Regarding the cocktail solution, the influence of the presence of a 1/40 dilution in 

addition to 6 % ethanol was studied, since this would be the final conditions in the 

samples after the 1/10 dilution performed subsequent to the extraction protocol. As 

shown in Figure 4.17, the cocktail solution promoted a signal decrease at low 

concentration as well as an increase at high gliadin concentration, affecting significantly 

the competition parameters and even hindering the determination of the LOD value in 

this competitive curve. This effect was previously reported.2 As a consequence, this 
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cocktail solution was not further studied, while the classical ethanolic extraction was 

employed, as also recommended by the manufacturers of commercial kits in 

competitive (Ridascreen Gliadin competitive 2nd generation, Art. Nº. R7021, r-

Biopharm, Germany) and sandwich (Transia Plate Gluten, Art. Nº. GL0301, Diffchamb, 

UK; Immunotech Gliadin ELISA kit, Ref Nº IM3717, Beckman Coulter, Czach Republic) 

ELISA formats.  

 
Table 4.3 Comparison of the competition parameters obtained at different ethanol amounts. 

Ethanol amount (%) IC50 Linear range (µg mL-1) Slope LOD (µg mL-1) 

 
3 0.110 0.010- 1.007 -0.61 0.00354 
 

6 0.116 0.015 – 0.708 -0.72 0.00253 
 

9 0.078 0.0050 – 0.673 -0.53 0.00101 
 

12 0.076 0.0091-0.801 -0.54 0.00296 
     

 
 

Once the extraction protocol was established, the matrix effect of beer and 

skimmed-milk spiked with gliadin was evaluated by comparing the results with the 

standard curve obtained in PBST buffer containing 6 % ethanol.  

In the case of the modified nanoparticles, i.e. gliadin-nMP, a high matrix effect was 

observed in the presence of the milk food matrix, affecting significantly the behavior of 

the competitive curve as shown in Figure 4.18, A. Thus, further studies were done with 

the modified magnetic microparticles. 

 

 

 

 

 

 

 

 

 

 
Figure 4.18 Competition curves using the gliadin-nMP (A) and gliadin-MP (B) obtained with the different 
food matrixes (beer and skimmed milk) compared with the response in PBST buffer after the ethanolic 
extraction. The experimental conditions in all cases were: gliadin-MP 0.040 mg mL-1; antiGliadin-HRP 
antibody 1/8000. The error bars show the standard deviation for n= 4.  
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The curves obtained with the gliadin-MP are presented in Figure 4.18, B, while the 

detailed results of the competition parameters (such as the linear range, the IC50 and 

LOD values) are shown in Table 4.4, being the curves and LOD values quite similar for 

both food matrixes and PBST buffer. Moreover the achieved LOD values were much 

lower than the required limits of gliadin in gluten-free foodstuff accordingly to the EC 

food regulations.  

However, the matrix effect was not completely avoided with the sample pretreatment 

through the ethanolic extraction followed by dilution of the sample, as can be seen 

through the increase of the IC50 value and decrease of the slope in the presence of 

both food matrixes. In order to overcome this issue, the standard curve for the 

competitive assay was decided to be performed with the gluten-free references 

extracts for further studies. 
 
Table 4.4 Comparative results obtained with the magneto immunoassay performed in different matrixes 
such as PBST, skimmed milk and beer. The results are the average of three calibration curves performed 
at different days.  
 

 IC50 (ng mL-1) Linear range (ng mL-1) Slope LOD (ng mL-1) 

     
PBST buffer 124.2 19.4-789.2 -0.76 5.71 
     
PBST with milk 249.5 22.4-2381.9 -0.54 5.67 
 
 PBST with beer 
 

 
327.7 

 
12.5-3380.0 

 
-0.46 

 
3.74 

 

 

4.4.5 Competitive electrochemical magneto immunosensor for gliadin 
detection 

 

Since the direct immunoassay format and the use of microparticles as solid support 

gave in general better performance, these conditions were applied for the 

electrochemical approach. Once again, the first step was to determine the optimal 

gliadin-MP concentration and antiGliadin-HRP dilution. In both cases, the optimal 

conditions for the optical system were tested (gliadin-MP 0.04 mg mL-1 and antiGliadin-

HRP 1/8000) and compared with increasing amounts of both reagents to reach 0.2 mg 

mL-1 magnetic particles and an antibodies dilution of 1/4000, as shown in Figure 4.19, 

A. As can be seen, significant higher signals were obtained by using a 1/4000 dilution 

of the labeled antibodies, so this amount was chosen for further studies. Regarding the 

magnetic particles, an increase in the signal was observed when increasing the 
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concentration. A very good signal to nonspecific adsorption discrimination was 

obtained in all the condition assayed, even using  higher amount of magnetic particles 

and antibodies concentration as shown in more detail in Figure 4.19, B.  

 

 

 

 

 

 

 

 

 

 
Figure 4.19 (A) Optimization of the immunoreagents amounts by testing five different magnetic particles 
concentrations (0.04, 0.06, 0.10, 0.15, 0.20 mg mL-1) at two antiGliadin-HRP dilutions (1/4000 and 1/8000) 
and comparing the signals obtained with gliadin-MP and BSA-MP. (B) Detailed comparison of the signal 
and non-specific adsorption at 0.2 mg mL-1 of magnetic particles and 1/4000 of antibodies. The applied 
potential was -0.100 V (vs. Ag/AgCl). 

 

Although the better magnetic particles concentration seemed to be the highest 

amount of 0.2 mg mL-1, further studies had to be performed. A compromise situation 

had to be found in which obtaining high maximal signals but without favoring to much 

the reaction with the immobilized gliadin. As a result, a shift in the curve, which 

worsens the competition parameters, should be avoided. Therefore, the whole 

competitive curve was performed testing the three highest gliadin-MP concentrations 

(0.1, 0.15 and 0.2 mg mL-1) as shown in Figure 4.20. 

  

 

 

 

 

 

 

 

 

  
Figure 4.20 Competitive curves obtained at three different gliadin-MP concentrations: 0.1, 0.15 and 0.2 
mg mL-1 by fixing the antiGliadin-HRP dilution in 1/4000. The table beside shows the IC50 and LOD values 
obtained for each situation.  
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As can be seen in the Figures and the related competition parameters, although a 

slight signal decrease was observed when decreasing the particles concentration, a 

very significant improvement was obtained at the lower concentration tested. As a 

result, a gliadin-MP concentration of 0.1 mg mL-1 and antiGliadin-HRP antibody dilution 

of 1/4000 was chosen for further immunoassays with the magneto immunosensor. 

 Afterwards, the performance of the magneto immunoassay with electrochemical 

detection in the different food matrixes was evaluated. Figure 4.21 shows a comparison 

of the competitive curves obtained with the electrochemical magneto immunosensors 

for skimmed-milk and beer in comparison with the calibration curve in PBST buffer, 

presenting good and well defined competitive curves for both food samples. In addition, 

Table 4.5 comparatively shows the parameters extracted from the four-parametric 

equation for the electrochemical magneto immunosensing approach performed in 

PBST, in skimmed-milk and beer.  

 

10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 10 0 10 1 10 2
0.0

0.5

1.0

1.5

2.0

2.5

3.0
PBST with 6% ethanol + milk
PBST with 6% ethanol + beer

PBST with 6% ethanol

[Gliadin] (g mL-1)

C
at

ho
di

c 
cu

rre
nt

 (
A

)

 
Figure 4.21 Comparative results for the detection of gliadin in PBST buffer, skimmed-milk and beer based 
on the direct competitive electrochemical magneto inmunosensor. The experimental conditions were: 
gliadin-MP 0.1 mg mL-1 and antiGliadin-HRP antibodies 1/4000. The error bars show the standard 
deviation for n=3. 
 
 
Table 4.5 Comparative results of the competition parameters obtained with the electrochemical magneto 
immunosensor performed in different matrixes such as PBST, skimmed milk and beer. 

 IC50 (ng mL-1) Linear range (ng mL-1) Slope LOD (ng mL-1) 

     
PBST buffer 117.4 18.9-589.5 -0.85 5.66 
     
PBST with milk 578.7 66.9-2558.3 -0.72 20.07 
 
 PBST with beer 
 

 
214.5 

 

 
43.9-1155.6 

 
-0.84 

 
17.54 
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Excellent results were obtained for the detection of gliadin in skimmed-milk with the 

electrochemical magneto immunosensor (IC50 578.7 and LOD 20.1 ng mL-1), as well 

as for the detection in beer (IC50 214.5 and LOD 17.5 ng mL-1). As in the optical 

detection method, the LODs are once more much lower than the required gliadin limit 

of 20 mg L-1 (20 x 10-3 ng mL-1) accordingly to the EC food regulations for gluten-free 

foodstuff.  

When comparing these results with the parameters obtained in the magneto 

immunoassay (Table 3), similar performance could be observed with both detection 

strategies. Although slight better LOD values were achieved with the optical detection, 

much better Absmax/IC50 ratios were obtained in all cases with the electrochemical 

approach, giving values of 19.3, 6.28 and 11.1 with the immunosensor in comparison 

to 9.1, 4.6 and 3.5 with the magneto immunoassay in PBST, milk and beer 

respectively. Besides, fairly better sensitivity was also obtained with the 

electrochemical detection, showing higher slopes in all the matrixes tested. Moreover, 

while in the case of the optical system a slope decrease was observed in the presence 

of both food matrixes, this effect was not present in the case of the immunosensor, 

suggesting thus a more robust detection method regardless the tested sample.  

Finally, when analyzing the coefficient of variation (CV) obtained at a concentration 

of 100 ng mL-1 for both the magneto immunoassay and the electrochemical magneto 

immunosensing approach, the results were found to be, respectively, 8.5 and 14.2 % in 

PBST, 7.0 and 11.6 % in skimmed-milk and 8.0 and 14.5 % in beer, for n=4 and n=3.  

It should be also pointed out that the obtained LOD values for the magneto 

immunoassay and the magneto immunosensor are much lower also than the LODs 

previously reported for the validated R5 sandwich ELISA assays (LOD = 3.2 mg L-1)2, 

as well as the commercial Ridascreen Gliadin competitive 2nd generation assay (r-

Biopharm) (LOD = 1.4 mg L-1). The integration of magnetic particles could play a key 

role in these improved results. The LODs are also much better than MALDI-TOF 

procedures as well as other non-immunological methods.5,29  

Although similar LODs were obtained compared with previously reported 

electrochemical immunosensors4,7, the competitive magneto immunosensor showed a 

wider linear range and the advantage of being able to detect small gluten fragments in 

pretreated and hydrolyzed foodstuff. A further issue of the renewable magneto 

immunosensor is that there is no need to perform a modification step after use, as the 

m-GEC electrodes can be renewed by simple polishing.  
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4.4.6 Accuracy study in foodstuff 
 

Skimmed milk and gluten-free beer samples spiked with different gliadin 

concentrations were tested using both, the electrochemical magneto immunosensor as 

well as the magneto immunoassay procedures. The recovery values are presented in 

Table 4.6, showing excellent results for the ethanolic extraction followed by both 

detection methodologies (in skimmed-milk and beer food matrixes), in the 

concentration range from 5 to 200 mg L-1 (ppm). For a gliadin concentration of 20 mg L-

1 (the required LOD established by the legislation) in beer sample, recovery values of 

109.0 % and 121.5 % were obtained respectively with the electrochemical magneto 

immunosensor and the magneto immunoassay, while in the case of skimmed-milk 

samples, these values were found to be 112.1 % and 93.5 %.  

 
Table 4.6 Recovery values in spiked skimmed-milk and beer samples based on the magneto 
immunoassay and the electrochemical magneto immunosensor. In all cases, n =3. 

 Spiked skimmed milk sample Spiked beer sample 

Concentration (ppm) 
Found 

concentration 
(ppm) 

Recovery 
(%) 

Found 
concentration 

(ppm) 
Recovery 

(%) 

     
Magneto immunoassay     

 
200 

 
194.4 

 
97.2 

 
166.9 

 
83.4 

80 76.4 95.5 79.6 99.5 
20 18.7 93.5 24.3 121.5 
5 
 

Magneto immunosensor 

6.4 
 
 

128.0 6.6 132.0 

 
200 

 
211.9 

 
106.0 

 
188.9 

 
94.5 

80 78.1 97.6 70.6 88.3 
20 22.4 112.1 21.8 109.0 
5 7.2 144.0 7.0 140.0 

     

 

In the case of the magneto immunoassay the recovery values obtained by 

interpolating in the curve performed in PBST- 6 % ethanol without the food matrix were 

also calculated to control the difference in the gliadin detection. As shown in Table 4.7 

the obtained values were significantly affected by the absence of the matrix in the 

standards, as was already supposed from the competition parameters obtained in 

Table 4.4 (§ 4.4.4). Once again, it was confirmed that the standard curves for the 
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competitive assay were recommended to be performed with the gluten-free references 

extracts in the matrix for this system. 

 
Table 4.7 Recovery values obtained after interpolating the spiked samples in the PBST curve containing 
just 6 % ethanol without the food matrix (milk or beer). 
 

Magneto immunoassay Spiked skimmed milk sample Spiked beer sample 

Concentration (ppm) 
Found 

concentration 
(ppm) 

Recovery 
(%) 

Found 
concentration 

(ppm) 
Recovery 

(%) 

 
Calibration curve in 

PBST without matrix 

 
 

   

 
200 

 
133.2 

 
66.6 

 
60.4 

 
30.2 

80 73.6 92.0 39.0 48.8 
20 16.7 83.5 20.6 103.0 
5 3.9 78.0 8.6 171.5 

     

 

 

4.5 CONCLUSIONS 
 

The integration of magnetic micro and nanoparticles in competitive immunoassays 

for the optical and electrochemical detection of gliadin or gliadin fragments in natural or 

pre-treated food samples was reported.  

For the first time, gliadin was immobilized to tosylactivated magnetic microparticles 

as well as to carboxyl-activated nanoparticles by covalent binding, achieving excellent 

immobilization efficiency (near 90 %) in both cases. However, the modified 

nanoparticles showed higher matrix effect for this application, and thus further studies 

were done with the magnetic microparticles.  

The performance of the electrochemical magneto immunosensor was compared 

with the magneto immunoassay with optical detection, achieving in both cases similar 

LOD values. However, better sensitivity was obtained with the magneto immunosensor, 

which combines the advantages taken from immunochemical assays and magnetic 

particles separation with the sensitivity and robustness of the electrochemical 

detection. Beside this, commercially available reagents were used, which makes the 

implementation of the novel strategy easier. The magneto immunosensor is able to 

analyze gluten or small gluten fragments in natural or pretreated food and also in 

gluten-free food samples, as far as the maximal accepted limits are almost 1000 times 
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higher than the achieved limits of detection. Moreover, the food samples could be 

diluted 400 times, reducing the food matrix effect.  

As a result, the usefulness of the magnetic particles integration into both competitive 

immunochemical techniques was successfully demonstrated and the developed 

strategies show great promise for celiac patients’ food safety.  

Due to the outstanding performance of the electrochemical magneto immunosensor, 

this strategy can be suitable for the rapid and on-site screen-out of gliadin in foodstuff. 

The high sensitivity of the material used in the m-GEC electrodes, added to its 

compatibility with miniaturization and mass fabrication technologies, transforms them in 

very attractive cheap and user- friendly devices for rapid and in-field analysis in food 

industry applications. 
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5.1 INTRODUCTION 
 

Nanostructured materials, including gold, silver and other metallic nanoparticles, 

carbon nanotubes, silica nanoparticles, quantum dots, magnetic nanoparticles, 

dendrimers, among others, represent an exciting area due to their unique properties 

compared to the non-nanostructured counterpart. They can be easily integrated in 

different procedures and biological reactions for biosensing and bioimaging.1,2 Beside 

these non-biological nanomaterials, bacteriophages, as other virus-like particles, are 

attracting much interest due to their outstanding properties.  

As mentioned in Chapter 1 (§ 1.7.3), one of the phage-based bacteria tagging 

strategies consists of the use of bioconjugation methods to attach signaling molecules 

at specific, designated positions of virus surfaces. Biotinylation of proteins, nucleic 

acids, lipids and sugars is without a doubt one of the most important tools of modern 

cell biology and biotechnology. This is due to the scarcity of naturally biotinylated 

proteins (< 5 per organism), the chemical flexibility by which biotin can be covalently 

conjugated to specific moieties of biopolymers and organic ligands, as well as the 

exceptional high affinity binding between avidin/streptavidin and biotin (KA = 1015 M-1).3  

This chapter describes the development and characterization of novel 

bionanoparticles based on biotinylated bacteriophages. These labeled bionanoparticles 

were studied for the tagging of the bacteria Salmonella Thyphimurium in bioimaging 

and biosensing approaches with optical and electrochemical detection. The 

icosahedral-shaped bacteriophage P22 specific to Salmonella was studied as a 

model4,5. Its multivalent surface was firstly modified with the small biotin tag and further 

conjugation with optical and electrochemical reporters for biosensing systems were 

performed. The biotinylation of two different chemical moieties of the native phages 

(the amino groups of lysine and the carboxylic acid groups of aspartic or glutamic acid 

residues on P22 surface) was explored and evaluated, and the recognition capability 

was studied by classical culture methods. The biotinylated nanotag was characterized 

through different techniques, such as electrophoresis, confocal microscopy and 

Transmission Electron Microscopy (TEM) and the degree of labeling (DOL) was 

determined using a fluorometric assay for biotin detection. The utility of the biotinylated 

conjugates was demonstrated for the sensitive detection of Salmonella in 

electrochemical and optical biosensing approaches. Finally, the P22 bacteriophages 

were also explored as scaffold for the bottom-up construction of hybrid 

bionanomaterials with gold nanoparticles for imaging applications of the bacteria.  
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5.2 AIM OF THE CHAPTER 
 

This chapter addresses the comprehensive study of the attachment of biotin to 

potentially reactive chemical moieties of phage capsid proteins for the development of 

novel bionanoparticles for bacteria tagging, taking as a model the P22 bacteriophage 

for the detection of the pathogenic bacteria Salmonella.  

Therefore the specific objectives of this chapter were the following: 

 To evaluate different methods for the purification of phage lysates.  

 To design a novel method based on electrochemical magneto immunosensing 

for the purity evaluation of the phage lysates. 

 To determine the optimal conditions, such as biotin amount and phage titer, for 

the phage biotinylation. 

 To study the bacteria recognition capability of the biotinylated phages by 

classical microbiological methods (double agar layered technique), as well as 

by optical and electrochemical detection using streptavidin conjugated to 

horseradish peroxidase (Strep-HRP) as enzymatic label. 

 To characterize the developed biotinylated P22 phages (biotin-P22) by different 

techniques such as a fluorometric assay for the evaluation of the labeling 

degree, electrophoresis and confocal microscopy.  

 To exploit bottom-up hybrid nanomaterials such as phage conjugated to gold 

nanoparticles (AuNPs) for bacteria tagging and further analysis by Transmission 

Electron Microscopy (TEM). 

 
 
5.3 EXPERIMENTAL SECTION 

 

5.3.1 Materials 
 

The P22 bacteriophages lysates were concentrated using 25 x 89 mm 

ultracentrifuge tubes (Ultra-ClearTM Tubes, Beckman, California, USA) in an 

ultracentrifuge (OptimaTM L-80, Beckman, California, USA) with the SW28 Ti rotor 

(Beckman, California, USA). The filters used in the bacteriophage filtration were 

Nucleopore Track-Etched Membranes (25 mm Ø, 0.2 µm pore size, product nº 110606, 

Whatman). The dialysis was performed with cellulose membranes purchased from 

Sigma (Dialysis Tubing, product nº D-9277, Steinheim, Germany) and the dialysis 
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columns were from Novagen (D-Tube Dialyzer Maxi MWCO12-14 kD, product nº 

71510-3). The cesium chloride (CsCl, product nº 10757306001) was supplied by 

Roche Applied Science (Roche Diagnostic S.L., Spain). For the ultra-filtration 

technique tested as alternative purification method, the centrifugal devices with filter 

sizes of 10, 30 and 50K were from Millipore (Amicon Ultra-15 Centrifugal Filter Units, 

product nº UFC901008, 903008 and 905008, respectively), while the EndoTrap blue 

columns used for the removal of bacterial endotoxins through affinity chromatography 

(product nº 311053) were supplied by Hyglos GmbH, Germany. 

The NHS-PEG4-Biotin and Amine-PEG3-Biotin were purchased from Thermo 

Scientific (product nº 21955 and 21347, respectively). The removal of non-reacted 

biotin after the biotinylation was carried out using desalting columns purchased from 

Thermo Scientific (Zeba Desalt Spin Columns, product nº 89889). The FluoReporter ® 

Biotin Quantitation Assay Kit for biotinylated proteins was from Molecular Probes 

(product nº F30751).  

The magnetic particles modified with anti-Salmonella antibodies (Dynabeads, 

product n° 710.02) were supplied by Invitrogen Dynal AS (Oslo, Norway). N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysulfosuccinimide (sulfo-NHS), Bovine serum albumin (BSA), avidin (product nº 

A9275) and Strep-HRP (product nº S5512) were obtained from Sigma-Aldrich. The 

anti-Salmonella antibodies conjugated to biotin (biotin-Ab, product nº ab21118), used 

for the comparison with the biotin-P22 tagging pattern through confocal microscopy, 

were supplied by Abcam (Cambridge, UK).  

The nucleic acid stain Hoechst 33342 and the streptavidin labeled with cyanine 5 

(Strep-Cy5) dye used in confocal microscopy were purchased from Life Technologies 

(product nº H-3570 and SA-1011, respectively), while the streptavidin conjugated to 20 

nm colloidal gold nanoparticles (Strep-AuNP, product nº GA-02) were from EY 

Laboratories, Inc (San Mateo, CA, USA).  

The peroxide and TMB (3,3’,5,5’- tetrametylbenzidine) solutions utilized for the 

optical measurements (TMB Substrate Kit, product nº 34021) were purchased from 

Pierce. On the other hand, the hydrogen peroxide 30 % used as a substrate in the 

electrochemical measurements was purchased from Merck (product nº 1.07209.0250, 

Germany), while the hydroquinone used as a mediator was from Sigma-Aldrich 

(product nº H9003). 
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All other reagents were of the highest available grade, supplied from Sigma or 

Merck and all buffer solutions were prepared with milli-Q water (Millipore Inc., Ω = 18 

MΩ cm).  

For the biotinylation PBS buffer (0.1 mol L-1 phosphate, 0.15 mol L-1 NaCl, pH 7.2) 

or MES buffer (0.1 mol L-1 MES, 0.15 mol L-1 NaCl, pH 5.5) was used, depending on 

the conjugation strategy. For the evaluation of the biotinylated phages by agarose 

electrophoresis, 0.5X TAE (40 mM Tris-base pH 7.4, 20 mM sodium acetate, 1 mM 

EDTA) was prepared, while 2 % uranyl acetate was used in the negative staining 

performed for TEM analysis.  

Finally, the composition of the solutions used in the optical and electrochemical 

assays were: PBST (0.01 mol L-1 phosphate buffer, 0.15 mol L-1 NaCl, 0.05 % v/v 

Tween 20, pH 7.5); b-PBST (2 % w/v BSA in PBST as blocking buffer) and PBSE 

buffer (0.1 mol L-1 sodium phosphate, 0.1 mol L-1 KCl, pH 7.0).  

The instrumentation and materials used for the incubation and washing steps, the 

magnetic separations, as well as the optical and electrochemical detection were the 

same as detailed in Chapter 4 (§ 4.3.1.2). The black flat-bottomed microplates used for 

the fluorescence assays were from Greiner bio-one (product nº 655900) and the 

fluorescence measurements were performed with an Infinite M-200 microplate reader 

from TECAN Iberica Instrumentacion SL.  

Regarding the microscopy characterization techniques, Transmission Electron 

Microscopy (TEM) images were acquired using a JEM-1400 transmission electron 

microscope equipped with a CCD GATAN 794 MSC 600HP camera, while 

fluorescence images were acquired using a Leica TCS/SP5 confocal microscope 

(Leica Microsystems, Exton, PA). 

 

5.3.1.1 Bacterial strain and bacteriophage lysate preparation 

 
The bacteria Salmonella enterica serovar Typhimurium LT2 (supplied by J.L. 

Ingraham, Bacteriology Department, University of California, Davis, USA) were 

routinely grown in Luria Bertani (LB) broth pH 7.5 or on LB agar plates for 18 h at 37ºC. 

Bacterial viable counts were determined by plating on LB plates followed by incubation 

at 37ºC for 24h.  

The P22 bacteriophage (ATCC 19585-B1TM), a temperate virus that infects 

Salmonella groups A, B and D was used in the studies as a model. To obtain the 



Chapter 5

 

145 

 

lysates exponential cultures of Salmonella Typhimurium LT2 (108 CFU mL-1) grown in 

LB medium at 37oC were infected with P22 phage at a multiplicity of infection (MOI) of 

1 plaque-forming unit (PFU) per colony-forming unit (CFU) and incubated at 37oC for 5 

h. Afterwards, infected cultures were centrifuged at 8000 × g for 10 min and the 

supernatants were filtered through 0.22 μm Nucleopore membrane to remove any 

remaining bacteria in the solution. The phage titer was determined by plating adequate 

dilutions using double agar layered conventional method, as shown in Figure 5.1: 100 

μL of each dilution were blended with 100 μL of 108 CFU mL-1 Salmonella Typhimurium 

LT2 dilution and 2.5 mL of soft agar. The mixture was spilt on LB agar plates and after 

incubation for 18-24 h at 37 ºC phage plaques were counted. Then, P22 phages were 

concentrated by ultracentrifugation at 27000 × g for 2 h and finally resuspended in 10 

mM MgSO4 to obtain titers of approximately 1012 PFU mL-1.  

 

  (A) (B) (C)

 

Figure 5.1 Schematic representation of the double agar layered method for titrating active phages. A 
phage dilution is mixed with 108 CFU mL-1 Salmonella and soft agar (A), pouring the mix on LB agar plates 
(B) and after 18-24 h incubation at 37ºC the plaques formed at different 10-fold dilution series were 
counted (C). 

 

5.3.1.2 Bacteriophage purification 
 

Since the phage production is based on their self-synthesizing capability by infecting 

its specific host, the subsequent purification process to eliminate possible remaining 

bacterial debris is a really challenging task.  

Many methods for phage lysate purification have been reported such as ultra-high 

speed centrifugation,6 ultra-filtration through polysulfone membrane followed by 

chromatography,7 poly(ethylene glycol) precipitation-gradient centrifugation,8 

chromatofocusing,9 affinity chromatography,10 anion exclusion chromatography 

connected to a fast protein liquid chromatography (FPLC)11 and size exclusion 

chromatography12. However, the purification by CsCl gradient is still a reference 
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method to ensure high purity of the phages, although it is also quite laborious and time-

consuming. 

In an attempt to find a simpler, faster and cheaper purification method for preparing 

the starting phage suspensions different strategies were tested to obtain a pure phage 

lysate: polyethylene glycol (PEG)/NaCl precipitation (combined or not with a chloroform 

treatment) followed by ultra-filtration methods using Amicon Ultra devices with different 

filter sizes (between 10K and 50K), as well as an affinity chromatography column called 

Endotrap blue, which is commercially available for the efficient removal of bacterial 

LPS based on a highly cross-linked 4 % sepharose resin. In the last case, the effect of 

passing repeatedly the phage lysate was also studied. The results were compared to 

the purity obtained by the CsCl gradient purification method, and its combination with a 

final dialysis step or with a pass through the aforementioned Endotrap column. 

The ultra-filtration and affinity chromatography were carried out following the 

manufacturer recommendations.  

On the other hand, the purification by cesium chloride gradient was performed 

accordingly to the standard protocol described by Sambrook et al.13 After a previous 

step of digestion with DNAase and RNAase, a treatment with NaCl followed by 

precipitation with PEG and a chloroform extraction, the phage lysate was carefully 

placed in a CsCl density gradient. Briefly, 15 mL of concentrated bacteriophage 

suspension was overlaid onto a three-step CsCl gradient containing 7.6 mL of each 1.6 

g mL-1 CsCl, 1.5 g mL-1 CsCl, and 1.45 g mL-1 CsCl, respectively, in the ultracentrifuge 

tubes. Afterwards, P22 bacteriophages were centrifuged for 2 h at 87,000 x g at 4oC in 

a rotor. Phage-containing bands (translucent white/gray) were extracted through the 

wall of the centrifuge tube by puncturing with a needle, and the CsCl was subsequently 

removed by dialysis using a cellulose membrane for 16 hours with three changes of 

MgSO4 10 mM at 4ºC. The bacteriophage titer was determined as described in § 

5.2.1.1 and finally, the phage stock solutions were maintained in MgSO4 10 mM 

solution at 4 °C retaining a constant titer for several months. 

 

5.3.1.3 Purity control of phage lysate by electrochemical magneto 

immunosensing 

 

The purity control was based on the detection of the Salmonella LPS antigens 

remaining after the purification process and was performed by a sandwich magneto 

immunoassay for Salmonella based on amperometric detection previously developed 
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in our group.14 As the bacteriophages are used for the specific detection of Salmonella 

and in order to get lower nonspecific adsorption values, the bacteriophage lysate 

should give no signal due to their host Salmonella used to grow them.  

The applied protocol for the immunosensing approach was as follows: i) capture of 

Salmonella fragments by adding 140 µL of phage solution to 10 µL of commercial 

magnetic microparticles modified with specific anti-Salmonella antibodies and 

incubating 10 min at 700 rpm, ii) after removing the supernatant, addition of 140 µL of 

anti Salmonella-HRP antibodies (Ab-HRP) diluted 1/1000 in b-PBST and 30 min 

incubation at 700 rpm, followed by two 5 min washes with 140 µL of PBST. Finally the 

last step was iii) the capture of the magnetic particles on the electrode surfaces by 

dipping the magneto electrode (m-GEC) inside the reaction tube followed by the 

amperometric detection. The electrochemical measurement was recorded by using the 

modified m-GEC as a working electrode and immersing the three-electrode setup in 20 

mL PBSE buffer, polarizing the m-GEC electrode at a working potential of −0.100V (vs. 

Ag/AgCl), which was fixed through cyclic voltammetry. The amperometric signal was 

based on the enzymatic activity of the HRP after the addition of hydrogen peroxide 

(4.90 mmol L−1) as the substrate and hydroquinone (1.81 mmol L−1) as a mediator as 

explained in Chapter 4 (§ 4.3.6). 

Although the developed method is not quantitative, it could give some notion of the 

bacteria contamination remaining after the purification process. In order to test the 

applicability of the novel method for the evaluation of LPS contamination, the phage 

lysates obtained through the different purification methods described in the previous 

section were tested and the signals were compared with a negative control containing 

the phage media (MgSO4 10 mM) and also with the non-purified phages obtained as 

explained in § 5.3.1.1. If no bacteria interference were present in the samples, the 

signals should be almost the same than the results of the negative control. Otherwise, 

some degree of contamination would be suggested.  

In parallel to the electrochemical detection, the phage titer was also determined by 

double agar layered method to control if the phage concentration was affected by the 

purification procedure.  

 

5.3.1.4 Safety considerations 

 

All the procedures involving the manipulation of potentially infectious materials or 

cultures were performed following the safe handling and containment of infectious 
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microorganism’s guidelines.15 According to these guidelines, the experiments involving 

Salmonella Typhimurium and E. coli were performed in a Biosafety Level 2 Laboratory. 

Strict compliance with BSL-2 practices was followed and proper containment 

equipment and facilities were used. Contaminated disposable pipette tips were 

carefully placed in conveniently located puncture-resistant containers used for sharps 

disposal. All cultures, stocks, laboratory waste, laboratory glassware and other 

potentially infectious materials were decontaminated before final disposal by 

autoclaving. The ultimate disposal was performed according to local regulations. 

 

5.3.2 Bacteriophages biotinylation 
 
The tagging of two different reactive groups, i.e., the amino groups of lysine and the 

carboxylic acid groups of aspartic or glutamic acid residues on P22 surface, was 

explored. The reactivity of each group was identified through the conjugation with 

biotin, which also provided versatility for further modification with optical, fluorescence 

and electrochemical reporters by using streptavidin conjugates. The linkage between 

the phage and the biotin tag was performed with water-soluble polyethylene glycol 

(PEG) spacer arms of different lengths (2.9 and 2.0 nm) to minimize steric hindrance 

for binding with the optical, fluorescence and electrochemical reporters, providing 

flexibility to the final three-dimensional structure. Two different biotinylation strategies 

were evaluated. The first one was based on NHS-PEG4-Biotin, as shown in Figure 5.2, 

A. The N-hydroxysuccinimide ester (NHS) group reacts specifically with lysine as well 

as N-terminal amino groups to form stable amide bonds. The hydrophilic PEGylated 

spacer arm of 2.9 nm imparts water solubility that is transferred to the biotinylated 

molecule, thus reducing aggregation of the biotin-P22 NPs stored in solution. The 

second one was based on Amine-PEG3-Biotin, as shown in Figure 5.2, B. The primary 

amine of the PEGylated biotin reagent was conjugated to carboxyl groups on carboxy 

termini, aspartate or glutamate residues of the native P22 NPs by using EDC, a water-

soluble carbodiimide crosslinker. The EDC was used to activate the carboxyl groups of 

the P22 phage to bind to the –NH2 group of the amine-biotin, forming an amide bond.  

In order to bind the biotin to the amine groups of the phage capsid proteins, the 

activated NHS-PEG4-Biotin was incubated during 1.5 h at 700 rpm and room 

temperature with the phage suspension. In the case of the coupling of biotin to the 

carboxylic groups, EDC and Amine-PEG3-Biotin were added to the phages solution in a 

biotin:EDC ratio of 10:1 to activate the carboxylic groups on the phage capsid by 

incubating also 1.5 h at 700 rpm and room temperature. 
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Figure 5.2 Schematic representation of the two paths for the biotinylation: (A) the reaction of NHS-PEG4-
Biotin with the primary amines of P22 phages, and (B) the activation of the carboxylic groups of P22 with 
EDC followed by the reaction with Amine-PEG3-Biotin. 

 

After the biotinylation process, the excess of biotin was removed by passing the 

sample through an exclusion column (Zeba Desalt Spin Column) through a 2 minutes 

centrifugation step at 1000 g. A schematic representation of the biotinylation protocol is 

shown in Figure 5.3. The biotin removal through the column was repeated 3 times to 

ensure the complete elimination of free biotin from the biotinylated phage suspension 

for further evaluation of the degree of labeling. However, in the case of using the biotin-

P22 for bacteria tagging, the elimination of the free biotin is not as important, since it 

would anyway be eliminated through the washing steps performed during the 

immunoassay.  

The infectivity of the biotinylated phages was studied by conventional phage titration 

using the double agar layered method, and by comparing the retained activity after 

biotinylation with the original titer of the lysate. At the same time, the optical signals at 

different bacteria concentrations were analyzed to verify which strategy presents best 

performance. Once the best strategy was established, the phage and biotin amount for 

the biotinylation process were optimized by evaluating the phage infectivity as well as 

the optical signals in order to obtain the best results.  
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Figure 5.3 Schematic representation of the biotinylation process. 

 

5.3.3 Immunomagnetic separation and biotin-P22 tagging for the optical 
and electrochemical detection of Salmonella 

 
The utility of the biotin-P22 phage for Salmonella tagging and further detection was 

proved by both optical and electrochemical measurements.  

The immunomagnetic separation (IMS) was performed using commercially available 

magnetic particles modified with the specific antibodies towards Salmonella. The exact 

concentration of the initial inoculum coming from an overnight culture in LB broth was 

found by serial decimal dilutions plated in LB agar. A negative control of LB broth was 

also processed. Different concentrations of Salmonella in LB (100 µL in the case of 

optical and 500 µL in the electrochemical detection) were added to anti-Salmonella 

magnetic particles (10 µg for the optical and 50 µg for the electrochemical detection) 

and an incubation step was performed for 20 min in slight agitation (700 rpm). After 

that, the magnetic particles with the attached bacteria were separated with a magnet, 

and washed twice with PBST (5 min, 700 rpm).  

The IMS followed by the bacteria tagging with biotin-P22 coupled to optical detection 

was performed in microtiter plates with flat-bottomed wells comprising the following 

steps, as shown in Figure 5.4: (i) IMS for attaching the target bacteria to the magnetic 

particles, as explained above; (ii) bacteria tagging with 100 µL of the biotin-P22 diluted 

1/100 (in PBST with MgSO4 10 mM), incubating 20 min without agitation at 37ºC, 

followed by washing with 100 µL PBST for 3 minutes; (iii) enzymatic labeling with 100 

µL Strep-HRP at a concentration of 1 µg mL-1 (in b-PBST), 30 min at 700 rpm and 

room temperature, followed by washing (2×) with 100 µL of PBST; and (iv) 30 min 

incubation at 700 rpm, room temperature and in darkness, with 100 µL of substrate 

solution, containing H2O2 and 3,3’,5,5’-tetramethylbenzidine (TMB) in citrate buffer, 

followed by the addition of 100 µL H2SO4 to stop the reaction (2 mol L−1) and optical 

reading at 450 nm (Figure 5.4, B). After each incubation or washing step, the magnetic 
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particles were separated from the supernatant on the bottom corner by using a 96- well 

magnet plate separator, positioned 1 min under the microtiter plate. 
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Figure 5.4 Schematic representation of (A) the phagotagging magneto immunoassay showing the 
immunomagnetic separation of Salmonella, the phage tagging and secondary labeling with the conjugate 
Strep-HRP; (B) on optical detection performed on 96-well microtiter plates and (C) phagotagging 
electrochemical magneto immunosensor. The magnetic particles capture on the surface of the m-GEC 
magneto electrode and the chemical reactions occurring during the measurement by polarizing the 
magneto electrode at -0.150 V (vs. Ag/AgCl) are also shown. 

 

On the other han d, the IMS and bacteria tagging with biotin-P22 coupled to 

electrochemical detection was performed in Eppendorf tubes, similarly than the 

previous approach, but using 140 µL of the biotin-P22 phage diluted 1/25 and 140 µL 

of Strep-HRP at a concentration of 40 µg mL-1 for the labeling steps, and being the step 

(iv) the capture of the magnetic particles on the electrode surfaces by dipping the 

magneto electrode (m-GEC) inside the reaction tube followed by the amperometric 

detection. The electrochemical measurement was recorded by using the modified m-

GEC as a working electrode and immersing the three-electrode setup in 20 mL PBSE 

buffer, polarizing the m-GEC electrode at a working potential of −0.150 V (vs. 
Ag/AgCl), which was previously fixed through cyclic voltammetry. The amperometric 
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signal was based on the enzymatic activity of the HRP after the addition of hydrogen 

peroxide (4.90 mmol L−1) as the substrate and hydroquinone (1.81 mmol L−1) as a 

mediator (Figure 5.4, C). After each incubation or washing step, the magnetic particles 

were separated from the supernatant on the side wall by placing the Eppendorf tubes 

in a magnet separator until the particles were migrated to the tube sides and the liquid 

was clear. 

 

5.3.4 Characterization by gel electrophoresis  
 

The electrophoresis was performed as a way to prove the phage modification and 

also to control the integrity of the phage nanoparticles. The hypothesis was that for 

each biotin conjugated to an amine group of the P22, one positive charge of the capsid 

was removed, which should produce some change in the electrophoretic mobility. 

Moreover if avidin is added to the biotin-P22 some extra change should occur due to 

the size increase of the resulting macromolar complex. 

In order to run the samples, 10 μL of the non-modified and biotinylated phages at a 

concentration of 1.75 x 1011 PFU mL-1, as well as the biotin-P22 conjugated to avidin 

(0.2 mg mL-1) were analyzed by conventional gel electrophoresis on a 1.2 % agarose 

gel containing 0.5X TAE (40 mM Tris-base pH 7.4, 20 mM sodium acetate, 1 mM 

EDTA). The electrophoresis was run at a constant voltage of 100 V for 45 min. DNA 

and protein visualization was performed on the same gel using ethidium bromide and 

Coomassie blue staining, respectively. Both images were obtained using the Gel Doc™ 

XR+ (Bio Rad) system.  

 

5.3.5 Fluorometric assay for the evaluation of the degree of labeling  
 

The quantification of the number of biotin molecules covalently attached per phage, 

also called the degree of labeling (DOL), was based on the Biotective™ Green reagent, 

which consists of avidin labeled with a fluorescent dye and with quencher dye ligands 

occupying the biotin binding sites.16 Through fluorescence resonance energy transfer 

(FRET), the ligand quenches the fluorescence. Biotin molecules attached to the phage 

displace the quencher dye from Biotective Green reagent, yielding fluorescence 

proportional to the amount of biotin, as depicted in Figure 5.5. 
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Figure 5.5 Schematic representation of the mechanism of the Biotective Green reagent for the detection of 
biotin on the modified bacteriophages. The fluorescence of the dye (indicated as D) is quenched by FRET 
until the quencher dye is displaced according to the amount of biotin. 

 

The experimental procedure was performed following the instructions of the kit 

manufacturer. In order to expose any biotin moiety sterically restricted and inaccessible 

to the Biotective Green reagent, protease E was used to disrupt the proteins and 

establish the total biotin amount. A volume of 50 µL of the biotin-P22 and of a positive 

control consisting of a biotinylated anti-mouse IgG standard with a known DOL (5 biotin 

molecules per IgG molecule) were digested overnight at 37ºC in PBS with the protease 

at a final concentration of 10 U mL-1. To determine the biotin amount in the biotin-P22 a 

standard curve of biocytin was run within the same assay as the digested and 

undigested biotin-P22 samples as well as a digested and undigested positive control. 

The biotin concentration corresponding to the fluorescence intensities of the unknown 

samples were obtained by interpolation in the resulting sigmoid curve. Once the biotin 

concentration in each sample was determined, the number of molecules per mL was 

calculated and divided by the phage or IgG molecules per mL in the same sample in 

order to obtain the DOL.  

 

5.3.6 Confocal Fluorescence Microscopy  
 
Confocal microscopy was used to characterize the Salmonella tagging with the 

biotin-P22 for bacteria imaging, by using the fluorescent reporter Strep-Cy5. The 

confirmation of the P22 phage biotinylation and its bacterial recognition ability was also 

achieved. The general nucleic acid stain Hoechst 33342 was used for la beling the 

bacteria, by adding 4.5 µL of dye (at 10 mg mL-1) per mL of bacteria at a concentration 

of 106 CFU mL-1. The IMS, as well as the biotin-P22 tagging was performed as 
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previously detailed, but in this case using Strep-Cy5 as fluorescence reporter. To 20 µg 

of magnetic particles with the captured bacteria and the biotin-P22 phages also 

attached, 100 µL fluorescent conjugate at a concentration of 2 µg mL-1 in b-PBST was 

added. In order to compare the fluorescence pattern and intensity, the same assay was 

performed by using biotinylated anti-Salmonella antibodies (biotin-Ab), instead of the 

biotin-P22 phage. Both approaches were imaged using a Leica TCS/SP5 confocal 

microscope. Finally the 3D Imaris X64 v. 6.2.0 software (Bitplane; Zürich, Switzerland) 

was applied for processing the images obtained.  

 

5.3.7 Transmission Electron Microscopy (TEM)  
 
A hybrid bionanomaterial was also developed and evaluated for bacteria bioimaging. 

To achieve this, P22 phages were coupled to AuNP throughout the biotin-streptavidin 

interaction. Biotin-P22 phages conjugated to Strep-AuNP were prepared adding 5 µL of 

Strep-AuNP (8 µg mL-1) to 20 µL of biotinylated phages (8 x 1010 PFU mL-1) and 

incubating with slight agitation at room temperature for 30 min. The bacteria tagged 

with the biotin-P22 and Strep-AuNP complex were prepared performing a previous 

phagotagging step incubating 100 µL of Salmonella (2.3 x 107 CFU mL-1) with 6 µL 

biotin-P22 (1.5 x 1011 PFU mL-1) for 20 min at 37ºC. After a washing step with PBS by 

centrifugation (5 min at 6000 rpm), 20 µL of the Strep-AuNP label were added and 

incubated as previously described, performing a washing as the final step. TEM 

samples were prepared by depositing 10 µL of each sample onto carbon-coated 

copper grids for 2 min. The grids were then negatively stained for 2 min with 2 % uranyl 

acetate and viewed with a transmission electron microscope equipped with a CCD 

GATAN 794 MSC 600 HP camera. 

 

5.4 RESULTS AND DISCUSSION 

 

5.4.1 Bacteriophage purification 
 

Despite the centrifugation steps, the contamination with bacterial 

lipopolysaccharides (LPS), peptidoglycan fragments, flagella filaments and proteins is 

very difficult to avoid in a phage lysate,17 since the phage was grown in a culture of the 

same host as the target of the assay, in this case, Salmonella.  As a consequence, the 

presence of bacteria debris would greatly interfere with the subsequent phage 



Chapter 5 

 

155 

 

conjugation efficiency, reducing thus the performance of the detection methods. 

Moreover, since the Salmonella detection strategies developed in the present 

dissertation are based on the combined used of phages and antibodies, the presence 

of bacterial fragments in the phage suspensions would affect the background values 

interfering with the results. 

Table 5.1 schematizes the most important variations in the purification protocol with 

the corresponding signal to background ratios obtained after the amperometric 

measurements of the phage solutions. 

 
Table 5.1 Comparative signal to background ratios after applying the magneto immunoassay with 
amperometric detection to the phage solutions obtained after different purification protocols.  

Phage titer (PFU mL-1) Method Signal to background 

E+11 Non-purified (filtered + ultracentrifugation) 17.1 

E+11 PEG/NaCl + chloroform 12.8 
E+12 PEG/NaCl + chloroform 14.9 
E+11 Ultra-filtration 10K 8.2 
E+11 Ultra-filtration 30K 5.8 
E+11 Ultra-filtration 50K 5.4 

E+10 / E+11 Endotrap,1st pass 5.6 
E+10 / E+11 2nd pass 2.95* 
E+07 / E+08 3rd pass 1.6 

E+12 Endotrap,1st pass 13 
E+12 2nd pass 9.6 
E+12 CsCl 5.3 
E+11 CsCl+dialysis 1.4 
E+12 CsCl+dialysis 2.4 
E+12 CsCl + Endotrap 3.0 

(*) In the case of the Endotrap column two of the five purification replicates showed already in the 
second pass, a decrease in the phage titer to around 108 PFU mL-1. 

 

The results demonstrated a consistent behavior of the developed detection system 

that became evident after analyzing for example the repeated purification steps through 

the column, in which a decrease in the signal to background ratio was observed 

according to each new passing through. Therefore, a correlation between the amount 

of LPS present in the samples and the obtained signals is observed, demonstrating the 

capability of the applied sandwich magneto immunoassay with electrochemical 

detection for the evaluation of the phage lysate purity. 

In general, the signals to background ratios suggest that just PEG/NaCl precipitation 

followed by chloroform extraction was the less efficient purification protocol, while the 

addition of a further purification method such as ultra-filtration with different filters, or 
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chromatography using the Endotrap colum or CsCl gradient significantly improved the 

purification level. Regarding the purification with the filters, a slight improvement of the 

purification seemed to take place while increasing the pore size, obtaining the best 

results when using the 50K filters.   

Finally, comparing all the results the smallest signal to background ratios were 

achieved using the CsCl gradient purification, and especially if it was followed by 

dialysis, in which the signal of the purified phage solution almost matched the signal of 

the blank. A similar value was obtained after three purification steps through the 

Endotrap column, but with the drawback of presenting an important drop in the phage 

titer. As a result, the chosen purification protocol was thus the CsCl gradient coupled to 

a subsequent dialysis step to finally achieve a purified starting reagent, appropriate for 

the further analytical applications for bacteria detection.  

 

5.4.2 Characterization of phage biotinylation 
 

The bacteriophages bind to specific receptors on the bacterial surface in order to 

inject the genetic material inside the bacteria. In the case of P22, six homotrimeric 

tailspike molecules (namely gp9) are involved in the viral adhesion protein which 

specifically recognizes the O-antigenic repeated units of the LPS on the cell surface of 

Salmonella.18 The evaluation of the integrity of the phage tailspike protein after 

biotinylation is, thus, an important issue to be considered, since biotin could hinder the 

recognition of the bacteria by the biotin-P22 phages. The ideal scenario would be the 

biotinylation of the capsid monomeric protein (gp5) leaving intact the tailspike protein 

(gp9) which is involved in the biorecognition. Firstly, the reactive groups of the 

aminoacidic sequence in both the tailspike protein (gp9) and the main capsid 

monomeric protein (gp5) were carefully studied, as detailed in Figure 5.6. The number 

of lysines and glutamic and aspartic acid comparatively in gp5 and gp9 are 

summarized in Table 5.2.  

As stated in the table, the capsid formed by 420 repeated copies of the gp5 

monomer, and because of its high surface, has a higher number of addressable 

moieties compared with the tailspike, composed by the 18 copies of the gp9 monomer 

(30240 and 1836, respectively). However, among the potentially reactive groups, the 

tailspike, which represent the biorecognition site of the phage P22, is richer in glutamic 

and aspartic acid, being the 66 % of the addressable moieties and resulting in much 

more carboxylic than amine groups in the tailspike protein.  
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gp5 

1   MALNEGQIVT LAVDEIIETI SAITPMAQKA KKYTPPAASM QRSSNTIWMP VEQESPTQEG 

61  WDLTDKATGL LELNVAVNMG EPDNDFFQLR ADDLRDETAY RRRIQSAARK LANNVELKVA 

121 NMAAEMGSLV ITSPDAIGTN TADAWNFVAD AEEIMFSREL NRDMGTSYFF NPQDYKKAGY 

181 DLTKRDIFGR IPEEAYRDGT IQRQVAGFDD VLRSPKLPVL TKSTATGITV SGAQSFKPVA 

241 WQLDNDGNKV NVDNRFATVT LSATTGMKRG DKISFAGVKF LGQMAKNVLA QDATFSVVRV 

301 VDGTHVEITP KPVALDDVSL SPEQRAYANV NTSLADAMAV NILNVKDART NVFWADDAIR 

361 IVSQPIPANH ELFAGMKTTS FSIPDVGLNG IFATQGDIST LSGLCRIALW YGVNATRPEA 

421 IGVGLPGQTA 

 

gp9 

1   MTDITANVVV SNPRPIFTES RSFKAVANGK IYIGQIDTDP VNPANQIPVY IENEDGSHVQ 

61  ITQPLIINAA GKIVYNGQLV KIVTVQGHSM AIYDANGSQV DYIANVLKYD PDQYSIEADK 

121 KFKYSVKLSD YPTLQDAASA AVDGLLIDRD YNFYGGETVD FGGKVLTIEC KAKFIGDGNL 

181 IFTKLGKGSR IAGVFMESTT TPWVIKPWTD DNQWLTDAAA VVATLKQSKT DGYQPTVSDY 

241 VKFPGIETLL PPNAKGQNIT STLEIRECIG VEVHRASGLM AGFLFRGCHF CKMVDANNPS 

301 GGKDGIITFE NLSGDWGKGN YVIGGRTSYG SVSSAQFLRN NGGFERDGGV IGFTSYRAGE 

361 SGVKTWQGTV GSTTSRNYNL QFRDSVVIYP VWDGFDLGAD TDMNPELDRP GDYPITQYPL 

421 HQLPLNHLID NLLVRGALGV GFGMDGKGMY VSNITVEDCA GSGAYLLTHE SVFTNIAIID 

481 TNTKDFQANQ IYISGACRVN GLRLIGIRST DGQGLTIDAP NSTVSGITGM VDPSRINVAN 

541 LAEEGLGNIR ANSFGYDSAA IKLRIHKLSK TLDSGALYSH INGGAGSGSA YTQLTAISGS 

601 TPDAVSLKVN HKDCRGAEIP FVPDIASDDF IKDSSCFLPY WENNSTSLKA LVKKPNGELV 

661 RLTLATL 

 

Figure 5.6 Protein sequences of the capsid protein gp5 (1-430) and tailspike protein gp9 (1-667) of the 
P22 phage (UniProtKB/Swiss-Prot, accession number P26747 and P12528, respectively). The potential 
reactive amino acids are highlighted: lysine (K) in yellow, glutamic (E) in green and aspartic acid (D) in red. 

 

Table 5.2 Number of potential reactive amine moieties on the lysine (Lys) side chains and carboxylic 
groups on the glutamic (Glu) and aspartic acid (Asp) side chains. 

 
Protein Copy 

#/phage 

 
Lys#/copy 

 
Glu#/copy 

 
Asp#/copy Total 

Lys# 

 
Total Glu+Asp # 

Gp5 
(capsid protein) 420 20 20 32 8400 21840 

Gp9 
(tailspike protein) 18 34 22 46 612 1224 

 

Moreover, previous studies about the interaction of the P22 phage with Salmonella 

have shown that there are more aspartic and glutamic acid residues than lysines 

involved in the biorecognition event.19 This preliminary observation suggested that, 

among the two paths studied for biotinylation, the one involving the carboxylic residues 
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could affect more the biorecognition site. Nevertheless, the two mentioned biotinylation 

paths were evaluated by comparing the response after the reaction of the modified 

biotin with the amine groups (NHS-PEG4-Biotin) or the carboxylic groups (Amine-PEG3-

Biotin) of the phage proteins.  

The study of the infectivity was thus performed after biotinylation and further 

purification by double agar layered method and enumeration of plaques. The retained 

lytic activity after biotinylation was thus compared with the original activity of the lysate, 

as shown in Table 5.3.  

 
Table 5.3 Lytic activity study of the P22 bacteriophages before and after biotinylation in both conjugation 
paths: the reaction of NHS-PEG4-Biotin with the amine groups of the phage proteins and of Amine-PEG3-
Biotin with the carboxylic groups. 

 

Phage titer (PFU mL-1) 
retained lytic 

activity 
Biotinylating Reagent before 

reaction  
after 

reaction 

NHS-PEG4-Biotin for –
NH2 moieties 7.70 x 1010 2.57 x 1010 33.4 % 

Amine-PEG3-Biotin for –
COOH moieties 6.30 x 1010 7.00 x 105 0.001 % 

 

A dramatically drop in the lytic activity was observed when the biotin was attached to 

the carboxylic groups, confirming that they are involved in the biorecognition site of the 

bacteria. Furthermore some additional blocking of the phage infectivity could be caused 

by some degree of polymerization when activating the carboxylic groups by EDC 

addition, due to the presence of both amine and carboxyl moieties in the phage 

proteins. On the contrary, the reaction with the amine moieties produced a less 

significant change. 

These results were also confirmed by using the biotin-P22 as tagging reagent for the 

optical detection of Salmonella with a phagotagging magneto immunoassay. The 

scheme of this procedure for the detection of the bacteria is outlined in Figure 5.4, A 

and B, and implies the IMS and the Salmonella tagging with biotin-P22 as detailed 

explained in § 5.3.3. The results in Figure 5.7, confirmed that the tagging with the 

biotin-P22 modified throughout the amine moieties produced higher optical signals, and 

thus increased sensitivity for the detection of Salmonella at a concentration of 105 and 

107 CFU mL-1. Further studies were therefore performed with the biotin-P22 modified 

throughout the amine moieties.  
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Figure 5.7 Results obtained with the phagotagging magneto immunoassay for the different reaction paths, 
using the NHS-PEG4-Biotin reacting with the amine groups of the phage proteins or the Amine-PEG3-
Biotin reacting with the carboxylic groups, by adding 1 mg of the biotinylating reagent. 

 

Table 5.4 and Figure 5.8, A show the results for the biotinylation using the NHS-

PEG4-Biotin at different concentration levels. As can be seen in Table 5.4, the lytic 

activity was kept almost constant at lower concentrations of biotinylating reagent and 

decreased when the concentration of NHS-PEG4-Biotin increases. On the other hand, 

when the biotin amount was maintained constant at 1 mg, doubling the phage titer from 

7.7 x 1010 to 1.57 x 1011 PFU per mL, the retained lytic activity was also doubled 

accordingly. 

 

Table 5.4 Lytic activity study of P22 bacteriophage before and after the biotinylation by varying the amount 
of NHS-PEG4-Biotin and the bacteriophage titre. 

 

Phage titer (PFU mL-1) 
retained lytic 
activity (%) NHS-PEG4-Biotin 

(mg) before reaction after reaction 

0.01 7.70 x 1010 7.49 x 1010 97.3 

0.25 5.50 x 1010 5.43 x 1010 98.7 

0.50 3.39 x 1010 2.99 x 1010 88.2 

1 7.70 x 1010 2.57 x 1010 33.4 

1 1.57 x 1011 1.06 x 1011 67.5 

4 9.70 x 1010 1.47 x 1010 15.1 

 

The same study was also confirmed by the optical detection of Salmonella with the 

phagotagging magneto immunoassay (Figure 5.8, A). In this approach, not only the 
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integrity of the tailspike protein was evaluated, but also the sensitivity in the detection 

due to incorporation of the biotin tag.  

 

 

 

 

 

 

 
 

Figure 5.8 Comparison of the signals obtained with the phagotagging magneto immunoassay at 105 and 
107 CFU mL-1 of Salmonella by increasing the amount of NHS-PEG4-Biotin reacting with the amine groups 
of the phage (A) and the phage titer (B). The detailed phage titres in (A) are the ones previously reported 
in Table 5.4 and in (B) the biotin amount was set at 1 mg. 

 

Clearly, although the lytic activity is higher at low concentration (0.25 mg) of 

biotinylating reagent (NHS-PEG4-Biotin), the optical signal was also very low, indicating 

a poor degree of biotinylation of the phages. However, by increasing the amount of 

NHS-PEG4-Biotin, although the lytic activity decreases, an improved sensitivity in the 

optical detection of the bacteria was observed, up to an optimum value of 1 mg NHS-

PEG4-Biotin. A higher amount than 1 mg NHS-PEG4-Biotin implied a higher degree of 

biotinylation, but with a drop in the biorecognition, suggesting that the tailspike protein 

was being extensively affected. These results are also confirmed by the drop in the lytic 

activity observed when using 1 mg to 4 mg during the biotinylation process (Table 5.4).   

The phage amount during the biotinylation process was also optimized, obtaining 

improved results when the concentration was enhanced as shown in Figure 5.8, B.  

Therefore, optimal conditions for biotinylation involve the amino groups of the P22 

phages and the reaction of 1 mg of NHS-PEG4-Biotin reagent at a phage concentration 

of 1011 PFU mL-1. Finally, the biotinylation with the optimal conditions was repeated five 

times controlling the phage infectivity of the biotin-P22 by double agar layered method 

to control the repeatability of the process. Similar retained lytic activity was obtained in 

all cases as can be seen in Table 5.5, demonstrating that on average around 64 % of 

the phages are still infective after the biotinylation process. 
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Table 5.5 Phage infectivity before and after the biotinylation process using the optimal conditions and % of 
retained lytic activity after the modification. 
 

Phage titer (PFU mL-1) retained lytic 
activity (%) before reaction after reaction 

1.57 x 1011 1.06 x 1011 67.5 

1.27 x 1011 8.70 x 1010 68.5 

2.47 x 1011 1.47 x 1011 59.5 

2.66 x 1011 1.62 x 1011 60.9 

5.44 x 1011 3.37 x 1011 61.9 

 

 

5.4.3 Characterization of the biotin-P22 phages by gel electrophoresis 
 

To analyze the electrophoretic mobility and structural integrity of the P22 phages 

after biotinylation through the amine group with the NHS-PEG4-Biotin reagent, the 

biotin-P22 were analyzed using agarose gel electrophoresis. Figure 5.9, A shows the 

gel stained with ethidium bromide. The bands observed under UV irradiation indicate 

that the DNA is inside an intact P22 phage, being the intensity of the non-modified P22 

control (lane 2) similar to that of the biotin-P22 (lane 3). 

Figure 5.9, B shows the agarose gel stained with Coomassie blue, which interacts 

with the proteins of the capsid of the P22 phages. The fact that the bands in lanes 2 

and 3 fit in both cases (A and B) indicates that the biotin moeities were coupled to 

intact P22 phages. When comparing the electrophoretic mobility of the unlabeled P22 

control (lanes 1) and the biotin-P22 (lanes 2), it can be observed that the biotin-P22 

phages have a higher negative net charge compared with the control, and thus ran 

farther into the agarose gel. This effect was previously reported for proteins 20 and for 

the bacteriophage T4 modified with the fluorescent dyes Cy3 and Alexa Fluor 546 21 

and it was mostly ascribed to the addition of negative charges associated with the 

binding of the dyes, since both have a net negative charge. However, the change of 

mobility due to the biotinylation of the phage P22 with the NHS-PEG4-Biotin was only 

related with the elimination of one positive charge upon reaction with each amine group 

on the P22 surface, increasing thus the net negative charge and the electrophoretic 

mobility. Lane 4 also confirmed biotinylation, since upon the addition of avidin to the 

biotin-P22 phages, non electrophoretic mobility was observed, due to the formation of 

big complexes related to the multivalency of avidin and biotin-P22. 
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1           2             3           4

(A) (B)

1           2             3           4
 

 
Figure 5.9 Characterization of the biotin-P22 by agarose gel visualized under (A) UV irradiation after 
ethidium bromide staining, (B) visible light after Coomassie blue staining. Lane 1: DNA marker. Lane 2: 
non-modified P22 phage negative control. Lane 3: biotin-P22. Lane 4: biotin-P22 reacted with avidin.   

 

5.4.4 Fluorometric assay for the evaluation of the degree of labeling 

 

A calibration curve of biocytin ranging from 0 to 40 pmol was prepared and the 

fluorescence was plotted vs. concentration. The fluorescence signals for each standard 

(0, 2.5, 5, 10, 20, 30 and 40 pmol in a volume of 50 µL added per well) were obtained 

using the typical fluorescein wavelengths, with excitation/ emission maxima of 485/ 530 

nm. The optimal z-position was previously determined by comparing the signals of the 

highest biocytin concentration with the one of the blank in order to find the maximal 

signal to background ratio, which was set at 18539 µm as detailed in Figure 5.10, A. 

The graph was adjusted to a sigmoidal response curve with an excellent fit (r2= 0.9996) 

as shown in Figure 5.10, B and the biotin amount in the samples was obtained by 

interpolation. 

The DOL was evaluated on the biotin-P22 modified through the amine groups with 1 

mg of NHS-PEG4-Biotin reagent at a phage concentration of 2.5 x 1011 PFU mL-1 after 

purification by an exclusion column. Since the column efficiency guaranteed by the 

manufacturers is 95 %, in order to ensure the elimination of the excess of biotin, the 

purification process was repeated three times. The phage titer was controlled in the 

successive steps and after the initial decrease to 1.7 x 1011 PFU mL-1 due to the 

biotinylation process, the titer was kept almost constant during the purification process. 
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Figure 5.10 (A) Z position optimization for the fluorescence measurements. (B) Standard curve showing 
the relative fluorescence signals for the biocytin standards in the presence of Biotective Green reagent. 
After 5 minutes incubation at room temperature in the dark, fluorescence was measured in a microplate 
reader using excitation at 485 nm and emission at 530 nm. 

 

The steric hindrance of a biotin attached to the P22 phage could effectively 

decrease the affinity of the biotin for the Biotective Green reagent. Alternatively, 

multiple biotins could be attached very close to one another on the phage during the 

chemical modification of the lysines on the phage by the biotin succinimidyl ester 

labeling. Thereby, biotins close to each other would inevitably result in at least one 

cryptic or masked biotin. The fluorometric assay using the Biotective Green reagent 

directly applied to the biotinylated sample is thus useful for the evaluation of the 

effective biotin amount, not the total, being the effective biotin those able to bind 

(strept)avidin molecules. The effective biotin concentration is the total biotin 

concentration minus the cryptic and sterically hindered biotins. In order to determine 

the total amount of biotinylation, the biotin-P22 was submitted to digestion by using 

Pronase E.22 A biotinylated IgG antibody standard solution with a known DOL, was also 

processed as positive control, calculating the biotin amount in both digested and 

undigested samples. The antibody was reported to be modified with five biotins per IgG 

and quantifying with the assay a DOL of 4.8 was obtained in the digested sample and 

3.27 for the undigested one, which is in agreement with the results obtained in previous 

reports.16 The calculated amounts of unknown biotin in the fluorometric assay of the 

digested and undigested biotin-P22 phage samples were 2286 and 2189, respectively. 

When this results are compared to the 9012 potentially reactive lysine moieties present 

in the sequence of the main phage external proteins gp5 and gp9 it can be concluded 

that almost 25 % of the lysine residues were modified with the biotinylated reagent.  
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In contrast to previous reports in the literature 22,23 which showed underestimation of 

biotin DOL in macromolecules due to steric hindrance of the access to avidin-binding 

sites, unexpectedly the DOL obtained for the digested as well as for the undigested 

biotin-P22 was found to be almost the same value. This result suggest that the total 

amount of biotin attached to the phage can also be considered the effective biotin 

amount, and thus, able to bind (strept)avidin. It was previously reported that the avidin 

component can only resolve biotins that are further apart than the four biotin binding 

sites on avidin, a few nanometers.24 As this result indicated that the number of cryptic 

biotins is very low, the hydrophilic, water soluble and highly flexible PEG4 spacer arm of 

2.9 nm used in the biotinylation could clearly play a role to avoid steric hindrance, 

giving further flexibility, and facilitating the access to the (strept)avidin binding sites.  

When analyzing previous works using bioconjugation methods to attach signaling 

molecules at specific designated positions of virus surfaces, in general lower labeling 

performances were reported. As an example, the attachment of 40 Cy5 dyes to an 

icosahedral plant virus of 30 nm in size was demonstrated.25 Similarly, a spherical plant 

virus with an average diameter of 28 nm, was loaded with up to 40 fluoresceins, which 

is equal to a local concentration of 4.6 mM of dyes surrounding the virus.26 Regarding 

biotin labeling, also lower DOLs were achieved, reporting the attachment of 400 biotin 

molecules per phage 27 and of 1350 after the reaction with the M13 phage, a larger 

cylindrical shaped phage with a length of 880 nm and a diameter of 6 nm 28.  

Finally more recently, the conjugation of Cy3 and Alexa 546 to T4 bacteriophages21 

and of Alexa Fluor 488 and 647 C5-aminooxyacetamide dyes to filamentous fd phages 

were reported.29 It should be highlighted that only in these two cases using fluorescent 

dyes higher DOL values were achieved, yielding the incorporation of 1.9 x 104 dyes per 

T4 phage and 3000 molecules per fd phages. However, the dimension of these phages 

is significantly larger (100 x 90 nm and 7 nm wide per 890 nm length for T4 and fd 

phages, respectively) than the P22 (60 nm) used in this work.  

 

5.4.5 Characterization of biotin-P22 phagotagging by fluorescence 
confocal microscopy 

 

The confirmation of the P22 biotinylation and its bacterial recognition ability was also 

achieved through confocal microscopy. This technique allows also the study of the 

labeling pattern of the biotin-P22 for bacteria tagging. The images showed in Figure 

5.11 depicted the immunoseparation of the bacteria through the magnetic particles and 
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the labeling with the fluorescent reporter Strep-Cy5 that binds to the biotin-P22. The 

autofluorescence of the coating polymer of the magnetic particles was exploited for 

their visualization.  

Figure 5.11 shows the differential pattern of the phagotagging (A) in comparison 

with labeling using a biotinylated antibody (B). As can be seen in the images, 

biotinylated phages showed brighter dots in the tagging sites, indicating a higher local 

concentration of dyes due to extensive biotinylation of the surface of P22 phage, while 

antibodies on the contrary, displayed a less bright signal uniformly distributed on the 

whole bacterial cell.  

 

 

Figure 5.11 Confocal microscopy images of the Salmonella phagotagging with biotin-P22 (A) in 
comparison to biotinylated antibodies (B), attached to Salmonella cells which were previously captured to 
antibody modified magnetic particles used as a support. It can be seen in green the magnetic particles 
(autofluorescent), in blue the DNA of the bacteria stained with Hoechst 33342 and in red the biotinylated 
compounds labeled with Strep-Cy5 which gives rise to a red fluorescent signal. 

 

5.4.6 Phagotagging magneto immunoassay for the optical and 
electrochemical detection of Salmonella 

 

The phagotagging magneto immunoassay was performed to analyze the response 

of the system at different bacteria concentrations (0, 102, 104 and 106 CFU mL-1 The 

sensitivity of both the optical and electrochemical detection strategies was also 

compared  The electroctrochemical and optical reporter used for the detection in both 

cases was the same Strep-HRP conjugate. As shown in Figure 5.12, in both cases, the 

signal increases with the bacteria concentration, being the electrochemical detection 

more sensitive than the optical detection as can be also seen through the signal to 

nonspecific adsorption ratios detailed in Table 5.6.   

 

(A) (B) 
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Figure 5.12 Phagotagging magneto immunoassay with optical (A) and electrochemical detection (B) for 
Salmonella at a concentration level of 0, 102, 104 and 106 CFU mL-1, using the biotin-P22 phage. The 
experimental conditions were as follows: (A) 100 µL Salmonella and 100 µL biotin-P22 at a concentration 
of 2.5 x 109 PFU mL-1 were added to 10 µg antibody-modified MP, using then 100 µL of Strep-HRP at 0.5 
µg mL-1 as enzymatic label; and (B) 500 µL Salmonella and 100 µL biotin-P22 1 x 1010 PFU mL-1 were 
added to 50 µg antibody-modified MP, labeling finally with 100 µL of Strep-HRP 60 µg mL-1. In both cases 
n=3, except for the negative control in which n=6. 

 

 
Table 5.6 Comparison of the signal to background ratios at different bacteria concentrations using the 
phagotagging magneto immunoassay with optical and electrochemical detection. 

 

[Salmonella] CFU mL-1 
Signal to background ratio 

Optical Electrochemical 

102 1.36 1.54 

104 1.84 2.25 

106 5.50 17.18 

 

Further studies in order to demonstrate the utility of the biotin-P22 phages for the 

detection of Salmonella will be shown in the next chapter of this dissertation. 

 

5.4.7 P22 bacteriophages as scaffold for the conjugation of gold 
nanoparticles 

 

The biotin-P22 phages were reacted with Strep-AuNPs, to achieve the hybrid 

bionanomaterial biotin-P22/ AuNPs (shown in Figure 5.13, A) used for the bacteria 

tagging. The Figure 5.13, B shows the TEM image of a Salmonella cell decorated with 

AuNPs throughout the strong biotin-streptavidin interaction with the attached biotin-P22 

particles, whereas Figure 5.13, C shows a zoom of a section of Salmonella membrane 
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with many Au-NPs labeled biotin-P22 attached. The results demonstrate the utility of 

the hybrid bionanomaterial for bacteria tagging and bioimaging. Moreover, once again 

the biotinylation of the P22 phages could be confirmed. 

 

 

 

 

 

 

 

 
Figure 5.13 Characterization by TEM of the biotin-P22 labeled with Strep-AuNP, for the tagging of 
Salmonella, at a concentration of 2 x 107 CFU mL-1. The biotin-P22 labeled with Strep-AuNPs is shown in 
(A), while the bacterial AuNP tagging pattern is shown in (B) with a scale bar of 0.2 µm. In (C), a zoom with 
a scale bar of 50 nm is exposed, showing the biotin-P22/ AuNPs complexes, signaled with arrows, binding 
to the bacteria. 

 

 

5.5 CONCLUSIONS 
 

The sandwich magneto immunoassay with electrochemical detection was an 

effective, fast and low cost technique for the purity control of the phage lysates before 

their use in bacteria tagging and detection. However, further studies should be done in 

order to validate the method and also to relate the obtained signals with the amount of 

LPS remaining in the phage solutions after the purification, by comparing the results 

with current available endotoxin detection methods such as the chromogenic Limulus 

Amebocyte Lysate (LAL) assay.30 Nevertheless, the better purification of the phage 

lysates was achieved using CsCl gradient according to Sambrook et al., followed by a 

dialysis step since the signals were almost the same than the blank. Therefore this was 

the chosen technique for preparing a pure starting phage solution to use in all the 

further strategies developed in this dissertation. 

The results from the biotinylation study show that biotin-P22 phages are novel, 

versatile and robust virus-like particles for the sensitive tagging of bacteria, using 

fluorescent, optical and electrochemical reporters, with different applications ranging 

from bioimaging to biosensing. The phages showed a unique surface to display 

targeting and signaling moieties, enhancing the sensitivity of bacteria detection.  
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The tagging of two different reactive groups, i.e., the amino groups of lysines and 

the carboxylic acid groups of aspartic or glutamic acid residues on P22 surface were 

explored, showing the first one, undoubtedly, advantages in terms of bacterial 

biorecognition. Around 2200 biotin molecules per phage unit were attached on the 

capsid, with a PEGylated spacer arm of 2.9 nm, showing a tiny amount (4.2 %) of 

cryptic biotin. Most of the attached biotin moieties were thus able to bind (strept)avidin 

molecules. This fact can be also related with the outstanding sensitivity showed for the 

bacteria detection after the coupling with optical, fluorescent or electrochemical 

reporters based on (strept)avidin conjugates. The phagotagging magneto 

immunoassay, as well as the phagotagging electrochemical magneto immunosensor, 

showed outstanding analytical performance for the sensitive detection of Salmonella 

Thypimurium. The potential of this material for detecting the bacteria deserved further 

study in real food samples.  

Finally, the P22 bacteriophages also demonstrated good performances and 

versatility as scaffold for the conjugation of other nanomaterials, such as gold 

nanoparticles, for the specific bacteria tagging and imaging.  

The main advantage of using a phage for bacteria tagging instead of a labeled 

antibody relies mainly on the use of the bacteriophage for biorecognition. Contrary to 

antibody generation, phages are animal-free, cost-efficiently produced by bacteria 

infection. Another feature which makes them suitable as a biorecognition element is 

their outstanding stability and specificity. The specificity is mainly conferred by the P22 

bacteriophage specific to serotypes A, B, and D1, being thus an extremely useful tool 

to trace the source of outbreaks by phage typing. 
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6.1 INTRODUCTION 
 

As it was previously discussed in the Introduction (§ 1.7), the detection of 

pathogenic bacteria plays a vital role in biological threat surveillance, food safety and 

medical diagnosis.  

Conventional culture methods remain the most reliable and accurate techniques for 

pathogen detection. However, their major drawbacks are their labor-intensiveness and 

time-consuming as it takes 2–3 days for initial results, and up to 7–10 days for 

confirmation. This is a clear inconvenience in many industrial applications, particularly 

in the food sector.1 As a result, alternative assay methods are continuously being 

developed, tested, and optimized for improved detection. 

The inclusion of nanotechnology can also help to meet the demands of increased 

sensitivity and rapidity allowing the imaging, tracking, as well as real-time detection of a 

few microorganisms based on different nanomaterials as for example quantum dots, 

magnetic and metallic nanoparticles. However, limits of detection below 103 CFU mL-1 

are only achieved when integrating the nanomaterials to methodologies such as 

microscopy, flow cytometry or PCR, which are all expensive, laborious and time-

consuming.2  

As previously discussed in Chapter 5, biological nanoparticles are also a promising 

tool for bacteria analysis, and in particular bacteriophages provide a natural source for 

the specific detection of food-borne pathogens. A wide range of methods have been 

reported and are extensively compared in many reviews, demonstrating the utility of 

bacteriophages for both bacteria capturing and labeling,3–5 as detailed in § 1.7.3 of the 

Introduction. The inherent ability of phages to bind their bacterial target has been 

exploited in the integration of these bionanoparticles to bioanalytical procedures for the 

biorecognition of bacteria in different ways, for instance to capture the bacteria onto 

surfaces and transducers, using phages previously attached on solid supports. 

On the other hand, different methods based on the use of phages for bacteria 

tagging have been reported. The direct conjugation of fluorescent molecules at specific 

positions of virion surfaces, decorating addressable amino acids, such as 

glutamic/aspartic acids, lysines and cysteines was reported. Some examples were 

described in Chapter 5 (§ 5.3.4). The use of biotinylated phages as labels for bacteria 

detection has been also reported using T7 and λ bacteriophages genetically modified 

to display small peptides containing biotin acceptor domains on their capsid proteins 

(derived from portions of biotin acceptor- type proteins, e.g., biotin carboxyl carrier 
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protein or BCCP). These peptides were biotinylated in vivo by specific enzymes of the 

host bacterium (E.coli) and labeled after the bacteria biorecognition with streptavidin-

modified quantum dots.6,7  Recently, the biotinylation of M13 phage using engineered 

capsid proteins and sortase-based reactions were also evaluated.8 

In the present chapter, the biotinylated P22 phages (biotin-P22) studied in Chapter 

5, were explored as a labeling reagent towards Salmonella Thyphimurium. Two 

different approaches based on phage tagging were studied, i) magneto immunoassay 

with optical detection and ii) electrochemical magneto immunosensor, for the sensitive 

detection of Salmonella. In both approaches, after the immunomagnetic separation 

(IMS) of the target bacteria by anti-Salmonella antibody modified magnetic particles 

(Ab-MP), the tagging strategy was based on the use of the biotin-P22 coupled to 

streptavidin conjugated to horseradish peroxidase (Strep-HRP) acting as both 

electrochemical and optical reporter. First of all, the bacteria tagging capability of the 

biotin-P22 conjugates was characterized by Scanning Electron Microscopy (SEM) and 

further fluorescence microscopy studies were performed. Afterwards, the optimal 

conditions for the IMS and phagotagging procedures, as well as the reagents 

concentration were established. Once the phagotagging magneto immunoassay was 

optimized, both approaches based on phage tagging, i.e. the magneto immunoassay 

with optical detection and the electrochemical magneto immunosensor were compared 

in terms of the analytical performance. Moreover, both approaches were evaluated for 

the detection of the bacteria in both LB broth and milk as a complex matrix. Finally, 

specificity studies were also performed.  

 

6.2. AIM OF THE CHAPTER 
 

This chapter addresses the integration of biotinylated phages for the bacteria 

tagging in optical magneto immunoassays and electrochemical magneto 

immunosensing devices, taking as a model the P22 bacteriophage for the detection of 

the pathogenic bacteria Salmonella.  

The specific objectives of this chapter were the following: 

 To evaluate the bacteria phagotagging using the biotinylated P22 phages 

(biotin-P22) by microscopic techniques, such as Scanning Electron Microscopy 

(SEM) and fluorescence confocal microscopy. 

 To optimize the conditions for the immunomagnetic separation step as well as 

for the bacteria tagging with the biotin-P22. 
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 To establish the optimal reagents concentration for the phagotagging magneto 

immunoassay, i.e. the biotin-P22 tag and Strep-HRP label. 

 To assess different protocols for the electrochemical magneto immunosensor 

based on phage tagging in order to simplify the analytical procedure. 

 To evaluate the use of the biotin-P22 as nanotag in optical magneto-

immunoassay and electrochemical magneto immunosensor based on phage 

tagging for the sensitive detection of Salmonella in milk. 

 To compare both approaches based on phage tagging in terms of the analytical 

performance (LOD, sensitivity and matrix effect). 

 To study the specificity of the system by evaluating the presence of cross-

reaction towards E. coli using both optical and electrochemical detection. 

 
 
6.3 EXPERIMENTAL SECTION 

 
6.3.1 Materials 
 

The bacteria Salmonella enterica serovar Typhimurium LT2 and Escherichia coli 

K12 strains were routinely grown in Luria Bertani (LB) broth or on LB agar plates for 18 

h at 37ºC. Bacterial viable counts were determined by plating on LB plates followed by 

incubation at 37ºC for 24 h. The preparation of the P22 phage lysates (ATCC 19585-

B1TM), their titration and purification using CsCl are described in Chapter 5 (§§ 5.3.1.1 

and 5.3.1.2, respectively). The lysates were concentrated using 25 x 89 mm 

ultracentrifuge tubes (Ultra-ClearTM Tubes, Beckman, California, USA) in an 

ultracentrifuge (OptimaTM L-80, Beckman, California, USA) with the SW28 Ti rotor 

(Beckman, California, USA). The filters used in the bacteriophage filtration as well as a 

support for SEM samples preparation were Nucleopore Track-Etched Membranes (25 

mm Ø, 0.2 µm pore size, product nº 110606, Whatman). The cesium chloride (CsCl, 

product nº 10757306001) used for the phage purification was supplied by Roche 

Applied Science (Roche Diagnostic S.L., Spain). The dialysis was performed with 

cellulose membranes purchased from Sigma (Dialysis Tubing, product nº D-9277, 

Steinheim, Germany) and the dialysis columns were from Novagen (D-Tube Dialyzer 

Maxi MWCO12-14 kD, product nº 71510-3). 
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The NHS-PEG4-Biotin (product nº 21955) and the desalting columns (Zeba Desalt 

Spin Columns, product nº 89889) used for the removal of non-reacted biotin after the 

biotinylation process were purchased from Thermo Scientific.  

The magnetic particles modified with anti-Salmonella antibodies (Dynabeads, 

product n° 710.02) were supplied by Invitrogen Dynal AS (Oslo, Norway). The anti-

Salmonella antibodies conjugated to HRP (product nº ab20771) used for the 

optimization of the IMS step and the biotinylated anti-Salmonella antibodies (biotin-Ab, 

product nº ab21118) used for the tagging comparison in confocal microscopy were 

from Abcam (Cambridge, UK). Bovine serum albumin (BSA) and Strep-HRP (product 

nº S5512) were obtained from Sigma-Aldrich.  

All buffer solutions were prepared with milli-Q water (Millipore Inc., Ω = 18 MΩ cm) 

and all reagents were of the highest available grade, supplied from Sigma or Merck. 

For the biotinylation, PBS buffer (0.1 mol L-1 phosphate, 0.15 mol L-1 NaCl, pH 7.2) was 

prepared. The SEM characterization was done with a fixation buffer consisting of 2.5 % 

v/v glutaraldehyde (EM grade, from Merck) in 0.1 mol L-1 sodium phosphate (PB), pH 

7.4, and a post-fixation buffer containing 1 % w/v OsO4 (TAAB Lab) in 0.1 mol L-1 PB, 

pH 7.4.  

The reagents used for confocal microscopy, as well as the reagents used for the 

optical and electrochemical measurements and the composition of the solutions used 

in the optical and electrochemical assays were the same as previously described in 

Chapter 5. 

The instrumentation and materials used for the incubation and washing steps, the 

magnetic separations, as well as the optical and electrochemical detection were the 

same as detailed in Chapter 4 (§ 4.3.1.2). 

Scanning electron microscopy (SEM) images were taken with the microscope 

MERLIN FE from Carl Zeiss Microscopy GmbH and the K850 Critical Point Drier 

Emitech (Ashford, UK) was used for the preparation of the samples. On the other hand, 

fluorescence images were acquired using a Leica TCS/SP5 confocal microscope 

(Leica Microsystems, Exton, PA). 
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6.3.2 Evaluation of the immunomagnetic separation and phagotagging 
of the bacteria by microscopy techniques 

 

For the microscopic evaluation by SEM, the IMS, as well as the tagging of the 

bacteria with the biotin-P22 were performed, using 50 µg of the antibody modified 

magnetic particles (Ab-MP), 500 µL of Salmonella 106 CFU mL-1 and 100 µL of biotin-

P22 at a concentration of 1.4 x 1010 PFU mL-1, which were incubated 20 min without 

shaking at 37ºC, followed by two washing steps with PBST. Finally, 100 μL of the 

modified magnetic particles were added to 5 mL of milli-Q water, and filtered through a 

Nucleopore membrane (25 mm Ø, 0.2 μm pore size). The filters were then fixed in 2.5 

% (v/v) glutaraldehyde in PB overnight at 4ºC. After four 10 min washes in PB, samples 

were post-fixed in 1 % (w/v) osmium tetraoxide in PB for 2 h at 4ºC, washed four times 

for 10 min in water, dehydrated in a graded ethanol series (30, 50, 70, 90, 95 and 100 

%) and dried by critical point with CO2. Samples were then mounted on metallic stubs 

with adhesive carbon films and observed with the scanning electron microscope 

(MERLIN FE) operating at 15 kV.9 

Fluorescence microscopy was also applied in order to visualize the developed 

detection system and evaluate the attachment ability of biotin-P22 to the bacterial cells. 

The nucleic acid stain Hoechst 33342 was used to label the bacterial cells, by adding 

4.5 µL of a 10 mg mL-1 stock solution per mL of Salmonella at a concentration of 106 

CFU mL-1 and streptavidin conjugated to the fluorescent dye cyanine 5 (Strep-Cy5) 

was used to visualize the attached biotin-P22. Biotinylated anti-Salmonella antibodies 

(biotin-Ab) were used to compare the nonspecific adsorption of the tagging reagent and 

fluorescent reporter on the magnetic particles. The same procedure already described 

in Chapter 5 (§ 5.3.6) was performed for the samples preparation. The samples were 

then imaged using a Leica TCS/SP5 confocal microscope (Leica Microsystems, Exton, 

PA). Finally the 3D Imaris X64 v. 6.2.0 software (Bitplane; Zürich, Switzerland) was 

applied for processing the obtained images.  

 

6.3.3 Optimization of the phagotagging magneto immunoassay  
 

The concentration of the commercial Ab-MP as well as the incubation time for the 

IMS step was optimized by a direct sandwich magneto immunoassay with optical 

detection using HRP labeled anti-Salmonella antibodies (Ab-HRP) as enzymatic 

reporter. Briefly, the applied protocol for the immunoassay was as follows: i) IMS of 

Salmonella by adding 100 µL of bacteria suspension solution to 10 µg of Ab-MPs and 
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incubating at 700 rpm; ii) after removing the supernatant and performing a washing 

step of 5 min at 700 rpm, addition of 100 µL of Ab-HRP diluted 1/1000 in b-PBST; iii) 

30 min incubation at 700 rpm, followed by two 5 min washes with 100 µL of PBST; and 

iv) addition of 100 µL of substrate solution containing H2O2 and 3,3’,5,5’-

tetramethylbenzidine (TMB) incubating 30 min at 700 rpm in darkness, followed by the 

addition of 100 µL H2SO4 to stop the reaction, and finally performing the optical read-

out at 450 nm. 

Optimization experiments were also performed in order to determine the most 

suitable biotin-P22 dilution as well as the best Strep-HRP concentration. With this 

purpose, the signals to nonspecific adsorption ratios were evaluated to find the best 

conditions for achieving high positive signals as well as low background values. 

Besides the reagents concentration, the conditions of temperature and shaking during 

bacteria tagging procedure as well as the incubation time were some other important 

parameters optimized in order to improve the sensitivity of the assay. The 

phagotagging magneto immunoassay with optical detection was used for these 

optimizations following the protocol described in § 5.3.3. Regarding the   

electrochemical magneto immunosensor based on phage tagging, the concentration of 

the labeling reagents, i.e. the biotin-P22 and the Strep-HRP, were also optimized 

following the protocol described in § 5.3.3. The applied phagotagging immunoassay, 

which can be coupled with optical as well as electrochemical detection, is schematized 

in Figure 6.1. 

 

 
Figure 6.1 Schematic representation of the phagotagging magneto immunoassay showing the IMS of 

Salmonella, the phage tagging with biotin-P22 and secondary labeling with Strep-HRP.  
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6.3.4 Evaluation of different strategies for the electrochemical magneto 
immunosensor based on phage tagging  

 

In an attempt to shorten and simplify the analytical procedure of the electrochemical 

magneto immunosensor based on phage tagging, five different protocols were 

evaluated by varying the order and number of incubation and washing steps, as 

detailed outlined in Table 6.1.  

 

6.3.5 Magneto immunoassay with optical detection vs. electrochemical 
magneto immunosensor based on phage tagging for the detection of 
Salmonella in milk 
 

For the evaluation of the matrix effect, the response of the phagotagging magneto 

immunoassay approach for artificially inoculated Salmonella samples (ranging from 101 

to 108 CFU mL−1) in LB broth and in milk diluted 1/10 in LB were compared. The 

standard curves were fitted to a four-parameter logistic equation according to y = 

{(A−B)/[1 + 10 exp((log C−log X)×D)]}+ B, where A is the maximal absorbance, B is the 

minimum absorbance, C is the concentration producing 50 % of the maximal 

absorbance, X is the bacteria concentration and D is the slope at the inflection point of 

the sigmoid curve. The cut-off values and limits of detection with both optical and 

electrochemical detection were analyzed. 

 

6.3.6 Specificity study 
 

The specificity of these methods was also evaluated by comparing the response to 

Salmonella with the signal obtained in the presence of an equivalent amount of another 

gram negative bacterium as E.coli and finally a mix of both pathogens artificially 

inoculated in milk samples. A negative control was also processed. If the detection is 

not affected by any cross reaction, the signal for E.coli should be the same as the 

blank, and on the other hand, the presence of these bacteria in the mix should not 

interfere in the response towards Salmonella.   
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6.4 RESULTS AND DISCUSSION 

 

6.4.1 Evaluation of the immunomagnetic separation and phagotagging 
of the bacteria by microscopy techniques 
 

The IMS of the bacteria and phagotagging with the biotin-P22 was analyzed by SEM 

and confocal microscopy. These techniques allow the confirmation of the 

biorecognition capability of the developed nanotag and the labeling with a fluorescent 

streptavidin conjugate. 

 

6.4.1.1 SEM analysis 

 

The biotin-P22 conjugate was visualized and its bacteria biorecognition capability 

was verified by SEM microscopy. Figure 6.2 shows the microscopic characterization by 

SEM of the Salmonella phagotagging with the biotin-P22 phages. The IMS of 

Salmonella with the Ab-MPs of 2.8 µm diameter used as support is shown in Figure 

6.2, A, while a zoom showing the biotin-P22 phages (∼60−70 nm in diameter) attached 

to the bacterial surface can be seen in Figure 6.2, B and C. The spherical structures of 

the P22 phages uniformly distributed on the Salmonella surface are compared to a 

negative control containing the attached bacteria without the biotin-P22 label (Figure 

6.2, D). A confirmation of the biotin-P22 recognition capacity towards Salmonella was 

thus achieved. 

 

6.4.1.2 Confocal microscopy 

 

Confocal microscopy was used as a technique for the confirmation of the 

bacteriophage biotinylation and its bacterial recognition ability. The images in Figure 

6.3 show a blank without the bacteria (A), the IMS of the bacteria through the magnetic 

particles without the phage tagging (B) and the labeling with the Strep-Cy5 conjugate 

that binds to the attached biotinylated phages (C). As can be seen in Figure 6.3, A and 

B, any nonspecific adsorption of the fluorescent label was observed when no bacteria 

were present in the sample and no fluorescent labeling was observed if the biotin-P22 

was not previously added for the biorecognition. 
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Figure 6.2 Characterization of biotin-P22 phagotagging by SEM, after the addition of 1.6 x 106 CFU of 
Salmonella and 1010 PFU of biotin-P22 to 50 µg anti-Salmonella MP of 2.8 µm (A). A negative control with 
0 PFU biotin-P22 is also shown (B). In all cases, identical acceleration voltage (15 kV) was used. 

 

 

Figure 6.3 Confocal microscopy images of the negative control (A), the captured bacteria on the Ab-MPs 
(B), and the biotin-P22 attached to Salmonella labeled with Strep-Cy5 (C). It can be seen in green the 
magnetic particles (autofluorescent), in blue the bacteria stained with Hoechst 33342 and in red the biotin-
P22 labeled with Strep-Cy5. 
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Finally, it should be also highlighted that phages showed a different labeling pattern 

than biotinylated antibodies as described in the previous chapter (§ 5.4.5). Moreover, a 

lower nonspecific adsorption seemed to take place in the case of phagotagging, since 

antibodies showed a slight red signal around some magnetic particles as shown in 

Figure 6.3, D, not observed in the case of biotin-P22 (Figure 6.3, C).  

 

6.4.2 Optimization of the phagotagging magneto immunoassay  

 

6.4.2.1 Study of the conditions for the immunomagnetic separation  
 

In order to establish the optimal conditions for the IMS, a direct sandwich 

immunoassay was performed using Ab-HRP at a dilution of 1/1000.  

As shown in Figure 6.4, three different incubation times were tested (10, 20 and 30 

minutes) and the signal obtained for the higher Salmonella concentration (107 CFU mL-

1) was almost the same in all cases, indicating a possible saturation of the detection 

system at this concentration. However, for a lower bacteria concentration (105 CFU mL-

1), higher signals were obtained after 20 and 30 minutes in comparison to 10 minutes 

incubation, showing better signal to nonspecific adsorption ratios. 

 

 

 

 

 

 

 

 

 

Figure 6.4 Optimization of IMS time, by performing a direct sandwich immunoassay using 0.1 mg mL-1 of 
Ab-MP for the bacteria capturing and Ab-HRP diluted 1/1000 as enzymatic label. The absorbance 
obtained in LB broth (negative control) was compared with the signals obtained at 105 and 107 CFU mL-1 
of Salmonella (A). A zoom of the difference between the signal at 105 CFU mL-1 and the blank is also 
shown (B).  
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The concentration of the Ab-MP was also optimized comparing the signals obtained 

at 0, 103, 104 and 106 CFU mL-1 of Salmonella, using increasing concentrations of 

magnetic particles: 0.03, 0.06, 0.10, 0.25, 0.5 mg mL-1, as shown in Figure 6.5. 
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Figure 6.5 Comparison of the results obtained for increasing amounts of Ab-MP when performing a direct 
sandwich immunoassay using Ab-HRP (1/1000 ) as enzymatic label. 

 

A signal increase was observed when increasing the Ab-MP concentration, but also 

the negative controls changed accordingly. When analyzing the corresponding signal to 

background ratios, better results were obtained at a magnetic particle concentration of 

0.1 mg mL-1, as detailed in Table 6.2.  

 

Table 6.2 Comparison of the signal to background ratios obtained for each Salmonella concentration at 
different Ab-MP concentrations using the direct sandwich immunoassay with optical detection. 
 

Signal to background ratio [Ab-MP] mg mL-1 

[Salmonella] CFU mL-1 0.03 0.06 0.1 0.25 0.5 
103 1.05 1.03 1.05 1.02 1.01 

104 1.39 1.44 1.45 1.32 1.21 

106 4.34 5.23 5.50 3.99 3.11 

 

 

6.4.2.2 Optimization of the concentration for the biotin-P22 and Strep-HRP  

 

Other optimizations which were performed to improve the detection were the 

adjustment of the concentration of the primary tagging reagent, the biotin-P22, and the 

enzymatic label, Strep-HRP for both the optical magneto immunoassay and 

electrochemical magneto immunosensor.  
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In the case of the optical detection system, four biotin-P22 dilutions and different 

Strep-HRP concentrations were assayed and the signals to background ratios were 

evaluated to establish the optimal conditions, as shown in Figure 6.6. Regarding the 

biotin-P22 tagging, the experiments were done using a phage lysate with an initial titer 

of around 2.5 x 1011 PFU mL-1, which was modified with 1 mg biotin obtaining a final 

concentration of approximately 1.5 x 1011 PFU mL-1 after the biotinylation process. The 

tagging reagent was diluted from 1/10 to 1/200 and the better results were obtained 

using a 1/100 dilution, as shown in Figure 6.6, B, which corresponded thus to a 

concentration in the order of 1.5 x 109 PFU mL-1 of biotin-P22. On the other hand, when 

analyzing the response while increasing the enzymatic label, the positive signal 

reached a plateau after a concentration of 0.5 µg mL-1. However, a slight increase in 

the blanks was still observed (Figure 6.6, C). Thus, this was the chosen concentration 

for the detection, since it showed the highest signal to nonspecific adsorption ratio of 

the studied concentration range (Figure 6.6, D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Optimization of biotin-P22 dilution (A) and Strep-HRP concentration (C), and signal to 
background ratios obtained respectively (B and D) by optical detection. For the biotin-P22 optimization the 
secondary label Strep-HRP was fixed at 1 µg mL-1, while in the case of the Strep-HRP optimization a 
biotin-P22 dilution of 1/100 was used. 
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For the electrochemical detection, the amount of Strep-HRP added for the final 

labeling step was fixed in 6 µg mL-1 following optimizations performed in previous 

works, whereas the concentration of the primary tag biotin-P22 was optimized by 

analyzing the response at 107 CFU mL-1 in comparison to the negative controls using 

four different phage dilutions (1/10, 1/25, 1/50 and 1/100), as shown in Figure 6.7. A 

signal increase was observed when increasing the biotin-P22 concentration until the 

dilution of 1/25, where the maximum response was achieved, while at a 1/10 dilution a 

lower positive signal and higher background value was obtained. As a result the 

highest signal to background ratio was obtained at 1/25 and this was the selected 

dilution, corresponding to a concentration of around 6 x 109 PFU mL-1. 
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Figure 6.7 Optimization of the biotin-P22 dilution used for the bacteria labeling in the electrochemical 
approach, using 6 µg Strep-HRP as secondary label. 

 

6.4.2.3 Study of the phagotagging procedure 

 

The phages bind to specific receptors on the bacterial surface in order to inject the 

genetic material inside the bacteria. In the case of P22, six homotrimeric tailspike 

molecules (namely gp9) are involved in the viral adhesion protein which specifically 

recognizes the O-antigenic repeated units of the cell surface lipopolysaccharides of 

Salmonella.10 Incubation time as well as shaking and temperature conditions during the 

phage tagging are important factors to be evaluated since they could affect the bacteria 

biorecognition by the P22 phage. These factors were studied using the phagotagging 

magneto immunoassay with optical detection and the results obtained when changing 

some of these parameters are outlined in Figure 6.8.   

Analyzing the Figure 6.8, A significant improvement can be seen when incubating 

without agitation, since higher positive signals and lower nonspecific adsorption were 

obtained. This result could be explained due to the fact that probably a certain contact 
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time is required in order to achieve the bacteria recognition by the phages and during 

shaking the phage has more difficulties to bind strongly enough to the Salmonella 

receptors.11–13 Regarding the incubation time, no significant signal increase were 

obtained with longer incubation times, while a slight increase of the negative controls 

were observed. The signal to nonspecific adsorption ratio decreases from around 7.5 

for 20 min incubation to 5.5 for longer incubation times. Therefore, the better results 

were obtained after 20 min incubation without agitation.  

 

 

 

 

 

 

 

 

 

Figure 6.8 Optimization of the incubation conditions for the bacteria recognition by the biotinylated 
phages. Effect of the agitation (A) and temperature (B) at different incubation times showing the signal of 
the blank compared with the signals in the presence of Salmonella. In (A) only one Salmonella 
concentration was assayed (107 CFU mL-1) while in (B) the signals were obtained at two bacteria 
concentrations (105 and 106 CFU mL-1). 

 

On the other hand, in order to evaluate the effect of temperature on the recognition 

step the signals obtained at room temperature after 20 and 40 minutes incubation were 

compared with the ones obtained at 37ºC, as shown in Figure 6.8, B. As can be seen 

in the Figure, better signal to background ratios were obtained when performing the 

incubation at 37ºC compared to the results at room temperature, since higher positive 

signals and lower blank values were obtained. Furthermore, the reproducibility of the 

signals was also improved when the temperature was settled at 37ºC. Regarding the 

incubation time, no advantage in increasing the time from 20 to 40 minutes was 

observed, since the positive signals were almost the same, but an increase in the blank 

values were shown. This result was consistent with those obtained in the previous 

optimization. 
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6.4.3 Evaluation of different strategies for the electrochemical magneto 
immunosensor based on phage tagging  
 

Five different strategies were assayed by varying the incubation and washing steps 

as previously explained in Table 6.1 and schematized in Figure 6.9. The optimal 

protocol was evaluated by following the different procedures and comparing the 

responses at two different bacteria concentrations (105 and 107 CFU mL-1) using the 

phagotagging immunosensing approach with electrochemical detection.  

The results were compared in Figure 6.10. As shown in the Figure, very slight 

differences between the positive and background signals were observed in the 

strategies D and E. In both cases, the biotin-P22 was expected to react with the Strep-

HRP conjugate before than the bacteria, due to the huge affinity constant of the biotin-

streptavidin. These results suggest that the previous attachment of the enzymatic 

conjugate to the biotin-P22 could hinder the biorecognition required for the bacteria 

tagging. Although in the remaining three cases the bacteria were clearly detected, 

improved results were obtained with the strategy C, by performing IMS and 

phagotagging in one step, showing very low background values and the highest 

positive signals. A comparison of the signal to background ratios for the different 

strategies is shown in Table 6.3, demonstrating that strategy C provided by far the 

better results. 
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Figure 6.9 Schematic representation of the different procedures applied for the optimization of the 
phagotagging magneto immunoassay protocol. The five strategies were performed as described in Table 
6.1: (A) stepwise protocol; (B) preincubation of Salmonella with biotin-P22; (C) IMS and phage tagging in 
one step; (D) preincubation of biotin-P22 with Strep-HRP; and (E) addition of all reagents in one step. 
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Figure 6.10 Evaluation of the optimal strategy for the phagotagging immunosensing approach. The 
procedures A to E correspond to the five protocols described in Table 6.1 and schematic represented in 
Figure 6.9. 

 

Table 6.3 Signal to nonspecific adsorption ratios for the five different strategies tested. 

Signal to background ratio Strategy 

[Salmonella] CFU mL-1 A B C D E 

105 1.93 1.40 4 1.31 1.15 

107 5.64 5.8 17.83 1.57 1.59 

 

 

6.4.4 Magneto immunoassay with optical detection vs. electrochemical 
magneto immunosensor based on phage tagging for the detection of 
Salmonella in milk 

 

Once the reagents concentration, incubation conditions and optimal protocol were 

established, the response to Salmonella concentration as well as the matrix effect in 

the presence of milk was evaluated for both approaches, i.e. the magneto 

immunoassay with optical detection and the electrochemical magneto immunosensor 

based on phage tagging. With this aim, calibration curves were prepared with 

Salmonella artificially inoculated and serially diluted from 101 to 108 CFU mL-1 in LB 

broth and in milk diluted 1/10 in LB. As cells are injured when exposed to adverse 

conditions during food processing, a pre-enrichment step is usually included in 

classical culture methods to achieve the proliferation of stressed Salmonella cells, 

since otherwise bacteria that have not fully repaired may be underestimated.14 The pre-

enrichment step is normally performed with a nonselective broth medium, such as LB 
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broth, leading to a 1/10 dilution of the food matrix. The results obtained for both 

matrixes using both methods are shown in Figure 6.11. As can be seen in the Figure, a 

signal variation was observed in the presence of milk, indicating a slight matrix effect 

throughout the whole calibration curve, which has to be considered for the detection 

and was more evident at higher bacteria concentrations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.11 Results obtained in LB broth (white bars) and milk diluted 1/10 (grey bars), showing the 
signals (optical and electrochemical) by increasing the concentration of Salmonella from 2 ×101 to 2 × 108 
CFU mL−1 (left). The insets in the right panel show a zoom in the lower bacteria concentration range. The 
reagents concentration were: 0.1 mg mL-1 Ab-MP, biotin-P22 diluted 1/100 and Strep-HRP 0.5 µg mL-1 for 
the optical magneto immunoassay (A), and 0.5 mg mL-1 Ab-MP, biotin-P22 diluted 1/25 and 6 µg mL-1 
Strep-HRP for the electrochemical magneto immunosensor based on phage tagging (B). The cut-off 
values in LB broth and milk are represented in both cases through a solid and dotted line, respectively and 
in all cases, n=3, except for the 0 CFU mL-1 negative control (n=10). The electrochemical measurements 
were performed in phosphate buffer 0.1 M, KCl 0.1 M, pH 7.0, with hydroquinone 1.81 mM as a mediator 
and H2O2 4.90 mM as a substrate, applying a potential of -0.150 V (vs. Ag/AgCl).   

 

The results obtained at 108 CFU mL-1 based on the electrochemical detection were 

discarded from the curve, since a significant signal drop was observed at this point 

when compared to the intensity at 107 CFU mL-1 (from 5.9 to 3.8 µA in LB), which was 
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not concordant with the expected behavior. This fact could be explained by a blocking 

of the current transduction at the electrode surface caused through the extremely high 

bacteria number immobilized on the magnetic particles. Moreover, the addition of high 

bacteria amounts favor the formation of aggregates due to the multivalence of the 

magnetic particles and the bacteria as well as the possibility of additional bridges 

resulting from the tetrameric streptavidin label.   

The cut-off and LOD values were evaluated by processing 10 negative samples (0 

CFU mL−1) obtaining for the optical detection a mean value of 0.106 and 0.118 

absorbance units (a.u.) with a standard deviation of 0.0088 and 0.0073 for the assay 

performed in LB broth and in milk diluted 1/10 in LB, respectively. The cut-off values 

were then extracted with a one-tailed t test at a 99 % confidence level, calculated as 

the mean of the blank in addition to the corresponding t value multiplied by the 

standard deviation of the blank. The obtained results were 0.132 (solid line) and 0.139 

a.u (dotted line) in LB and in milk respectively, showing that the system is able to give a 

positive signal for the second point of the curve in both matrixes (Figure 6.11, A), which 

corresponds to a concentration in the order of 102 CFU mL−1 of Salmonella. The LOD 

values were calculated by interpolation of the cut-off signals in the sigmoidal dose 

response curve obtained after plotting the absorbance vs. the logarithm of Salmonella 

concentration (Figure 6.12, A), obtaining LODs of 180 CFU mL-1 in LB broth and 104 

CFU mL-1 in milk. The detailed results of the curves parameters are shown in Table 

6.4, A demonstrating a good fit in both matrixes (0.9946 in LB and 0.9882 in milk). 

In the case of the electrochemical magneto immunosensor based on phage tagging, 

the mean values for the blanks after processing 10 negative samples were 0.277 and 

0.205 µA with standard deviations of 0.018 and 0.016 for the assay performed in LB 

broth and in milk diluted 1/10 in LB, respectively. The signals corresponding to the LOD 

values were then extracted obtaining a cut-off value of 0.328 (solid line) and 0.249 µA 

(dotted line) in LB and in milk, respectively (Figure 6.11, B). The amperometric signals 

were also plotted vs. the logarithm of Salmonella concentration and adjusted to a 

sigmoidal dose response curve (Figure 6.12, B and Table 6.4, B), obtaining a good fit 

in both matrixes (0.9992 in LB and 0.9981 in milk). The LOD values were then 

calculated by interpolating the cut-off signals, obtaining 494 CFU mL-1 in LB broth and 

331 CFU mL-1 in milk. However when analyzing the graphs the second point of the 

curve was already above the aforementioned cut-offs in both matrixes (as shown in 

Figure 6.11), which corresponds to a Salmonella concentration of 200 CFU mL−1. 
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Figure 6.12 Sigmoidal dose response curves obtained in both matrixes after plotting the signal vs. the 
logarithm of Salmonella concentration for the optical (A) and electrochemical (B)detection. 

 

Table 6.4 Parameters of the sigmoidal dose response curves obtained after plotting the optical (A) or 
electrochemical (B) signals vs. logarithm of the Salmonella concentration when applying the phagotagging 
magneto immunoassay approach in LB broth and milk. 
 

(A) Optical detection CV (%) for 
(-) control 

CV (%) at 108 
CFU mL-1 R2 Slope Cut-off LOD (CFU mL-1) 

 
LB broth 8.3 3.1 0,9946 0,57 0,1324 180 
 
Milk 1/10 in LB broth 6.2 3.6 0,9882 0,65 0,1394 104 
       

 

(B) Electrochemical 
detection 

CV (%) for 
(-) control 

CV (%) at 108 
CFU mL-1 R2 Slope Cut-off LOD (CFU mL-1) 

 
LB broth 6.5 3.2 0,9992 0,95 0,328 494 
 
Milk 1/10 in LB broth 7.8 2.7 0,9981 0,67 0,249 331 
       

 (*) The second point of the calibration curve, corresponding to 200 CFU mL-1, was already above 

the cut-off value in both matrixes and was thus taken as the limit of detection. 

 

Similar detection limits were achieved with both detection strategies, with values in 

the order of 102 CFU mL-1. However, the electrochemical system showed better 

sensitivity demonstrable through its higher slope in both curves and also through the 

higher signal to background ratios that were obtained throughout almost the whole 

calibration curve as can be seen in detail in Table 6.5. Moreover, better fit to the 

sigmoidal dose response curves and also lower matrix effect were obtained in the case 

of the electrochemical magneto immunosensor based on phage tagging in contrast to 
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the optical magneto immunoassay. Besides, a lower assay time is required in this case 

since the last 30 min incubation for the color formation through the reaction with the 

substrate is not necessary. In addition, the use of electrochemical magneto 

immunosensors is more promising to cover the demand of rapid and on-site testing 

required for the implementation in HACCP for food safety. 

 
Table 6.5 Signal to background ratios obtained in both matrixes (LB broth and milk diluted 1/10 in LB) 
throughout the calibration curve performed with the optical magneto immunoassay and electrochemical 
magneto immunosensor based on phage tagging. 
 

Signal to background ratio Optical Electrochemical 

[Salmonella] CFU mL-1 LB Milk LB Milk 

2 x 101 1,14 1,12 1,13 1,17 

2 x 102 1,42 1,32 1,26 1,40 

2 x 103 1,58 1,45 1,41 1,66 

2 x 104 1,86 1,61 1,85 2,33 

2 x 105 2,61 2,34 4,31 7,67 

2 x 106 5,86 4,22 14,14 17,33 

2 x 107 7,62 6,23 21,05 25,41 
 

 

Many ELISA-based methods for Salmonella detection have been reported due to 

their advantage of easy automation and high sample throughput capability given by the 

96-well microplate format. However, most of them have the disadvantage of their high 

limits of detection, above 105 CFU mL-1.15 These values are 1000 times higher than the 

results obtained through the phagotagging magneto immunoassay with optical 

detection developed in this work. Only in recent approaches based on IMS coupled 

with the integration of nanomaterials-based labels such as quantum dots16 or gold 

nanoparticles17, or in the case of magneto immunoassays coupled with electrochemical 

detection using for example ion-sensitive field-effect transistors18 and intermittent pulse 

amperometry19,20, improved sensitivities were reported, with values down to 1-102 CFU 

mL-1.  

Moreover, when analyzing the results reported in other strategies based on phage 

tagging for bacteria detection, lower limits of detection (between 1 and 100 CFU mL-1) 

were only achieved in a few works. Some examples were the expression of reporter 

genes (e.g. lux genes ore ice nucleation genes),21,22 the labeling of the phage DNA with 

YOYO-1 dye23 or the use of streptavidin modified quantum dots to label engineered 
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phages previously modified to display biotin binding peptides on their capsid, as 

explained in § 6.16,7.  

However, in all the aforementioned cases, more expensive reagents and 

instrumentation, longer assay times, or in the examples of phagotagging strategies also 

more complex phage engineering methodologies were needed.  

On the other hand, compared with other biosensing methodologies for detecting 

pathogenic bacteria 24, excellent detection limits were achieved with the developed 

procedure. As an example, in comparison with a previous work of our group using the 

same modified magnetic particles for the IMS but antibody labeling 25 instead of phage 

tagging, the limit of detection was reduced in one order (from 103 to 102 CFU mL-1). 

Furthermore, the phage tagging gave better coefficient of variation (CV) values for the 

negative controls in both LB broth (6.5 vs. 9.3 %) as well as in milk (7.8 vs. 30 %), 

indicating a higher reproducibility. The lower limits of detection obtained with the biotin-

P22 tagging could be ascribed to the signal amplification achieved through the high 

biotinylated phage capsid containing around 2000 biotin molecules per phage in 

contrast to the antibodies labeled with just 2-3 HRP molecules per IgG. 

Finally, it is important to point out that although lower limits of detection were 

achieved using electrochemical methods based on magnetic separation coupled to 

nucleic acid-based polymerase chain reaction (PCR)26,27, the present method is more 

rapid and simple and avoids the tedious and expensive DNA extraction and 

amplification steps, being thus more suitable for the rapid and on-site testing required 

for food safety.  

 

6.4.5 Specificity study 
 

Figure 6.13 shows the results for 107 CFU mL-1 of Escherichia coli, 107 CFU mL-1 of 

Salmonella and finally, a mix containing 107 CFU mL-1 of each bacteria, artificially 

inoculated in milk diluted 1/10 in LB broth and compared to a negative control. The 

results obtained by the phagotagging magneto immunoassay with optical detection are 

shown in Figure 6.13, A, while the signals obtained with the electrochemical magneto 

immunosensor based on phage tagging are presented in Figure 6.13, B. As could be 

expected for a specific assay, in both methods the signals obtained for the E.coli 

samples were almost identical to the negative controls, while the response to the mix of 

both bacteria were quite similar to the signals obtained with a pure culture  of 

Salmonella. These results confirmed the high specificity of both approaches, which can 
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be ascribed to the double biorecognition, coming from: (i) the IMS step with the specific 

antibodies towards Salmonella which are coating the magnetic particles, and (ii) the 

phage tagging with the specific interaction between the  membrane receptor of the 

bacteria and the tailspike of the P22 phage.  
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Figure 6.13 Comparative study of the specificity for (A) the phagotagging magneto immunoassay with 
optical detection and (B) the electrochemical magneto immunosensor based on phage tagging. The bars 
show the (A) optical and (B) electrochemical signals for milk diluted 1/10 in LB artificially inoculated, 
respectively, with: 0 CFUmL−1 (negative control); 1.8×107 CFUmL−1 of E. coli; 2.3×107 CFUmL−1 of 
Salmonella; and a mix solution containing both pathogens. The error bars show the standard deviation for 
n=3. The conditions for the electrochemical measurements are the same as in Figure 6.10. 

 

 

6.5 CONCLUSIONS 
 

The developed strategy based on the IMS coupled to phage tagging showed 

outstanding analytical performance for the detection of Salmonella Thyphimurium. The 

labeling with biotinylated bacteriophages was demonstrated through microscopy 

techniques, as SEM and confocal microscopy. The results demonstrated that biotin-

P22 are novel sensitive, versatile and selective bacterial tags that coupled to 

fluorescent and optical or electrochemical reporters allow the sensitive imaging and 

detection of the bacteria Salmonella. The main advantages of using the phage for 

bacteria tagging instead of an antibody rely on the outstanding stability and specificity, 

as well as animal-free, cost-efficiently production of the P22 bacteriophages. Moreover, 
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the huge phage surface available for the modification with a high number of biotin tags 

allows the amplification of the signal when compared with antibodies directly labeled 

with only 2-3 HRP molecules, as previously discussed (§ 6.4.4). Also in the case of 

using biotinylated antibodies instead of biotin-P22 coupled to streptavidin-HRP, lower 

signal amplification would be achieved since biotinylation of antibodies results normally 

in a molar substitution between 2 to 5 biotin moieties per antibody, or in some 

commercially available biotinylated IgG (Abcam, UK), biotin/antibody ratios between 

10-20 were reported. Nevertheless, both values are significantly below the 2000 biotin 

moieties attached per phage in the biotin-P22 tags developed in this dissertation.    

Regarding the analytical performance, low matrix effect and excellent limits of 

detection were achieved in both LB broth and diluted milk using the phagotagging 

magneto immunoassay coupled to optical detection as well as with the electrochemical 

magneto immunosensor. Both strategies were able to detect bacteria concentrations in 

the order of 102 CFU mL-1, reducing considerably the time of the assay from 3-5 days 

needed in the microbiological techniques, to around 3 h with the optical magneto 

immunoassay and, even further (below 2.5 h) when using the electrochemical magneto 

immunosensor based on phage tagging. 

Better results were obtained with the immunosensing approach as discussed in § 

6.4.3, obtaining a rapid and sensitive detection method suitable for Salmonella 

screening-out in HACCP programs. However, it should be pointed out that as long as 

the methodologies were not fully validated, positive samples should be considered 

presumptive infected, requiring the further confirmation by approved culture based 

methods.  

Finally, it should be also highlighted that a very specific approach was achieved, 

capable of clearly distinguishing between different gram negative pathogenic bacteria 

such as Salmonella and Escherichia coli. This high specificity is mainly conferred by 

the antibody-modified magnetic particles employed for the IMS step and the 

biotinylated P22 phages used for the further labeling step. P22 is specific to serotypes 

A, B, and D1, being thus an extremely useful tool to trace the source of an outbreak.  

The main novelty of the developed approach is the phagotagging procedure for the 

sensitive detection of bacteria. To the best of our knowledge, this was the first time that 

phages are used for bacteria tagging in biosensors instead of using them as a 

biorecognition element immobilized on a solid support for bacteria capturing. As a 

conclusion, the high sensitivity is given by the signal amplification through the large 
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biotinylated surface provided by the bacteriophages in connection with the m-GEC 

electrochemical sensing, which result in a rapid, robust and sensitive procedure. 
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7.1 INTRODUCTION 
 

From the past decades until today, enzymes, antibodies, nucleic acids and 

biomimetic materials are used as biomolecular recognition elements for the detection of 

pathogenic bacteria and they have both merits and demerits when compared to one 

another.1 The use of phagomagnetic separation (PMS) instead of immunomagnetic 

separation (IMS) ensures a better stability of the biorecognition element due to the 

higher resistance towards harsh conditions of phages in contrast to antibodies. As a 

result, from all the advantageous features already mentioned, their outstanding 

selectivity, high sensitivity and exceptional stability are three ideal attributes for any 

biorecognition probe that makes them more suitable for in situ monitoring of 

contaminants in food and environmental samples. 2,3 

As a precedent, the direct chemical biotinylation of phage coat proteins was 

reported for the development of a phage-based biosorbent through the immobilization 

of SJ2 phages on streptavidin-modified surfaces for Salmonella enteritidis detection.4 In 

that case the bacteria capturing efficiency was evaluated by in vivo bioluminescence. 

In this chapter, the use of biotinylated phages (biotin-P22) for the capture and 

phagomagnetic separation of Salmonella is described. The immobilization of the biotin-

P22 on streptavidin-modified magnetic particles (Strep-MP) was performed for the 

phagomagnetic separation of the target bacteria. Finally the detection was carried out 

using peroxidase labeled anti-Salmonella antibodies (Ab-HRP) as optical reporter. 

Microscopy techniques were applied for the confirmation of the phage capture on the 

magnetic particles and of the further bacteria biorecognition, and in addition 

conventional culturing methods were performed to complete these studies. After 

performing all necessary optimizations to establish the most suitable conditions for this 

strategy, the response of the system to the bacteria concentration as well as the matrix 

effect and specificity were evaluated through a phagomagnetic immunoassay with 

optical detection. The performance was finally compared to the results obtained with 

the preceding optical magneto immunoassay and electrochemical magneto 

immunosensor based on phage tagging using the biotin-P22.  
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7.2. AIM OF THE CHAPTER 
 
This chapter addresses the integration of biotinylated bacteriophages on streptavidin 

magnetic particles for phagomagnetic separation of bacteria and further optical 

detection with a magneto immunoassay, taking the biotin-P22 phage as a model for 

Salmonella detection.  

The specific objectives can be summarized as follows: 

 To analyze the biotin-P22 phage capturing on streptavidin magnetic particles by 

microbiology techniques (double agar layered method) and confocal 

microscopy.  

 To study the utility of the biotin-P22 phage immobilized on magnetic particles as 

biorecognition element for the phagomagnetic separation of Salmonella by 

classical culture methods and Scanning Electron Microscopy (SEM). 

 To design and evaluate a novel method for the detection of Salmonella based 

on a phagomagnetic immunoassay with optical detection. 

 To assess the analytical performance of the developed strategy in terms of LOD 

values, matrix effect and specificity, comparing with the optical magneto 

immunoassay and electrochemical magneto immunosensor based on phage 

tagging of the pathogenic bacteria.  

 

 

7.3 EXPERIMENTAL SECTION 

 
7.3.1 Materials 
 

The bacteria Salmonella enterica serovar Typhimurium LT2 and Escherichia coli 

K12 strains were routinely grown in Luria Bertani (LB) broth or on LB agar plates for 18 

h at 37ºC. The preparation of the phage lysates, as well as their titration and 

purification using CsCl are described in Chapter 5 (§§ 5.3.1.1 and 5.3.1.2, 

respectively), while the materials used for the phage lysate preparation are the same 

detailed in Chapter 6.  

The magnetic particles of 2.8 μm in diameter with streptavidin covalently bound for 

capturing biotinylated ligands (Dynabeads, product n° 112.05) were supplied by 
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Invitrogen Dynal AS (Oslo, Norway). Anti-Salmonella antibodies conjugated to HRP 

(product nº ab20771) were purchased from Abcam (Cambridge, UK). 

The materials used for the bacteriophage biotinylation and the SEM characterization 

are described in Chapter 6, while those used for the confocal microscopy analysis and 

the optical and electrochemical assays were the same as previously described in 

Chapter 5. 

Finally, the instrumentation used for the incubation and washing steps, the magnetic 

separations, as well as the optical and electrochemical detection were the same as 

detailed in Chapter 4 (§ 4.3.1.2). 

 

7.3.2 Evaluation of the optimal conditions for the phagomagnetic 
immunoassay based on biotin-P22  

 

The biotin-P22 phagomagnetic immunoassay with optical detection comprised the 

following steps, as schematized in Figure 7.1: (i) Biotin-P22 capture on the Strep-MP; 

(ii) phagomagnetic separation (PMS) through 20 min incubation at room temperature 

with agitation followed by 20 min at 37 °C without agitation; (iii) enzymatic labeling with 

100 µL of anti-Salmonella antibodies labeled with horseradish peroxidase (Ab-HRP) 

incubating 30 min at room temperature and 700 rpm, followed by two washing steps 

with 100 µL of PBST. And finally, the last step, (iv) addition of 100 µL of substrate 

solution containing H2O2 and 3,3’,5,5’-tetramethylbenzidine (TMB) incubating 30 min at 

700 rpm in darkness, followed by the addition of 100 µL H2SO4 to stop the enzymatic 

reaction, and finally performing the optical read-out of the supernatants at 450 nm. 

The first step, i.e. the attachment of the biotin-P22 on the streptavidin-modified 

magnetic particles (Strep-MP), was performed by adding 100 µL of the modified 

phages to the magnetic particles. The mix was incubated 30 min at 700 rpm and room 

temperature, in order to allow the biotin-streptavidin recognition taking place. 

Afterwards, two washing steps with PBST were performed in order to eliminate the 

excess of phages. 

Regarding the incubation conditions for the bacteria biorecognition by the biotin-

P22/MP, a further optimization was performed in order to improve the assay since in 

this system the phages are immobilized on the magnetic particles, in contrast to their 

presence in solution in the case of the phagotagging based methods (Chapter 5 and 6). 
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Figure 7.1 Schematic representation of the biotin-P22 phagomagnetic immunoassay with optical detection 
showing the attachment of the biotin-P22 on the Strep-MP, the bacteria capture and final enzymatic 
labeling using Ab-HRP. The steps for the optical detection are also shown in the lower panel. 

 

In order to determine the biotin-P22 dilution and Strep-MP concentration, 

optimization experiments were performed applying the aforementioned optical 

detection system to different reagents concentration combinations. Another parameter 

which was adjusted was the enzymatic label concentration, testing also different 

antibodies dilutions. In all cases the results were evaluated analyzing the signal to 

nonspecific adsorption ratios to find the optimal conditions for achieving high positive 

signals related to low background values. 

 

7.3.3 Study of the capturing of biotin-P22 on the Strep-MP 
 

The efficiency of the coupling was evaluated by double agar layered method. In this 

approach, tenfold serial dilutions of the supernatant and first wash after the reaction 

with the Strep-MP were plated onto lawns of the bacterial strain and the phage titer 

was compared to the initial amount added. For the evaluation of the phage orientation 

and infectivity, several tenfold dilutions of the biotin-P22 modified streptavidin magnetic 

particles (biotin-P22/MP) were also plated by double agar layered method. 
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In order to verify the presence of the immobilized biotin-P22 phages on the Strep-

MP, confocal fluorescence microscopy was used. With this aim, the biotin-P22 were 

captured on the magnetic particles as previously described and after washing, 100 µL 

of streptavidin conjugated to cyanine 5 dye (Strep-Cy5) at a concentration of 2 µg mL-1 

was added to label the immobilized phages. A sample without the immobilized biotin-

P22 was also processed as negative control.  

 

7.3.4 Evaluation of the biotin-P22 phagomagnetic separation of 
Salmonella by SEM and conventional culture method 

 

The capturing performance of the biotin-P22/MP conjugates was evaluated by SEM 

microscopy. A 1/25 dilution of a biotin-P22 stock solution with an initial titer of around 

2.0 x 1011 PFU mL-1, was immobilized on 50 µg of Strep-MP and then 500 μL of a 

Salmonella Typhimurium LT2 sample at a concentration of 107 CFU mL-1 in LB broth 

was added to the biotin-P22/MP and incubated 20 min at room temperature with 

agitation followed by 20 min at 37 °C without agitation. After the PMS of the bacteria, 

the magnetic particles with the attached bacteria were separated with a magnet, and a 

washing step in PBST was performed. Finally, the modified magnetic particles were 

resuspended in 100 μL PBS and after adding it to 5 mL of milli-Q water the SEM 

samples were prepared as previously explained in Chapter 6 (§ 6.3.2). 

In order to study the efficiency of the PMS step, different bacterial dilutions were 

prepared in LB broth and the capture of Salmonella in these samples was performed. A 

volume of 500 μL of different concentrations of bacteria were added to 10 μg of biotin-

P22/MP and incubated under the same conditions. Once again, the magnetic particles 

with the attached bacteria were separated with a magnet, the supernatant was 

transferred to a new tube for further plating, and then two washes were performed with 

PBST for 5 min at room temperature followed by the resuspension in 100 μL PBST. 

The supernatants were plated in LB agar and grown for 18−24 h at 37°C to compare 

the bacteria counting with the initial amount added to the particles. 
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7.3.5 Biotin-P22 phagomagnetic immunoassay for the optical detection 
of Salmonella in milk 

 

In an attempt to shorten as well as simplify the analytical procedure, seven different 

protocols were evaluated by varying the order and number of incubation and washing 

steps, as detailed outlined in Table 7.1.  

Once the optimal conditions were established, the matrix effect was evaluated by 

comparing the response of the immunoassay for artificially inoculated Salmonella 

samples (ranging from 101 to 108 CFU mL−1) in LB broth and in milk diluted 1/10 in LB. 

Finally, the cut-off and LOD values were also evaluated. 

In order to fulfill the legislation about the presence of Salmonella in food samples, 

the detection system should be able to detect 1 CFU in 25 mL of milk, which is only 

possible if a pre-enrichment step is included. After spiking 25 mL of milk sample with 1-

3 CFU of Salmonella, an overnight pre-enrichment step (16 h) was performed in LB 

broth (nonselective broth) at 37 ºC to evaluate the capability of the system to detect the 

target bacteria. Simultaneously, a positive control with 10X of bacteria (around 10 CFU 

in 25 mL milk) and a negative control were also processed.  

 

7.3.6 Specificity study 
 
The specificity of the phagomagnetic immunoassay was also evaluated by 

comparing the response to Salmonella with the signal obtained in the presence of an 

equivalent amount of another gram negative bacterium as E.coli artificially inoculated in 

milk samples at two different bacteria concentrations (106 and 107 CFU mL-1) . A 

negative control was also processed. If the detection is not affected by any cross 

reaction, the signal for E.coli should be the same as the blank.   
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7.4 RESULTS AND DISCUSSION 
 

7.4.1 Evaluation of the optimal conditions for the phagomagnetic 
immunoassay based on biotin-P22  

 

First of all, the biotin-P22 phagomagnetic immunoassay was performed following the 

same conditions than the previously developed phagotagging magneto immunoassay 

detailed described in Chapter 6, to compare the performance of the new strategy. In 

this case, the protocol was similar to that described in § 6.3.2, but the PMS step was 

performed for 20 min at 37ºC and without shaking, following the same conditions used 

in the phagotagging strategy.  

The results obtained when using a 1/100 dilution of the biotin-P22 (corresponding to 

a phage titer of around 2 x 109 PFU mL-1), 0.1 mg mL-1 of Strep-MP and a 1/2000 

dilution of the Ab-HRP are presented in Figure 7.2, A. As can be seen, lower signals 

were obtained with this approach which used the biotin-P22 for PMS than the 

phagotagging strategy combined with the immunomagnetic separation (IMS) (Chapter 

6).  

 

 

 

 

 

 

 

 

Figure 7.2 (A) Comparison of the results obtained using the biotin-P22 for bacteria tagging  or for the PMS 
when performing the bacteria recognition step through 20 min incubation at 37ºC without shaking; and (B) 
results obtained after changing the bacteria recognition step to 20 min incubation under shaking followed 
by 20 min at 37ºC without agitation.  

 

Analyzing the bacteria biorecognition conditions, the phages are in this case 

immobilized on a solid support and not free in solution, which could decrease 

considerably the flexibility of the biotin-P22 phages making the binding more difficult. 

The fact of performing the incubation step without agitation could make the particles 
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settle on the bottom of the wells, hindering thus the bacteria biorecognition. As a result, 

it was decided to modify the assay by favoring the biorecognition during the PMS step, 

including a previous 20 min incubation step with shaking before the 20 min without 

agitation at 37ºC. As shown in Figure 7.2, B a significant improvement was achieved 

with this modification obtaining similar results than with the phagotagging strategy. 

The next step was to optimize the biotin-P22 dilution and Strep-MP concentration for 

the preparation of the biotin-P22/MP conjugate. Three magnetic particles 

concentrations (0.1, 0.2 and 0.5 mg mL-1) and three phage dilutions (1/100, 1/50 and 

1/25, corresponding to 2 x 109, 4 x 109 and 8 x 109 PFU mL-1) were assayed at a 

concentration of 107 CFU mL-1 of Salmonella and compared to a negative control to 

determine the optimal combination of reagents concentration, as shown in Figure 7.3. 

Similar results were obtained in all tested concentrations, without any clear tendency 

when increasing neither the particles nor the phage concentration. Analyzing the signal 

to background ratios, the obtained values were also almost the same, although a very 

slight improvement can be seen at a biotin-P22 dilution of 1/100, which corresponds to 

a concentration of around 2 x 109 PFU mL-1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3 Results obtained for the negative control and 107 CFU mL-1 of Salmonella with different Strep-
MP concentrations (0.1, 0.25 and 0.5 mg mL-1) and biotin-P22 dilutions (1/100, 1/50 and 1/25) when the 
Ab-HRP dilution was set in 1/1000. The table below shows the signal to background (S/B) ratio for each 
combination of reagent concentrations. In all cases n=3.  

 

According to the previous results, it was decided to set the Strep-MP concentration 

in 0.1 mg mL-1, and test even lower biotin-P22 concentrations (1/200, 1/400 and 1/800, 
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[Strep-MP] mg mL-1 0.1 0.25 0.5 
CFU mL-1 1/100 1/50 1/25 1/100 1/50 1/25 1/100 1/50 1/25 

S/B ratio 3.44 2.93 3.06 3.12 2.90 3.02 3.37 3.20 2.95 
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corresponding respectively to 1 x 109, 5 x 108 and 2.5 x 108 PFU mL-1) using four 

different Ab-HRP dilutions (1/4000, 1/2000, 1/1000 and 1/500), and detecting the 

response at two bacteria concentrations (105 and 107 CFU mL-1), as shown in Figure 

7.4. The results demonstrated a raise in the signal when increasing the antibody 

concentration. However, an increase in the negative signals was also observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4 Optical signals obtained at different Ab-HRP and biotin-P22 concentrations when performing 
the biotin-P22 PMS based magneto immunoassay. The Strep-MP concentration was set in 0.1 mg mL-1 
and the results of the negative control are compared with the signals obtained at 105 and 107 CFU mL-1 of 
Salmonella. In all cases n=3. 

 

Analyzing the obtained signal to background ratios obtained at each Ab-HRP 

dilution shown in Table 7.2, it can be concluded that in general higher ratios were 

obtained when a biotin-P22 dilution of 1/200 was used in comparison with the lower 

phage concentrations tested (dilution 1/400 and 1/800). In contrast, in the case of the 

Ab-HRP, the results improved while decreasing the concentration until the dilution of 

1/2000, and then at 1/4000 the response was reduced again. This results suggested 

that a compromise situation is needed, in which the concentration should not be as 

elevated to give a high nonspecific adsorption, but neither too low to cause an 

excessive reduction of the positive signals. Therefore, the optimal conditions were 
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obtained at a 1/2000 dilution of the enzymatic label obtaining the highest signal to 

background ratios in that case, with values of 5.19 and 1.36 for 107 and 105 CFU mL-1 

of Salmonella, respectively. 

 

Table 7.2 Signal to background ratios obtained for the different reagent concentration combinations shown 
in Figure 7.4. 

Signal to 
background 

ratio 

Ab-HRP 

1/500 1/1000 1/2000 1/4000 

biotin-P22 1/200 1/400 1/800 1/200 1/400 1/800 1/200 1/400 1/800 1/200 1/400 1/800 

Salmonella 
105 CFU mL-1

 
1.15 1.08 1.04 1.25 1.06 1.06 1.36 1.20 1.18 1.18 1.14 1.08 

Salmonella 
107 CFU mL-1 2.57 2.69 2.59 4.24 3.63 3.44 5.19 4.80 4.04 4.12 3.68 3.45 

 

 

7.4.2 Study of the capturing of biotin-P22 on the Strep-MP 
 

The immobilization efficiency of the biotin-P22 on the magnetic carrier was studied 

by reacting two different phage amounts with the Strep-MP and by evaluating the 

phage concentration before and after the phage attachment through the biotin-

streptavidin reaction. In order to calculate the coupling efficiencies, the amount of 

phages in both the supernatant and the first wash, were compared with the initial 

amount before the immobilization. Following the previous described assay 

optimizations, 100 µL of Strep-MP at a concentration of 0.1 mg mL-1, which 

corresponds to an amount of 7 x 105 magnetic particles, were reacted with 100 µL of 

the biotin-P22 diluted 1/200 and 1/1000 (1 x 109 and 2 x 108 PFU mL-1, respectively), 

being the first one the optimal dilution above determined. The coupling efficiencies of 

the biotin-P22 on the magnetic particles were found to be 34.9 and 61.0 % for the 

1/200 and 1/1000 dilution of the modified phages, respectively, as detailed shown in 

Table 7.3. Although a lower coupling percentage was obtained at the more 

concentrated biotin-P22 solution (1/200 dilution), the number of phages per magnetic 

particle was almost three times higher in this case when compared to the lower 

concentration (1/1000 dilution), obtaining an immobilization efficiency of nearly 21 in 

contrast to just 7.5 phages per magnetic particle. This fact demonstrated that a more 

efficient biotin-P22/MP conjugate was obtained at the 1/200 dilution, which is also in 

agreement with the results obtained by optical detection showed in detail in Table 7.2, 

suggesting also an improved bacteria capture capability at this concentration.    
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Table 7.3 Phage amounts before and after the immobilization and calculated phage amounts attached to 
the Strep-MP, coupling efficiencies and phages per magnetic particle at two biotin-P22 dilutions (1/200 and 
1/1000). 

 Phage stock dilution 

 1/200 1/1000 

Phage amount (PFU)   

Initial 4.18 x 107 8.45 x 106 

Supernatant 2.70 x 107 3.20 x 106 

First wash 2.30 x 105 5.50 x 104 

Attached to Strep-MP 1.46 x 107 5.19 x 106 

Capture efficiency (%) 34.9 61.5 

Phage/particle ratio 20.8 7.4 

 

As mentioned in previous chapters, phages bind to specific receptors on the 

bacterial surface in order to inject the genetic material inside the bacteria. In the case 

of P22, six homotrimeric tailspike molecules (gp9) are part of the viral adhesion protein 

which specifically recognizes the O-antigenic repeating units of the cell surface 

lipopolysaccharide of Salmonella.5 In order to evaluate the phage infectivity after the 

attachment to the magnetic carrier through the biotin-streptavidin reaction, the biotin-

P22/MP conjugate was cultured by the double agar layered method. Using plaque 

enumeration it is not possible to establish the number of bacteriophages per magnetic 

particle since each modified magnetic particle is able to produce a unique plaque, 

regardless of how many phages are correctly oriented on its surface. Nevertheless, by 

plating the modified magnetic carriers it is possible to evaluate their global lytic activity. 

The phage amount obtained by plating the modified magnetic particles was 6.3 x 104 

PFU and 2.0 x 104 PFU for a biotin-P22 dilution of 1/200 and 1/1000, respectively. 

When relating this results to the amount of particles added for the phages capture 

which was around 7 x 105, the biotin-P22/MP conjugate showed a very poor lytic 

activity in just 9 % and 3 % of the magnetic particles for 1/200 and 1/1000 dilution of 

the phages, respectively. These results could be explained by a blocking of the binding 

ability of the biotinylated phages through the immobilization on the solid support, or 

also by some degree of particle agglomeration during culturing which could affect the 

counting.  

Finally, confocal microscopy was used to study the capture of the biotin-P22 phages 

on the Strep-MP surface. The images in Figure 7.5 show the fluorescence background 

in a sample containing the magnetic particles without the biotin-P22 (A) and the Strep-



Chapter 7 

215 

 

MP after capturing the biotin-P22 through the streptavidin-biotin interaction (B). For the 

visualization of the samples, the fluorescence reporter Strep-Cy5 was added after the 

phage capture and subsequent washing steps. Given the high biotinylation efficiencies 

achieved when preparing the biotinylated conjugates (previously described in Chapter 

5), many biotin molecules were attached per phage particle being thus suitable to be 

recognized by the fluorescent labeled streptavidin. 

 As can be seen in Figure 7.5, A the nonspecific adsorption of the fluorescent label 

was negligible in the absence of the biotin-P22 in the sample, while Figure 7.5, B 

shows a red labeling in the case of the biotin-P22/MP conjugate. This result confirmed 

the immobilization of the biotin-P22 on the Strep-MP and the subsequent recognition 

by the Strep-Cy5 due to the presence of multiple biotin molecules attached per P22 

phage. The Figure shows also the pattern of phage immobilization on the magnetic 

carriers. Each red dot can be ascribed to a phage unit immobilized on the magnetic 

carrier, showing a quite scarce covering, consistent with the phage counting of 20 

phages/ MP. 

(A) (B)
 

 
Figure 7.5 Confocal microscopy images of the negative control, corresponding to the Strep-MP without 
biotin-P22 (A), and immobilized biotin-P22 on the Strep-MP labeled with streptavidin-Cy5 (B). In green the 
magnetic particles (autofluorescent), in blue the bacteria stained with Hoechst 33342 and in red the biotin-
P22 labeled with Strep-Cy5. 

 

7.4.3 Evaluation of the biotin-P22 phagomagnetic separation of 
Salmonella by SEM and conventional culture method  

 

The PMS of the bacteria by the biotin-P22/MP conjugate was visualized by SEM 

microscopy. Figure 7.6, A shows a negative control without the modified phages 

immobilized on the Strep-MP, while Figure 7.6, B is a zoom in the Strep-MP control. No 

bacteria nonspecific captured on the Strep-MP were observed in the absence of the 
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immobilized phages. On the other hand, when the biotin-P22 were attached to the 

magnetic carrier, the PMS was able to take place and, as a result, bacteria cells were 

observed captured by the biotin-P22/MP conjugate, as shown in Figure 7.6, C and D. 

Moreover, analyzing in more detail the Figure 7.6, D, some nanoparticles were 

observed on the binding site to the bacterium at the limit of resolution of the technique, 

which can be ascribed to the biotin-P22 immobilized on the Strep-MP and recognizing 

the bacteria receptors. These particles are not present in the Strep-MP surface of the 

negative control shown in 7.6, B.   

A confirmation of the biotin-P22 recognition capability towards Salmonella was thus 

achieved. However, the binding efficiency seemed to be lower than the previous 

developed method presented in Chapter 6, since in general lower amounts of 

Salmonella were observed in the prepared samples, and also smaller particle-bacteria 

conglomerates, suggesting lower capture ability. 

The capability for Salmonella capturing of the biotin-P22/MP conjugate was also 

analyzed by conventional culturing method. For this evaluation, the PMS of a bacteria 

sample was performed and the initial bacteria amount added to the particles was 

compared with the counting in the supernatant after the capture. A bacterial solution 

with a concentration of 2.1 x 105 CFU mL-1 was prepared in LB broth and the PMS of 

Salmonella Typhimurium LT2 in this sample was performed as described in § 7.3.4, 

plating afterwards 50 µL of the corresponding supernatant in LB for 18-24 h at 37°C. 

Bacterial colonies were enumerated in the initial suspension and the supernatant by 

plate counting, and the number of captured cells was estimated by subtraction for the 

efficiency calculation obtaining a result of 22.6 %, which is fairly below the capture 

efficiency obtained by immunomagnetic separation.6 One possible explanation could 

be once again the formation of the aggregates produced by several bacterium cells but 

growing at a unique colony point in the agar plate or, for instance, the infection by 

some lytic active phages which could be causing under growing of the attached 

bacteria. Furthermore, if some excess of biotin was present in the used biotin-P22 

stock solutions, it could interfere in the immobilization efficiency of the phages on the 

Strep-MP and also in the subsequent bacteria capturing when performing the PMS 

step.  
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Figure 7.6 Evaluation by SEM of the PMS through the biotin-P22/MP conjugate using a Salmonella 
concentration of 2.3 x 107 CFU mL-1 (C and D). The biotin-P22-MP was prepared by reacting 8 x 108 PFU 
of biotin-P22 with 7 x 105 (10 µg) of Strep-MP (2.8 µm). Negative controls without the biotin-P22 are also 
shown (A and B). In all cases, identical acceleration voltage (15 kV) was used.  

 

 

7.4.4 Biotin-P22 phagomagnetic immunoassay for the optical detection 
of Salmonella in milk  

 

The optimal protocol was evaluated by following different procedures and comparing 

the responses at two different bacteria concentrations (105 and 107 CFU mL-1) using the 

biotin-P22 PMS based magneto immunoassay. Seven different strategies were 

assayed by varying the number and order of the incubation and washing steps as 

previously explained in Table 7.1 (§ 7.3.5) and schematized in Figure 7.7 below.  
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Figure 7.7 Schematic representation of the different procedures applied for the optimization of the biotin-
P22 PMS based magneto immunoassay protocol. The seven strategies are detailed in Table 7.1: (A) 
stepwise protocol; (B) preincubation of Salmonella with biotin-P22; (C) phage capture and PMS in one 
step; (D) Strep-MP addition as final step; (E) preincubation of Salmonella with Ab-HRP; (F) simultaneous 
addition of bacteria and Ab-HRP; and (G) addition of all reagents in one step. 
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The results are compared in Figure 7.8. Very low signals were obtained with the 

strategies D and G, which correspond to the addition of the magnetic particles as the 

final step and de simultaneous addition of all reagents, respectively. This behavior 

suggest that the joining together of incubation steps without any washings in between 

is unfavorable for the assay performance, possibly because one of the advantageous 

features of the magnetic particles, specifically the improved washing steps, is missed 

using these strategies. 

On the other hand, when analyzing the other four strategies by comparing the signal 

to background ratios (Table 7.4), very low differences between the signal at a bacteria 

concentration of 105 CFU mL-1 and the negative control were observed in the cases of 

preincubating some of the reagents, as much the bacteria with the phage (strategy B) 

as the bacteria with the antibodies (strategy E). In addition, similar results were 

obtained in the case of joining the phage capture with the PMS step (Strategy C), 

although a better response was acquired at the higher bacteria concentration. Finally, 

strategies A and F were those showing the better performances, being in fact the 

strategy F just a shortening of the step by step protocol in strategy A, in which the 

bacteria and Ab-HRP addition was performed simultaneously. Nevertheless, the 

highest signal to background ratios at both assayed bacteria concentrations were 

obtained with the strategy A by performing the protocol step by step, with each 

incubation step carried out separately and with washings in between.   
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Figure 7.8 Optimization of the protocol for the biotin-P22 PMS based magneto immunoassay. The 
strategies A-G correspond to the seven protocols described in Table 7.1 and depicted in Figure 7.7. The 
experimental conditions were the previously optimized: a Strep-MP concentration of 0.1 mg mL-1, a biotin-
P22 solution at a 1/200 dilution and an Ab-HRP dilution 1/2000. In all cases, n=3. 
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Table 7.4 Signal to nonspecific adsorption ratios for the seven different strategies tested. 

Signal to background ratio Strategy 

[Salmonella] CFU mL-1 A B C D E F G 

105 1.51 1.03 1.06 1.37 1.03 1.30 1.03 

107 5.56 3.50 4.34 1.59 3.11 4.00 1.63 

 

 

Afterwards, the response towards the bacteria concentration and the matrix effect 

were evaluated by preparing two calibration curves with Salmonella artificially 

inoculated and serially diluted in a concentration range from 3.3 x 101 to 3.3 x 108 CFU 

mL-1 in LB broth and in milk diluted 1/10 in LB. The results obtained for both matrixes 

are shown in Figure 7.9.  

 

 

 

 

 

 

 

 
 
Figure 7.9 Calibration curves obtained in LB broth (white bars) and milk diluted 1/10 (grey bars), showing 
the signals by increasing the concentration of Salmonella from 3.3 ×101 to 3.3 × 108 CFU mL−1. The inset 
in the right panel shows a zoom in the lower bacteria concentration range. The reagent concentrations 
were as follows: 0.1 mg mL-1 Strep-MP, biotin-P22 diluted 1/200 (1 x 109 PFU mL-1) and Ab-HRP diluted 
1/1000. The cut-off values in LB broth and milk are represented in both cases through a solid and dotted 
line, respectively and in all cases, n=3, except for the 0 CFU mL-1 negative control (n=10). 

 

As can be seen in the figure, a signal drop was observed in the presence of milk, 

indicating some degree of matrix effect throughout the whole calibration curve which 

was more significant at high bacteria concentration, similar to the behavior observed in 

the methods based on bacteria tagging explained in Chapter 6. However, the effect 

seemed to be more pronounced when using the biotin-P22 phagomagnetic 

immunoassay. This could be explained by the fact that in the current approach the 

matrix is present during the phage recognition step, which is principally occurring when 

incubating without agitation and hence the interference of the sample components 
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would be higher than in the case of shaking conditions. In addition, the presence of the 

biotin-P22 immobilized on the solid support also reduces the flexibility of the modified 

phages in comparison to the previously developed approaches based on phage 

tagging. Thus, the availability of the tailspike proteins for the bacteria recognition will be 

more affected by the presence of interfering matrix components. 

For the cut-off and LOD values analysis, 10 negative samples (0 CFU mL−1) were 

recorded, obtaining a mean value of 0.157 and 0.112 absorbance units (a.u.) with a 

standard deviation of 0.0105 and 0.0084 for the assay performed in LB broth and in 

milk diluted 1/10 in LB, respectively. The signals corresponding to the LOD, or cut-off 

values, were then extracted with a one-tailed t test at a 99 % confidence level as 

already explained in Chapter 6 (§ 6.4.4) obtaining a result of 0.189 (solid line) and 

0.138 a.u (dotted line) in LB and in milk, respectively. Thus, the third point of the curve 

was above the cut-off value in both matrixes (as shown in Figure 7.9), which 

corresponds to a concentration in the order of 103 CFU mL−1 Salmonella. The LOD 

values were finally calculated by interpolation of the cut-off signals in the sigmoidal 

dose response curve (Figure 7.10 and Table 7.5), obtaining a result of 8.51 x 103 CFU 

mL-1 in LB broth and 2.40 x 103 CFU mL-1 in milk. These values are one order bigger 

than the ones obtained with the phagotagging magneto immunoassay, indicating thus a 

poorer performance of the biotin-P22 phagotagging immunoassay. More precisely, the 

achieved limits of detection were 47 times and 23 times higher in LB and milk, 

respectively. 
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Figure 7.10 Sigmoidal dose response curves obtained in both matrixes after plotting the signal vs. the 
logarithm of Salmonella concentration. 

 

The detailed results of the curves parameters are shown in Table 7.5, demonstrating 

an acceptable fitting in both matrixes (r2 = 0.9949 in LB and 0.9921 in milk). However, 
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when comparing the obtained results with the previous phagotagging method, the 

poorer analytical performance became also evident, since lower sensitivity was 

demonstrated through the inferior slopes and also worse reproducibility of the 

measurements were indicated by the higher coefficients of variation (% CV). 

 

Table 7.5 Parameters of the sigmoidal dose-response curves obtained with the biotin-P22 biosorbent 
based magneto-immunoassay in LB broth and milk. 

 CV (%) for 
(-) control 

CV (%) at 108 
CFU mL-1 R2 Slope Cut-off LOD (CFU mL-1) 

 
LB broth 6.7 10.3 0,9949 0,4877 0,1888 8510 
 
Milk 1/10 in LB broth 7.5 10.4 0,9921 0,4734 0,1377 2397 
       

 

Moreover, when comparing the signal to background ratio obtained at the different 

Salmonella concentrations with the same results achieved using the phagotagging 

strategy lower ratios were acquired throughout almost the whole calibration curves as 

shown in Table 7.6. These results confirmed once again the lower sensitivity of the 

biotin-P22 phagomagnetic immunoassay. 

 
Table 7.6 Comparison of the signal to background ratios obtained in both matrixes (LB broth and milk 
diluted 1/10 in LB) throughout the calibration curves using the biotin-P22 PMS based approach and 
phagotagging magneto immunoassay.  
 

Signal to background ratio Biotin-P22 PMS Biotin-P22 tagging 

[Salmonella] CFU mL-1 LB Milk LB Milk 

3.3 x 101 1,16 1,21 1,14 1,12 

3.3 x 102 1,21 1,24 1,42 1,32 

3.3 x 103 1,22 1,34 1,58 1,45 

3.3 x 104 1,25 1,62 1,86 1,61 

3.3 x 105 1,46 1,82 2,61 2,34 

3.3 x 106 3,11 3,59 5,86 4,22 

3.3 x 107 6,40 7,38 7,62 6,23 

3.3 x 108 12,33 11,81 9,52 7,07 

 

 

An exception seemed to occur at the higher bacteria concentrations, since at 107 

CFU mL-1 the signals turned very similar for both strategies and at 108 CFU mL-1 the 
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tendency was even inverted. This behavior could be explained by a higher aggregation 

at very high bacteria concentration in the case of the strategies based on phage 

tagging (Chapter 6), due to the multivalency of the different reagents: magnetic 

particles, bacteria, as well as the Strep-HRP label. In the case of the biotin-P22 PMS 

the label is Ab-HRP which is not able to react simultaneously with more than one 

bacteria, leading thus to less agglomeration.  

Despite the worse analytical performance of the biotin-P22 phagomagnetic 

immunoassay in comparison to the phagotagging strategy, it was decided to evaluate 

the capability of the system to detect the target bacteria at a concentration of around 1 

CFU in 25 mL of milk in order to follow the established food regulations. With this aim, 

a preenrichment step was performed overnight (16 h) in LB as a nonselective broth at 

37 ºC. In this procedure the samples were diluted 1/10 in the LB broth. Afterwards, the 

spiked milk sample, a 10X positive control and a negative control were assayed using 

the biotin-P22 phagomagnetic immunoassay, obtaining the results shown in Figure 

7.11. After the exact concentration of the overnight culture used to contaminate the 

milk samples was determined by classical culture method, the bacteria concentration in 

the positive control was found to be 12 CFU in 25 mL, while the spiked sample 

contained around 1.2 CFU in 25 mL milk.  
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Figure 7.11 Results obtained after 16 h preenrichment when the spiked milk sample, the negative control 
and positive control were assayed using the biotin-P22 phagomagnetic immunoassay. The experimental 
conditions were the same explained in Figure 7.9 and in all cases n = 3, with exception of the negative 
control for which n = 6. The dotted line represents the cut-off value. 

 

The bacteria amounts in the sample, the positive and the negative controls after the 

16 h preenrichment were also determined by microbiological culturing, obtaining 

concentrations of 1.4 x 108 CFU mL-1, 5.2 x 108 CFU mL-1 and 0 CFU mL-1, 

respectively. These amounts of bacteria were thus consistent with the very high optical 

signals obtained for the sample as well as the positive control using the phagomagnetic 
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immunoassay, as shown in the Figure. Moreover, the signal of the negative control was 

below the cut-off value as expected.  

As a result, it should be highlighted that although the lower detection limits obtained 

with this strategy, the challenging bacteria limit of 1 CFU in 25 mL of milk sample could 

be achieved after performing an overnight preenrichment.   

 

7.4.5 Specificity study 

 

The specificity of the system was evaluated by performing the biotin-P22 

phagomagnetic immunoassay in samples artificially inoculated with 106 and 107 CFU 

mL-1 of both Escherichia coli and Salmonella, as well as a negative control (Figure 

7.11).  

Although the signal obtained at 106 CFU mL-1 of the non-target gram negative 

bacteria was almost the same than the background adsorption, the result at 107 CFU 

mL-1 was above the cut-off value, indicating that at this high concentration of E.coli a 

false positive could take place. The slight raise in the signal observed when increasing 

the E.coli concentration suggested the presence of some degree of cross reaction and 

thus, a poorer specificity of this strategy when compared to the phagotagging method.  
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Figure 7.11 Specificity study of the biotin-P22 biosorbent based magneto immunoassay. The bars show the 
optical signals for the samples artificially inoculated, respectively, with: 0 CFUmL−1 (negative control), 2.2 × 
106 CFU mL−1 E. coli, 2.8 × 106 CFU mL−1 Salmonella, 2.5 × 107 CFU mL−1 E. coli and 2.6 × 107 CFU mL−1 
of Salmonella. The error bars show the standard deviation for n=3.  

 

This behavior could be ascribed to some nonspecific adsorption of the non-target 

bacteria and/or the enzymatic label to the streptavidin-modified magnetic particles used 



Chapter 7 

225 

 

as solid support. Another possible explanation could be the presence to some extent of 

biotin in the E.coli bacteria, given by the biotin carboxyl carrier protein (BCCP) subunit 

present in the acetyl-CoA carboxylase enzyme responsible for the fatty acids synthesis 

in these bacteria.7 Thus, the biotin covalently bound as a cofactor to the BCCP, could 

also be recognized by still available streptavidin molecules present on the solid support 

surface giving place to some degree of nonspecific bacteria capturing. If this would be 

the case, a slight cross-reactivity of the anti-Salmonella polyclonal antibody used as 

optical reporter should simultaneously occur. 

 

 

7.5 CONCLUSIONS 

 

The presented strategy based on the phagomagnetic immunoassay using biotin-P22 

immobilized on Strep-MP coupled to immunological labeling allowed the detection of 

Salmonella. The capturing of the phages on the magnetic particles to form the biotin-

P22/MP conjugates and the subsequent Salmonella biorecognition capability was 

demonstrated using microscopy tools, in particular confocal fluorescence microscopy 

and SEM, respectively. Moreover, the obtained results were also confirmed by classical 

culture methods. 

 Good limits of detection were achieved in both studied matrixes using the biotin-

P22 phagomagnetic immunoassay, being able to detect 8.51 x 103 CFU mL-1 of 

Salmonella in LB broth and 2.40 x 103 CFU mL-1 in milk. These results were of the 

same order than previous reported assays based on immunomagnetic separation6, 

achieving in the phagomagnetic strategy even 3 times lower detection limits in the case 

of the milk matrix, although the lower bacteria capturing efficiencies. Moreover, the use 

of phages as a biorecognition element has the advantage of the outstanding stability, 

which makes the use of phages more appropriate for the application in food samples 

analysis, which matrixes at times provide unfriendly media for the less stable 

antibodies.   

However, as already discussed along the previous sections, the analytical 

performance of the biotin-P22 based phagomagnetic immunoassay was to a great 

extent underneath the results obtained by the preceding strategy based on phage 

tagging, in terms of sensitivity, reproducibility, as well as specificity.     

Regarding the specificity of the system, a slight cross-reaction was observed at a 

concentration of 107 CFU mL-1 of E.coli, which did not occur in the phagotagging 

strategy. Nevertheless, food regulations in dairy products for these gram-negative 
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bacteria establish a maximum of two of five samples contaminated with 104 to 105 CFU 

mL-1 in the more older regulations (Real Decreto 1679/1994, BOE 24-09-94), while 

more up-to-date regulations establish a maximum between 102 and 103 CFU mL-1 

(REGLAMENTO (CE) 2073/2005 DE LA COMISIÓN de 15 de noviembre de 2005). 

Thus, a concentration of 107 of E.coli would be really excessive and, in fact, this cross-

reactivity would not be a problem in the majority of food control studies. As a result, it 

would only affect in the case of processing other kind of samples containing a very high 

accompanying microflora. 

Due to the worse results obtained in comparison to the phagotagging approach, 

instead of performing further studies for the development of a biosensor with the biotin-

P22/MP conjugates, another strategy for phagomagnetic separation based on 

covalently immobilized phages was evaluated, as explained in the next chapter. 
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8.1 INTRODUCTION 
 

The inherent ability of phages to bind their bacterial target has been exploited to 

capture the bacteria onto different kind of surfaces and transducers, using phages 

previously attached on solid supports. Different immobilization strategies have been 

reported on native phages, for instance, physical adsorption,1–3 ionic interaction,4 and 

chemical attachment between reactive groups in the native phage capsid proteins and 

chemical groups on the solid support.5–8 The interaction between high affinity 

molecules and peptides expressed in the capsid through phage display techniques 

were also described.9,10 This variety of methods can be applied not only to the use of 

wild-type phages, but also to engineered phages genetically manipulated to display 

specific peptides or to carry selected reporting genes, and purified phage’s receptor 

binding proteins- the tailspike proteins, which determine the phage host specificity. 

Moreover, this recognition elements can be coupled with different transduction 

platforms such as optical (e.g. SPR), micromechanical (e.g. QCM) and electrochemical 

biosensors (e.g. amperometric), as extensively analyzed in previous reviews.11–13 

This chapter addresses the use of P22 phages for the biorecognition and pre-

concentration of pathogenic bacteria when they are conjugated with magnetic micro 

and nanocarriers. Phages were covalently immobilized throughout the amine moieties 

present in their capsid proteins to tosylactivated magnetic microparticles (P22-MP) or 

carboxylic nanoparticles (P22-nMP). The phage-modified magnetic carriers were then 

used for the pre-concentration of Salmonella followed by the rapid detection of the 

whole bacterial cells by a specific labeled antibody, as optical or electrochemical 

reporter.  

The coupling of phages with magnetic particles provides many advantageous 

features for food safety applications, and as already mentioned the exceptional stability 

of phages in a wide range of conditions makes them promising alternative candidates 

for in situ testing of food samples. The phagomagnetic separation (PMS) was recently 

reported in our group but using inactivated phages and coupled with the double-tagging 

polymerase chain reaction (PCR) amplification of the DNA of the captured bacteria 

followed by electrochemical magneto-genosensing.14 Here, the aim was to simplify the 

analytical procedure and to avoid the complex and more interference susceptible PCR 

which has high technical requirements. 

The next sections describe the preparation of the hybrid phage modified magnetic 

particle conjugates for bacteria capturing in a PMS step, and their optimization and 

characterization by Scanning Electron Microscopy (SEM) technique. The analytical 
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performance of the micro and nanoparticles for the PMS was also studied and 

compared in terms of LODs, specificity and sensitivity. Moreover, the development of 

the PMS coupled with an electrochemical immunosensing approach was also 

evaluated, besides the phagomagnetic separation capability of the developed hybrid 

P22-MP material. Finally, pre-enrichment studies were carried out in order to determine 

the time that is required for the detection of 1 CFU of Salmonella in 25 mL of milk, in 

order to fulfill the legislation. 

 

8.2. AIM OF THE CHAPTER 
 

This chapter addresses the covalent immobilization of bacteriophages on magnetic 

micro and nanoparticles for phagomagnetic separation of bacteria and further detection 

with an optical magneto immunoassay as well as with an electrochemical magneto 

immunosensing approach, taking the P22 phage as a model for Salmonella detection.  

The specific objectives of this chapter were: 

 To develop phage-based solid supports by the covalent immobilization of the 

P22 bacteriophage on micro- and nanostructured magnetic particles. 

 To evaluate the coupling efficiency and establish the optimal phage/particle 

ratio. 

 To analyze the phage orientation for the bacteria biorecognition by 

microbiological techniques (double agar layer technique) and SEM analysis. 

 To apply the developed phage-modified hybrid magnetic particles in 

phagomagnetic immunoassays with optical detection.  

 To compare the analytical performance of micro and nanostructured magnetic 

carriers. 

 To analyze the phagomagnetic separation of Salmonella by conventional 

culture methods and confocal microscopy. 

 To assess the phagomagnetic immunoassay coupled with electrochemical 

detection for the screen-out of bacteria in milk samples.  

 To study the sample pre-enrichment requirements for the detection of 

Salmonella in contaminated milk accordingly to the current food regulations. 
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8.3 EXPERIMENTAL SECTION 
 
8.3.1 Materials 
 

The bacteria Salmonella enterica serovar Typhimurium LT2 and Escherichia coli 

K12 strains were routinely grown in Luria Bertani (LB) broth or on LB agar plates for 18 

h at 37ºC. The preparation of the phage lysates, as well as their titration and 

purification using CsCl are described in Chapter 5 (§§ 5.3.1.1 and 5.3.1.2, 

respectively), while the materials used for the phage lysate preparation are the same 

detailed in Chapter 6.  

Tosylactivated magnetic particles (MP) (Dynabeads M-280, product n° 142.03) were 

purchased from Life Technologies, Invitrogen Dynal AS (Oslo, Norway) and Carboxyl-

Adembeads (nMP) (product nº 0213) were obtained from Ademtech SA (Pessac 

France).  

Anti-Salmonella antibodies conjugated to HRP (product nº ab20771) and unlabeled 

mouse monoclonal anti-Salmonella antibodies (product nº ab8274) were purchased 

from Abcam (Cambridge, UK). Bovine serum albumin (BSA), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysulfosuccinimide (sulfo-NHS) and Tween 20 were supplied by Sigma-Aldrich.  

Regarding the reagents used for the visualization of the system by confocal 

microscopy, the Hoechst 33342 and the anti-mouse IgG antibodies labeled with 

cyanine 5 dye (anti IgG-Cy5) were purchased from Life Technologies (product nº H-

3570 and M-35011, respectively).  

All buffer solutions were prepared with milli-Q water (Millipore Inc., Ω = 18 MΩ cm) 

and all reagents were of the highest available grade, supplied from Sigma or Merck.  

The composition of the solutions used for the immobilization on tosylactivated 

particles was: coating buffer (0.1 mol L-1 sodium borate, pH 8.5); ammonium sulfate (3 

mol L-1 prepared in coating buffer), blocking buffer (0.01 mol L-1 sodium phosphate, 

0.15 mol L-1 NaCl, 0.5 % w/v BSA, pH 7.4), washing buffer (0.01 mol L-1 sodium 

phosphate, 0.15 mol L-1 NaCl, 0.1 % w/v BSA, pH 7.2); and storage buffer (0.01 mol L-1 

sodium phosphate, 0.15 mol L-1 NaCl, 0.1 % w/v BSA, 0.02 % (w/v) sodium azide, pH 

7.4).  

For the immobilization on magnetic nanoparticles the following solutions were used: 

MES activation buffer (0.1 M MES buffered saline, 0.9 % (w/v) sodium chloride, pH 
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5.5), PBS coating buffer (0.1 M PBS, 0.15 M NaCl, pH 7.2) and the commercial storage 

buffer shipped with the particles adding 10 mM MgSO4.  

The solutions used for the SEM samples preparation were: fixation buffer (2.5 % v/v 

glutaraldehyde in 0.1 mol L-1 sodium phosphate, pH 7.4) and post-fixation buffer (1 % 

w/v OsO4, 0.1 mol L-1 sodium phosphate, pH 7.4).  

The reagents and buffer solutions used for the magneto immunoassays as well as 

the optical and electrochemical measurements were the same as previously described 

in Chapter 5.   

Finally, the instrumentation used for the incubation and washing steps, the magnetic 

separations, as well as the optical and electrochemical detection are detailed in 

Chapter 4 (§ 4.3.1.1), while the bacterial strains and phage lysate preparation and 

purification are explained in Chapter 5 (§ 5.2.1). 

 

8.3.2 Covalent immobilization of bacteriophages on magnetic micro and 
nanocarriers 

 

P22 phages were covalently coupled to 2.8 μm tosylactivated magnetic particles 

(P22-MP) as well as to 300 nm carboxylic magnetic nanoparticles (P22-nMP) through 

the amine moieties of their capsid proteins (gp5). In both cases 150 µL of a purified 

phage stock solution with a concentration in the order of 1011 plaque-forming units 

(PFU) mL-1 was added to 1 mg magnetic particles or nanoparticles and the results were 

compared. In the case of the tosylactivated MP no pre-activation step was needed, 

while when using the nMP a previous step was required in which EDC and sulfo-NHS 

were added in order to activate the carboxylic groups of the magnetic particles. A 

schematic representation of both immobilization procedures is shown in Figure 8.1. 

Before each assay, the required amount of P22-MP or P22-nMP were washed twice 

with PBST and resuspended in the appropriate volume in order to obtain the desired 

concentration of magnetic particles. 

 

8.3.2.1 Immobilization on tosylactivated magnetic particles 

 

In this case, a volume of 35 μL of tosyl-modified MP (30 mg mL-1, 2 x 109 magnetic 

particles mL-1) was washed twice with 1 mL of borate buffer. Afterwards, 150 μL of the 

purified P22 phage solution followed by 100 µL of (NH4)2SO4 were added and mixed 

properly. The bacteriophage titer was previously determined by serial dilutions plating 
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onto Luria Bertani (LB) plates using the double agar layered method. The MPs were 

incubated a total of 17 h at 37ºC under shaking. During this time, the amine moieties of 

the phage reacted with the tosylactivated groups on the MPs surface as shown in 

Figure 8.1, A. After incubation, the supernatant was removed and placed in another 

tube to perform the counting of the active phages by double agar layered conventional 

method. The P22-MPs were then blocked with 1 mL PBS blocking buffer through 2 h 

incubation at 37ºC with agitation for inactivating the remaining tosyl groups. Afterwards, 

the P22-MPs were submitted to five washing steps for 5 minutes at room temperature 

in PBS washing buffer, and finally resuspended in storage buffer to reach a 1.0 mg mL-

1 stock solution, which was stored at 4ºC.   

 

 

Figure 8.1 Schematic representation of the strategy for immobilizing P22 NPs the magnetic particles. The 
mix was incubated (17 h at 37 ºC under shaking) and the supernatant was removed to perform the phage 
counting by double agar layered method. In (A) the reaction of the amine moieties of the phage with the 
tosyl groups of the MPs is shown, while (B) schematizes the reactions performed to immobilize the P22 on 
the nMPs. The carboxylic groups were first activated with EDC and sulfo-NHS (8 h at room temperature 
under shaking) and then excess EDC and sulfo-NHS were eliminated followed by the addition of purified 
P22 bacteriophages in order to react through the amine groups of their capsid proteins.  
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8.3.2.2 Immobilization on carboxyl-modified magnetic nanoparticles 

 
For the immobilization on the nMP, 35 μL of the nanoparticles (30 mg mL-1, 3.8 x 

1010 particles mL-1) were washed twice in MES activation buffer and then the carboxylic 

groups were activated with 80 µL EDC (4 mg mL-1) and 80 µL sulfo-NHS (9 mg mL-1) 

incubating for 8 h at room temperature under shaking. During this time EDC reacts with 

the carboxylate nMPs forming an unstable reactive o-acylisourea ester, which 

immediately reacts with sulfo-NHS giving a semi- stable amine- reactive NHS ester, 

suitable for the further immobilization reaction. After two washes to eliminate the 

excess of EDC and sulfo-NHS, 150 µL of the purified P22 phage solution and 100 µL of 

activation buffer were added. The mix was incubated 17 h at 37 ºC under shaking in 

order that the amine groups of the phage proteins react with the NHS ester to form the 

stable amide bonds of the P22-nMPs. All the aforementioned reactions are 

schematized in Figure 8.1, B. Finally, the supernatant was transferred to another tube 

to perform the counting of the active phages and the following blocking and washing 

steps were performed in the same way than with the tosylactivated magnetic particles.  

 

8.3.2.3 Coupling efficiency and phage/particle ratio studies 

 

After the immobilization, the efficiency of the coupling strategies was evaluated by 

the double agar layered method. In this approach, tenfold serial dilutions of the 

supernatants and first wash after the covalent attachment were plated onto lawns of 

the bacterial strain, and compared with the concentration before immobilization.  

The phage/particle ratio was also optimized in the case of the P22-MP analyzing the 

effect of increasing the magnetic particles amount to 5 mg or the phage concentration 

up to 1012 PFU mL-1.  

 

8.3.3 Evaluation of phage infectivity and biorecognition towards 
Salmonella of the immobilized P22 phages 

 

The availability and integrity of the tailspike proteins (TSP) after the immobilization 

on the magnetic carriers is an important issue to be considered to ensure the 

biorecognition towards the bacteria. For the evaluation of the phage orientation and 

infectivity, several tenfold dilutions of the phage-modified magnetic particles were 

cultured by double agar layered method. Afterwards, the capture abilities of the 
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modified magnetic carriers were evaluated by Scanning Electron Microscopy (SEM). A 

bacterial solution in the order of 106 CFU mL-1 in LB broth was added to P22-MP or 

P22-nMP and the PMS of Salmonella Typhimurium LT2 in these samples were 

performed. The samples (500 μL) were mixed with 10 μg of P22-MP or P22-nMP and 

incubated 20 min at room temperature with agitation followed by 20 min at 37 °C 

without agitation. After that, the magnetic particles with the attached bacteria were 

separated with a magnet, and then two washes were performed with PBST for 5 min at 

room temperature. Finally, the modified magnetic particles were resuspended in 100 μL 

PBS and after adding it to 5 mL of milli-Q water the SEM samples were prepared as 

previously explained in Chapter 6 (§ 6.3.2). 

 

8.3.4 Comparison of the performance of both magnetic nano and 
microcarriers 

 

The performance of both kinds of magnetic particles was compared using a 

magneto immunoassay with optical detection and studying the matrix effect, limits of 

detection, as well as the specificity of the systems, as detailed in the next sections. 

 

8.3.4.1 Phagomagnetic immunoassay with optical detection for Salmonella in 

milk 

 

The phagomagnetic immunoassay was designed in order to be performed in 96-well 

microtiter plates and comprised the following steps schematically outlined in Figure 8.2 

(all the referred quantities are ‘the amounts added per well’): (i) PMS of 100 µL 

Salmonella for attaching the target bacteria on the magnetic carriers as previously 

described; (ii) labeling with 100 µL of anti-Salmonella antibodies conjugated to 

peroxidase (Ab-HRP) incubating 30 min at room temperature and 700 rpm; and finally, 

the last step, (iii) optical detection with 100 µL of substrate solution, consisting of a mix 

of H2O2 and 3,3’,5,5’-tetramethylbenzidine (TMB), incubated for 30 min at room 

temperature in darkness. The enzymatic reaction was stopped by adding 100 µL of 

H2SO4 (2 mol L−1) and the absorbance measurement of the supernatants was 

performed at 450 nm.  

For the evaluation of the results, the exact concentration of the initial inoculum 

coming from an overnight culture in LB broth was found by dilution and plating in LB 

agar. A negative control of LB broth was always also processed. 
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Figure 8.2 Schematic representation of the phagomactic immunoassay with optical detection, comprising 
the phagomagnetic separation (PMS) of the bacteria and the labeling using anti-Salmonella antibody 
conjugated to horseradish peroxidase (Ab-HRP), followed by the TMB reaction stopped with H2SO4 and 
read at 450 nm. 

 

Different parameters (such as Ab-HRP and magnetic carrier concentrations) were 

optimized in order to find the optimal conditions for achieving high positive signals 

related to low background values. Moreover, in an attempt to shorten as well as to 

simplify the analytical procedure, four different protocols were also evaluated, by 

varying the number of washing steps, as shown in detail in Table 8.1.  

 
Table 8.1 Different procedures performed with the P22-MP as a magnetic carrier for the optimization of the 
phagomagnetic immunoassay. 

(A) Stepwise 
(B) No washing 

between incubation 
steps 

(C) Antibody addition 
without supernatant 

discard 
(D) All reagents in 

one step 

1- PMS of Salmonella 
(20 min shaking and 
20 min still at 37ºC) 

1- PMS of Salmonella (20 
min shaking and 20 min 
still at 37ºC) 

1- PMS of Salmonella (20 
min shaking and 20 min 
still at 37ºC) 

1- PMS of Salmonella (20 
min shaking and 20 min 
still at 37ºC) and labeling 
with Ab-HRP at once  

2- Washing step (2X, 3 
min)  

2- Supernatant discard 
and enzymatic labeling 
with Ab-HRP (30 min, 
shaking) 

2- Addition of Ab-HRP 
and enzymatic labeling 
(30 min, shaking) 

2- 30 min incubation at 
700 rpm  

3- Enzymatic labeling 
with Ab-HRP (30 min, 
shaking) 

3- Washing step (3X, 3 
min) 

3- Washing step (3X, 3 
min) 

3- Washing step (3X, 3 
min) 

4- Washing step (3X, 3 
min) 
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Other experimental parameters such as temperature and agitation during the PMS 

(combining 20 min agitation followed by 20 min without agitation at 37ºC), surfactant 

concentration, ionic strength, and pH were used as optimized in previous works. 

The evaluation of the matrix effect on artificially inoculated Salmonella samples 

(from 101 to 108 CFU mL−1) in LB broth and in milk diluted 1/10 in LB were compared 

for both kinds of P22 bacteriophage modified magnetic carriers (P22-MP and P22-

nMP), as well as the cut-off values and limits of detection.  

 

8.3.4.2 Specificity study 

 

A preliminary specificity study of the system was performed by comparing the 

response to Salmonella with the signal obtained in the presence of an equivalent 

amount of another gram negative bacterium as E.coli artificially inoculated in the 

samples, and compared to a negative control. 

 

8.3.5 Evaluation of the phagomagnetic separation (PMS) of Salmonella 
by conventional culture methods and confocal microscopy 

 

In the case of the tosylactivated particles the efficiency of the PMS step was studied, 

by preparing different bacterial dilutions and capturing the Salmonella Typhimurium 

LT2 in these samples. 500 μL of different concentrations of bacteria were added to 10 

μg of P22-MP and incubated 20 min at room temperature with agitation followed by 20 

min at 37 °C without agitation. After that, the magnetic particles with the attached 

bacteria were separated with a magnet, the supernatant was transferred to a new tube 

for further plating, and then two washes were performed with PBST for 5 min at room 

temperature followed by the resuspension in 100 μL PBST. Finally, the supernatants 

were plated in LB agar and grown for 18−24 h at 37°C to compare the bacteria 

counting with the initial amount added to the particles. 

Moreover, to evaluate the bacteria capturing ability and pattern of the immobilized 

phages, fluorescence microscopy was used. For the samples preparation, the PMS 

step was performed as previously explained. The nucleic acid stain Hoechst 33342 

was used to label the bacterial cells, by adding 4.5 µL of a 10 mg mL-1 stock solution 

per mL of Salmonella at a concentration of 106 CFU mL-1. The detection was performed 

by adding 0.4 µg of anti-Salmonella antibodies and 1.6 µg of anti IgG-Cy5 as 

secondary label. The final detection sandwich was imaged using a Leica TCS/SP5 
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confocal microscope (Leica Microsystems, Exton, PA). Finally the 3D Imaris X64 v. 

6.2.0 software (Bitplane; Zürich, Switzerland) was applied for processing the obtained 

images.  

 

8.3.6 Phagomagnetic electrochemical immunosensor for the detection 
of Salmonella in milk  

 

The phagomagnetic immunosensing approach was performed in 2 ml Eppendorf 

tubes comprising the following main steps (all the referred quantities are ‘the amounts 

added per tube’): (i) PMS of 500 µL Salmonella with the P22-MP as previously 

described; (ii) labeling with 100 µL of anti-Salmonella antibodies conjugated to HRP 

(Ab-HRP) incubating 30 min at room temperature and 700 rpm; and finally after two 

washes with PBST (3 min under shaking) and resuspending the modified particles in 

140 µL, (iii) the modified magnetic particles were captured by dipping the magneto 

electrode (m-GEC) inside the reaction tube and the electrochemical detection was 

performed as previously explained in Chapter 4 (§ 4.3.6).  

The P22-MP and Ab-HRP concentration were optimized to improve the 

amperometric responses, while matrix effect as well as specificity studies were already 

performed with the phagomagnetic immunoassay with optical detection. As a result, to 

study the response of the phagosensor to the Salmonella concentration, a calibration 

curve comprising tenfold dilution series of Salmonella ranging from 108 to 101 CFU 

mL−1 was performed in milk diluted 1/10 in LB broth.  

 

8.3.7 Pre-enrichment studies for the detection of Salmonella in 
contaminated milk 

 

Current regulations stipulate that no Salmonella should be detectable in 25 g of 

food, sampled in five portions of 5 g each in different points (Real Decreto 1679/1994, 

BOE 24-09-94). Standard methods require four steps, namely pre-enrichment, 

selective enrichment, reisolation step, and finally, identification. The time required for 

completion of these tests is ranged from 66 to 72 h, which is extended to 4 days when 

the ISO 6579 2002 standard method is used. 15  

In order to fulfill the legislation, the detection system should be able to detect 1 CFU 

in 25 mL of milk (that is, 0.04 CFU mL-1), which is only possible if a pre-enrichment step 
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is included. This is performed with a nonselective broth medium such as LB broth, 

leading to a 1/10 dilution of the food matrix. With the aim of evaluating the pre-

enrichment time required to reach the aforementioned LOD, the milk samples were 

preenriched in LB broth at 37 ºC, and assayed at 4, 6, 8 and 16 h.  

 

8.4 RESULTS AND DISCUSSION 
 

8.4.1 Covalent immobilization of bacteriophages on magnetic micro and 
nanocarriers 

 

As previously mentioned, the integrity of the phage tailspike protein (TSP) gp9 is an 

important factor to be considered since the conjugation to the magnetic carriers could 

hinder the bacterial recognition. The chemical reaction for the covalent immobilization 

is not controlled in terms of the orientation since amine groups exist, for instance, both 

on the head and TSP domains of P22. However, the shape could also play a role, 

since the large and smooth capsid head seems to be favored over the pointy tail spikes 

of the gp9 proteins in immobilization procedures.6   

The immobilization efficiency of the P22 phage on the magnetic particles was 

studied and compared by immobilizing phage amounts in the order of 1010 PFU to 1 mg 

magnetic carriers and evaluating the phage concentration before and after the 

immobilization step. In order to calculate the coupling efficiencies, the amount of 

phages in both, the supernatant and the first wash, were compared with the initial 

amount, before immobilization. The coupling efficiency of the P22 phage on the 

magnetic carriers was found to be 92.4 and 83.6 %, for MP and nMP, respectively, as 

detailed shown in Table 8.2. 

 

Table 8.2 Comparative results of the phage amount before and after the immobilization with the calculated 
coupling efficiencies for both types of magnetic particles. 

 
Magnetic particles (MP) Magnetic nanoparticles (nMP) 

Phage amount (PFU) 
Initial 

 

1.44 x 1010 

 

1.99 x 1010 

Supernatant 9.90 x 108 3.25 x 109 

First washing step 1.10 x 108 9.00 x 106 

Coupling efficiency (%) 92.4 83.6 
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When comparing the response of both magnetic micro and nanoparticles at a 

Salmonella concentration of 105 and 107 CFU mL-1 (as shown in Figure 8.3, A), 

although a higher signal was obtained with the P22-nMP for 107 CFU mL-1, a better 

signal to non specific adsorption ratio was obtained with the P22-MP for the lower 

bacterial concentration (at 105 CFU mL-1), suggesting improved features of the 

magnetic microparticles in terms of non-specific adsorption and LODs.  

 

 

 

 

 

 

 

 

Figure 8.3 Comparative responses for both magnetic carriers (P22-MP and P22-nMP) at bacteria 
concentrations of 0, 105 and 107 CFU mL-1 (A) and evaluation of different magnetic particles 
concentrations and phage amounts (B). 

 

Further studies about covalent immobilization were performed on P22-MP, by 

immobilizing 1.44 x 1010 PFUs on increasing amounts of MP, in detail 7 x 107 (1 mg)  

and 3.5 x 108 (5 mg). Coupling efficiencies of 92.4 and 98.9 % and phage/MP ratios of 

185 and 40 were respectively obtained. The increase in the amount of phages per MP 

when decreasing the particle concentration was in agreement with the expected results 

indicating that the particles were not saturated yet. On the other hand, when the 

amount of phage was increased by immobilizing 2.01 x 1011 and 6.42 x 1011 PFU on 7 

x 107 MPs, a decrease in the coupling efficiency was observed. Nevertheless, the 

number of phages per MP increased considerably obtaining a plateau in the 

immobilization efficiency at a phage/MP ratio of 1650 (by the immobilization of up to 2.0 

x 1011 phages on 7 x 107 MPs), in agreement with previous studies.14 The detailed 

comparative results are presented in Table 8.3.  

Furthermore, the signals obtained by increasing the phage/MP ratios from 40 to 

1664 and assaying at a Salmonella concentration of 0, 105 and 107 CFU mL-1 showed 

better analytical performance –in terms of higher signals to nonspecific adsorption 

ratio– for fully-covered magnetic particles (around 1650 phage per MP), as shown in 
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Figure 8.3, B and in Table 8.4. All these results suggest that a better response was 

obtained by immobilizing higher phage titer (up to 1011 PFU) on lower MP amount (7 x 

107 MPs), achieving in this condition full coverage of the phages on the magnetic 

particles, and thus increased PMS efficiency.  

 
Table 8.3 Coupling efficiency and final number of phages per magnetic particle for different phages and 
magnetic particles amounts. 

Initial phage amount 
(PFU) 

Magnetic particles 
amount/number 

Coupling efficiency 
(%) Phage/ MP ratio 

1.44 x 1010 5 mg / 3.5 x 108 98.9 40 

1.44 x 1010 1 mg / 7 x 107 92.4 185 

2.01 x 1011 1 mg / 7 x 107 58.0 1664 

6.42 x 1011 1 mg / 7 x 107 18.0 1648 

 

Table 8.4 Signal to nonspecific adsorption ratios for the different phage to particle amounts tested. 

 Signal to background ratio 

 
 

[Salmonella] CFU mL-1 

 
MP: 5 mg/ 3.5 x 108 

phage: 1.44x1010 PFU  
ratio: 40 phages/MP 

 

  
MP: 1 mg/ 7 x 107 

phage: 1.44x1010 PFU 
ratio: 185 phages/MP 

 

 
MP: 1 mg/ 7 x 107  

phage: 2.01x1011 PFU  
ratio: 1664 phages/MP 

 
105 1.20 1.20 1.61 

107 3.31 3.98 4.80 

 

 

8.4.2 Evaluation of phage infectivity and biorecognition towards 
Salmonella of the immobilized P22 phages 

 

In order to evaluate the phage infectivity after the covalent attachment to the 

magnetic carriers, both the P22-MPs and the P22-nMPs were cultured by the double 

agar layered method and enumeration of plaques. By this method it is not possible to 

establish the number of bacteriophages per magnetic particle since each modified 

magnetic particle is able to produce a unique plaque, regardless of how many 

bacteriophages are correctly oriented on its surface. Nevertheless, by plating the 

modified magnetic carriers it is possible to evaluate their global lytic activity. The P22-

MPs showed lytic activity of 100 % approximately at a phage/MP ratio of 1650 (full-

coverage), but it dropped appreciably to 43 % for a phage/MP ratio of 40.  
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On the other hand, the P22-nMPs showed lytic activity in as low as 0.001 % of the 

nanoparticles. This result is not concordant with the immobilization efficiency above 80 

%, and could we explained by the high particle agglomeration during culturing which 

was also observed in the SEM images.  

The captured bacteria on the magnetic carriers after the PMS can be seen in the 

SEM images shown in Figure 8.4. While the P22-MP were able to attach more than 

one bacteria (Figure 8.4, C and D), the pattern observed with the magnetic 

nanoparticles was the opposite, showing single bacteria tagged with more than one 

P22-nMP (Figure 8.4, A and B). 

 

Figure 8.4 Evaluation of the PMS by SEM at a Salmonella concentration of 3.2 x 106 CFU mL-1 using 
carboxyl-activated magnetic nanoparticles (A and B) and tosylactivated magnetic particles (C and D). In all 
cases, identical acceleration voltage (15 kV) was used. 

 

Due to multivalency in both magnetic carrier and bacteria, aggregates were clearly 

observed in both types of particles. However, in the case of the magnetic 
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nanoparticles, the degree of aggregation was higher, and mostly due to self-

aggregation, in accordance with the poor lytic activity obtained by culturing. These 

results suggest that the biorecognition in the nanostructured carrier may be hindered 

due to agglomeration. The Figure 8.4, B also shows the P22 phages immobilized on 

the surface of the nMP. 

 

8.4.3 Comparison of the performance of both magnetic nano and 
microcarriers 

 

8.4.3.1 Phagomagnetic immunoassay with optical detection for Salmonella in 

milk 

 

First of all, the concentration of anti-Salmonella antibody (Ab-HRP) as optical 

reporter for the phagomagnetic immunoassay was optimized by testing three different 

dilutions (1/1000, 1/2000 and 1/3000) using the P22-MP as solid support for the 

immunoassay, and evaluating the signal to non-specific adsorption ratios at two 

different bacteria concentrations (105 and 107 CFU mL-1) as detailed in Figure 8.5. The 

highest signal to background (S/B) ratios were obtained with the 1/1000 dilution, using 

thus this label concentration for further assays.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5 Signals obtained at 0, 105 and 107 CFU mL-1 of Salmonella using three different Ab-HRP 
dilutions (1/1000, 1/2000 and 1/3000). The table below shows the corresponding signal to background 
(S/B) ratios. In all cases, n=3.  
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Ab-HRP dilution 1/1000 1/2000 1/3000 
CFU mL-1 105 107 105 107 105 107 

S/B ratio 1.62 5.66 1.17 4.79 1.15 3.92 
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On the other hand, the concentration of the P22-MP and P22-nMP were also 

optimized by analyzing the signal to background ratios at two bacteria concentrations 

(105 and 107 CFU mL-1) using different particle concentrations (0.05, 0.1 and 0.2 mg 

mL-1), as shown in detail in Figure 8.6. The highest signal to background values was 

obtained in both cases when using a magnetic particle concentration of 0.05 mg mL-1. 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 8.6 Signals obtained at 0, 105 and 107 CFU mL-1 of Salmonella using different magnetic particles 
concentrations for P22-MP (A) and P22-nMP (B), respectively, at a Ab-HRP dilution of 1/1000. The tables 
below show the corresponding signal to background ratios. In all cases, n=3.  

 

Finally, to establish the optimal strategy for the phagomagnetic immunoassay with 

optical detection, four different procedures were compared by varying the incubation 

and washing steps as previously explained in Table 8.1 (§ 8.3.3.1) and depicted in 

Figure 8.7. To perform this comparative study, this approach was assayed at 0, 105 

and 107 CFU mL-1 of Salmonella using P22-MP as a magnetic carrier, as shown in 

Figure 8.8.  
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[P22-nMP] 
(mg mL-1) 

0.05 0.1 0.2 

CFU mL-1 105 107 105 107 105 107 

S/B ratio 1.36 5.95 1.20 3.06 1.21 2.79 

 

[P22-MP] 
(mg mL-1) 

0.05 0.1 0.2 

CFU mL-1 105 107 105 107 105 107 

S/B ratio 1.62 5.66 1.28 4.56 1.14 3.47 
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Figure 8.7 Schematic representation of the different procedures applied for the optimization of the 
phagotamagnetic immunoassay protocol. The four tested strategies are detailed in Table 8.1: (A) stepwise 
protocol; (B) procedure without washing between incubation steps; (C) antibody addition without 
supernatant discard; and (D) addition of all reagents in one step. 
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Figure 8.8 Results obtained with the P22-MP following four different procedures and (B) the 
corresponding signal to background (S/B) ratios below. The reagents were P22-MP 0.05 mg mL-1 and Ab-
HRP diluted 1/1000. In all cases n=3. 

 

Although in all cases the bacteria were clearly detected, improved results were 

obtained with the strategy A, by performing the two incubation steps separately with 

washings in between, showing lower background values and higher positive signals 

and, as a result, better signal to background ratio at both assayed bacteria 

concentrations, as detailed in Table 8.5. 

 
Table 8.5 Signal to nonspecific adsorption ratios for the four different strategies tested. 

Signal to background ratio Strategy 

[Salmonella] CFU mL-1 A B C D 

105 1.86 1.16 1.25 1.20 

107 5.99 3.96 4.47 3.73 

 

The phagomagnetic immunoassay was evaluated for artificially inoculated 

Salmonella (ranged from 101 to 108 CFU mL−1) in LB broth and in milk diluted 1/10 in 

LB for both magnetic carriers, P22-MP and P22-nMP. As shown in Figure 8.9, a slight 

matrix effect was observed throughout the whole calibration curve, showing a decrease 

in the signals in the presence of the milk, which became more visible at a high bacteria 

concentration. Moreover, the effect was more evident in the case of the P22-nMP. This 

could probably be explained by the fact that the higher surface area per volume ratio 

given by the smaller size of the particles could go against by increasing the nonspecific 

adsorption and the influence of the matrix components during the assay.  
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Figure 8.9 Phagomagnetic immunoassay performed with the P22-MPs (A) and P22-nMP (B) by increasing 
the amount of Salmonella from 2.5 x 101 to 2.5 x 108 CFU mL-1, artificially inoculated in LB broth and in 
milk diluted 1/10 in LB. The bars on the right side show a zoom shot detailing the signals at the lower 
bacteria concentration range. The cut-off values for LB broth and milk diluted 1/10 are represented with a 
solid and dotted line, respectively. In all cases, n = 3, except for the 0 CFU mL−1 negative control in which 
n=10. The reagents concentration was: 0.05 mg mL-1 P22-MP or P22-nMP and Ab-HRP diluted 1/1000. 

 

Ten negative samples (0 CFU mL−1) were processed obtaining in the case of the 

P22-MP a mean value of 0.2042 and 0.1838 absorbance units (a.u.) with a standard 

deviation of 0.0071 and 0.0070 for the assay performed in LB broth and in milk diluted 

1/10 in LB, respectively. The signals corresponding to the LOD, or cut-off values, were 

then extracted with a one-tailed t test at a 99 % confidence level as already explained 

in Chapter 6 (§ 6.4.4) obtaining a result of 0.224 (solid line) and 0.203 a.u (dotted line) 

in LB and in milk respectively. As a result, the system was able to give a positive signal 

already for the first point of the curve in both matrixes (Figure 8.9, A), which 

corresponds to a concentration of 25 CFU mL−1 of Salmonella. The LOD values were 

finally calculated by interpolation of the cut-off signals in the sigmoidal dose response 
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curve (Figure 8.10, A and Table 8.6, A), obtaining a result of 10 CFU mL-1 in LB broth 

and 19 CFU mL-1 in milk.  

On the other hand, the mean values of the negative samples (0 CFU mL−1) for the 

P22-nMP obtained in LB broth and milk diluted 1/10 were 0.1726 and 0.1442 a.u. with 

standard deviations of 0.0143 and 0.0106, respectively. When comparing these results 

with the values obtained with the P22-MP, higher coefficients of variation were 

obtained with the nanoparticles (8.3 % in LB and 7.4 % in milk) than with the P22-MP 

(3.5 % in LB and 3.8 % in milk). Regarding the cut-off values for the phagomagnetic 

immunoassay performed on P22-nMP, the results were 0.215 and 0.176 a.u. for LB 

and milk, respectively (Figure 8.9, B), indicating that the system was able to detect the 

bacteria at a concentration up to 105 CFU mL-1. 

When the absorbance was plotted vs. the logarithm of Salmonella concentration and 

the responses were adjusted to sigmoidal dose response curves (Figure 8.10, B), the 

obtained parameters (Table 8.6, B) showed higher r2 values as well as superior slopes 

in the case of the P22 nMP, indicating a better fitting as well as a higher sensitivity than 

the P22-MP, as could be expected due to the improved reactivity given by the smaller 

size of the particles. However, when interpolating the cut-off signals in the sigmoidal 

dose response curves, the obtained LODs were much the worse than the results 

obtained with the P22-MP, giving values of 1.09 x 105 CFU mL-1 in LB and 3.35 x 105 

CFU mL-1 in milk. These results can be related with the high agglomeration observed 

that could be hindering the biorecognition of the bacteria by the P22-nMP as well as 

the further labeling step by the Ab-HRP.  

 

 

 

 

 

 

 

 

 

Figure 8.10 Sigmoidal dose response curves obtained in LB and milk after plotting Abs vs. logarithm of 
Salmonella concentration for both the P22-MP (A) and P22-nMP (B). 
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Table 8.6 Parameters of the sigmoidal dose-response curves obtained with the P22-MP (A) and P22-nMP 
(B) when applying the phagotagging magneto-immunoassay in LB broth and milk. 

(A) P22-MP CV (%) for (-) 
control 

CV (%) at 108 
CFU mL-1 R2 Slope Cut-off LOD (CFU mL-1) 

 
LB broth 3.5 7.8 0,9948 0,29 0,224 10 

 
Milk 1/10 in LB broth 3.8 8.9 0,9841 0,27 0,203 19 

       

 

(B) P22-nMP CV (%) for (-) 
control 

CV (%) for 108 
CFU mL-1 R2 Slope Cut-off LOD (CFU mL-1) 

 
LB broth 8.3 7.7 0,9951 0,64 0,215 1.09 x 105 

 
Milk 1/10 in LB broth 7.4 11.5 0,9947 0,83 0,176 3.35 x 105 

       
 

 

8.4.3.2 Specificity study 

 

The specificity of the system was evaluated by performing the phagomagnetic 

immunoassay in milk diluted 1/10 artificially inoculated with 106 and 107 CFU mL-1 of 

both Escherichia coli and Salmonella, as well as a negative control as a background 

reference signal (Figure 8.11). In the case of the P22-MP (Figure 8.11, A) the signals 

obtained for the E.coli samples are almost identical to the blank, regardless the 

concentration, indicating a high specificity of the assay as well as a low nonspecific 

adsorption. However, further specificity studies with other accompanying microflora 

according to the food sample should be done for each case.  

However, in the case of the P22-nMP (Figure 8.11, B), although the signals obtained 

with the non-target gram negative bacteria were quite close to the background 

adsorption, the results were above the cut-off value at both assayed concentrations, 

which could cause false positive results. Moreover, a slight raise in the signal was 

observed when increasing the E.coli concentration, suggesting the presence of some 

degree of cross reaction and thus, a poorer specificity. This behavior could be 

explained, as in the case of the matrix effect, by the higher surface per mass unit of the 

nanoparticles leading also to a higher non-specific adsorption. Another possible reason 

could be that the trapping of the non-target bacteria in the particles conglomerates in 

addition to some extent of cross-reactivity by the polyclonal antibody used in the 

labeling step gave place to this nonspecific response.  
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Figure 8.11 Specificity study for the phagomagnetic immunoassay performed with both magnetic carriers, 
(A) P22-MP and (B) P22-nMP, in diluted milk artificially inoculated, respectively, with: 0 CFU mL−1 
(negative control), 1.9 × 106 CFU mL−1 E. coli, 2.5 × 106 CFU mL−1 Salmonella, 2.3 × 107 CFU mL−1 E. coli 
and 3.2 × 107 CFU mL−1 of Salmonella. 

 

For the phagomagnetic immunoassay based on the P22-MPs, the specificity of the 

system can be ascribed to the phagomagnetic separation step with the highly specific 

interaction between the membrane receptor of the bacteria and the tailspike of the P22 

bacteriophage immobilized on the magnetic carrier, coupled to the low non-specific 

adsorption of the magnetic microparticles and the second biorecognition, involving the 

immunological labeling with the Ab-HRP. 

 

8.4.4 Evaluation of the phagomagnetic separation (PMS) of Salmonella 
by conventional culture methods and confocal microscopy 

 

Since better results in terms of sensitivity as well as specificity were obtained with 

the P22-MP, this system was more deeply studied, analyzing the Salmonella capturing 

capability by conventional culturing and fluorescence microscopy.  

The capture efficiency was evaluated by performing the PMS of the bacteria and 

comparing the initial bacteria amount added to the particles with the counting in the 

supernatants after the capture. The exact concentration of the initial inoculum coming 

from the overnight culture in LB broth was found by dilution and plating in LB agar. 

Three different bacterial dilutions were prepared in LB broth, 2.9 x 103, 2.9 x 105 and 

2.9 x 107 CFU mL-1, and a negative control was also processed. The PMS of 

Salmonella Typhimurium LT2 in these samples was performed as described in § 8.3.2 
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and colony counting was carried out after plating 50 µL of the corresponding 

supernatants in LB for 18-24 h at 37°C, obtaining the results detailed in Table 8.7. 

Bacterial cells were enumerated in the initial suspension and the supernatant by plate 

counting, and the number of captured cells was estimated by subtraction for the 

efficiency calculations. 

 
Table 8.7 Counted colony number of the initial bacteria related to the amount after plating the 
supernatants and corresponding PMS efficiencies. 

Initial cell number 
added  (CFU) 

Cell number in the 
supernatants (CFU) 

PMS efficiency (%) 

1.45 x 107 9.0 x 105 95.3 (*) 

1.45 x 105 9.6 x 103 95.0 (*) 

1.43 x 103 6.0 x 102 68.8 (*) 

0 (negative control) 0 / 

 
(*) PMS efficiency= [(initial cell number - cell number in supernatant)/ initial cell number] x 100 

 

Excellent bacteria recoveries were obtained at all tested concentrations, showing 

better capturing efficiencies than previously reported systems based on 

immunomagnetic separation 16 using commercial antibody-modified magnetic particles 

or PMS using inactivated P22 bacteriophages 14. Higher capture efficiencies were also 

obtained compared to a previous study using wild type P22 phages covalently bounded 

to glass substrates for capturing 106- 107 CFU mL-1 of Salmonella.6 Finally, when the 

results were compared to another work which reported the use of T4 phages with 

specific binding ligands introduced by phage display techniques for their immobilization 

on magnetic particles, similar capturing efficiency was obtained at 103 CFU mL-1, while 

better recoveries were also achieved at higher bacteria concentrations. Furthermore 

the developed strategy is simpler since the native phage didn’t require complex 

engineering steps.10 

Confocal microscopy was used to study the bacterial recognition capability of the 

immobilized bacteriophages. The images in Figure 8.12 show a blank without the 

immobilized phages (A) and the PMS of the bacteria through the P22-MPs with further 

antibody labeling using primary monoclonal antibodies and anti IgG-Cy5 secondary 

antibodies as fluorescence reporter (B). The autofluorescence presented by the 

magnetic particles coating polymer was exploited for their visualization. No bacteria 

capture was observed in the absence of immobilized phages on the magnetic particles 
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as well as any nonspecific adsorption of the fluorescent label was obtained when no 

bacteria were present in the sample, as can be seen in Figure 8.12, A.  

 

Figure 8.12 Confocal microscopy images of the negative control without immobilized bacteriophages (A) 
and the captured bacteria on the P22-MPs labeled with a monoclonal primary antibody and a secondary 
anti IgG-Cy5 (B) In green the magnetic particles (autofluorescent), in blue the bacteria stained with 
Hoechst 33342 and in red the attached specific antibodies labeled with anti IgG-Cy5. 

 

8.4.5 Phagomagnetic electrochemical immunosensor for the detection 
of Salmonella in milk 

 

Due to the  better analytical performance of phagomagnetic immunoassay with 

optical detection performed on the P22-MP already explained in the previous sections, 

a similar approach based on a phagomagnetic electrochemical immunosensor using 

this modified microparticles was studied.  

The first step was to optimize the reagents concentration, that is the amount of P22-

MPs and labeled antibodies (Ab-HRP) used in this case as electrochemical reporter. 

Three different P22-MPs concentrations (0.05, 0.1 and 0.2 mg mL-1) and Ab-HRP 

dilutions (1/200, 1/400 and 1/800) were tested in order to es tablish the most 

advantageous conditions to obt ain the highest positive signals related to the lowest 

background values as shown in Figure 8.13. For evaluating the optimal concentration 

of the electrochemical reporter, the P22-MP concentration was set at 0.1 mg mL-1 and 

the better results were obtained at a dilution 1/400, as shown in Figure 8.13, A. Once 

the dilution was established at 1/400, the P22-MP concentration was modified. 

Although a lo wer signal was obtained at 107 CFU mL-1 of Salmonella for the 

concentration of 0.05 mg mL-1, the highest signal to nonspecific adsorption ratio was 

achieved in this case.  Moreover, improved signal differentiation was also achieved at 
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105 CFU mL-1, suggesting a better sensitivity of this approach at the lower P22-MP 

concentration (Figure 8.13, B). 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.13 (A) Electrochemical signals obtained at three different Ab-HRP dilutions, with the magnetic 
particles concentration set at 0.1 mg mL-1, and (B) at three P22-MP concentrations after the label dilution 
was optimized at 1/400. The tables below the graphs show the signal to background (S/B) ratio for each 
situation. 

 

Afterwards, the phagomagnetic electrochemical immunosensing approach was 

evaluated for Salmonella artificially inoculated in milk diluted 1/10 in LB preparing a 

calibration curve ranging from 101 to 108 CFU mL−1 as shown in Figure 8.14. Ten 

negative samples (0 CFU mL−1) were processed in order to set the cut-off value of the 

assay, obtaining a mean value of 0.494 µA with a standard deviation of 0.043. The 

signals corresponding to the LOD values were then calculated, obtaining a cut-off value 

of 0.614 µA (dotted line).  

The amperometric signal was also plotted vs. the logarithm of Salmonella 

concentration and adjusted to a sigmoidal dose response curve (Figure 8.15), obtaining 

a good fit as shown in Table 8.8 (with a R2 = 0.09925). The LOD value was finally 

calculated by interpolating the cut-off signal in the aforementioned graph, being the 

sensor able to detect 48 CFU mL-1 of Salmonella. 
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Figure 8.14 Electrochemical signals for the phagomagnetic immunosensing approach by increasing the 
amount of Salmonella artificially inoculated in milk diluted 1/10 in LB broth from 2.3 x 101 to 2.3 x 108 CFU 
mL-1. The inset in the right panel show a zoom in the lower bacterial range. The cut-off value is 
represented through a dotted line in both graphs. The reagents concentration was: 0.05 mg mL-1 of the 
P22-MPs and a 1/400 dilution of the Ab-HRP. Medium: phosphate buffer 0.1 M, KCl 0.1 M, pH 7.0. 
Mediator: hydroquinone 1.81 mM. Substrate: H2O2 4.90 mM. Applied potential= -0.150 V (vs. Ag/AgCl). In 
all cases, n=3, except for the 0 CFU mL-1 negative control (n=10). 
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Figure 8.15 Cathodic current vs. log of Salmonella concentration, showing the fitting to a sigmoidal dose 
response curve. 

 

Table 8.8 Parameters of the sigmoidal dose-response curve obtained when applying the phagotagging 
magneto-immunosensing approach in milk diluted 1/10 in LB. 

 CV (%) for (-) 
control 

CV (%) for 108 
CFU mL-1 R2 Slope Cut-off LOD (CFU mL-1) 

 
Milk 1/10 in LB broth 7.6 6.4 0,9925 0,47 0,614 48 

       

 

The achieved limit of detection was similar than the obtained by the phagomagnetic 

immunoassay with optical detection. Anyway, the electrochemical system showed 
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better fit to the sigmoidal dose response curve (with a r2 value of 0.9925 in contrast to 

0.9841 obtained for the optical detection in milk) and also a higher slope (0.47 in 

contrast to 0.27) indicating a better sensitivity.  

 

8.4.6 Pre-enrichment studies for the detection of Salmonella in 
contaminated milk 

 

The pre-enrichment step was carried out with a nonselective broth medium, in this 

case LB broth, using the P22-MP coupled to both optical and electrochemical 

detection. The procedure followed to perform this study is schematized in Figure 8.16. 
 

Salmonella 

overnight culture

SPIKED MILK 1

around 10 CFU / 250 mL

250 mL milk + 50 µL Salmonella 
102 CFU mL-1

Five samples (S1-S5)

PREENRICHMENT: 5 mL spiked milk + 45 mL LB broth

SPIKED MILK 2 (10X)

around 10 CFU / 25 mL

25 mL milk + 50 µL Salmonella
102 CFU mL-1

0-1 CFU / 50 mL (1-2 positive bottles)

S1 S2 S3 S4 S5 C+ C-

Adjusted concentration

around 2x109 CFU mL-1

Sample aliquot at 4, 6, 8 and 16 h preenrichment followed by:

plating, optical detection and electrochemical measurement 

Positive control

2-3 CFU / 50 mL

5 mL milk + 45 mL LB broth

0 CFU / 50 mL

 

 
Figure 8.16 Schematic representation of the steps followed for the pre-enrichment studies. After 250 mL 
of milk were spiked with around 10 CFU, five portions of 5 mL were taken and preenriched in 45 mL of LB 
broth at 37 ºC. A positive control (10X of Salmonella) and a negative control were also processed. The 
samples (S1-S5) and controls were assayed after 4,6, 8 and 16 h pre-enrichment. 
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In order to contaminate a milk sample with a proportion of around 1 CFU of 

Salmonella in 25 mL and be able to test the capability of our system to fulfill the 

established regulations, 250 mL of milk were spiked with around 10 CFUs. To achieve 

this, 50 µL of a Salmonella solution with a concentration in the order of 102 CFU mL-1 

were added to the milk. From there, five portions of 5 mL were taken and preenriched 

in 45 mL LB broth at 37 ºC (samples S1-S5). A positive control containing 10X 

Salmonella concentration was also evaluated, as well as a negative control (0 

CFUmL−1) following the same procedure. Finally aliquots were taken at 4, 6, 8 and 16 h 

to test each sample by the optical and electrochemical method. To control the amount 

of bacteria at the different pre-enrichment times, each sample was also plated in LB 

agar in order to perform the corresponding bacteria counting through the classical 

culture method. 

Regarding the optical detection, the samples were assayed at the four 

aforementioned pre-enrichment times. As shown in Figure 8.17, the system was not 

able to detect the bacteria after just 4 h pre-enrichment. This result was in agreement 

with the colony counting, in which not even the positive control reached a bacteria 

concentration above 10 CFU mL-1, being thus below the detection limit of the method in 

milk (19 CFU mL-1). However, after 6 h of pre-enrichment, 1 of the 5 milk samples was 

clearly positive (S1) and another, was around the cut-off value (S4), as shown in Figure 

8.17, A. Nevertheless after 8 h, S1 was the only positive sample which continued 

increasing accordingly, while the other suspicious sample (S4) did not show further 

signal increase. The evolution over the time of the negative control, the sample S1 and 

the positive control are detailed in Figure 8.17, B.  

On the other hand, the electrochemical detection was assayed at 6, 8 and 16 h due 

to the low growth obtained at 4 h pre-enrichment and the slight higher limit of detection 

of this method, which needs at least 48 CFU mL-1 to be able to give a positive signal. 

Again the results obtained in this case showed that after 6 h of pre-enrichment 1 of the 

5 milk samples (S1) was already positive and the positive control was also clearly 

above the cut-off value, as shown in Figure 8.17, C. These results were in agreement 

with the previous optical method. The evolution over the time of the negative control, 

the sample S1 and the positive control are detailed in Figure 8.17, D.  

The exact initial inoculum was found by classical culture method obtaining that the 

overnight culture used to contaminate the milk had a concentration of 2.8 x 109 CFU 

mL-1, and in fact the milk sample was spiked with around 14 CFUs in 250 mL. As a 

result the bacteria in both the S1 positive sample (containing 1.4 CFU in 25 mL) and 

the positive control (with 14 CFU in 25 mL) were able to be detected after a pre-
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enrichment of 6 h using optical as well as electrochemical detection, showing 

exponential growth over the time, while the negative control showed as expected no 

growing at all. Although both methods were able to detect 0.056 CFU mL−1 in milk (1.4 

CFUs in 25 mL) according to the legislation after 6h pre-enrichment in LB, remarkable 

improvement of the signals were achieved between 8 and 16 h of pre-enrichment, as 

can be seen in Figure 8.17, B and D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.17 Results obtained after different pre-enrichment times of artificially inoculated milk containing 
1.4 CFUs in 25 mL (0.056 CFU mL-1) with optical (A and B) and electrochemical (C and D) detection. Five 
portions (S1 to S5) of the sample, a negative control (0 CFU mL-1), and a 10 X positive control (0.56 CFU 
mL-1) were assayed at 4 and 6 h for the optical (A) and just 6 h pre-enrichment for the electrochemical 
method (C). The evolution over the time until 16 h of the S1 positive sample, the negative control and 
positive control are detailed in C and D. In all cases, n = 3, with exception of the negative control for which 
n = 16. The dotted lines represent the cut-off values.  
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8.5 CONCLUSIONS 
 

The sensitive detection of Salmonella was demonstrated using two magnetic 

carriers modified with the bacteriophage P22, applying a phagomagnetic immunoassay 

with optical detection. The covalent immobilization of P22 bacteriophages was 

successfully performed on both magnetic micro and nanoparticles, achieving excellent 

coupling efficiencies. However, magnetic microparticles showed improved performance 

in terms of sensitivity and specificity, as well as lower matrix effect. These results could 

possibly be related with the fact that the magnetic nanoparticles showed agglomeration 

that could hinder the biorecognition event between the phage and the specific 

receptors in the bacteria and also with the specific antibodies. Moreover, the higher 

surface area per volume ratio given by their smaller size could also increase the 

nonspecific adsorption. Nevertheless, the tagging pattern of the nanoparticles, showing 

a distribution all along the surface of the bacteria could be promising for the specific 

magnetic tagging of pathogenic bacteria, or for instance, for the removal of bacterial 

contamination in food or environmental samples. As a result, these could be other 

potentially applications for further studies.  

The phagomagnetic separation followed by the immunological detection with a 

specific labeled antibody coupled to both optical and electrochemical detection, can be 

considered as good alternative candidates to the `gold standard’ tandem, differential 

plating and the biochemical/serological assays, reducing considerably the time of the 

assay from 3–5 days to between 2 and 3 h.  

Moreover, it should be also highlighted that a very specific approach was achieved. 

The method is able to clearly distinguish between pathogenic bacteria such as 

Salmonella and Escherichia coli, due to the combined specificity of the different 

biorecognition events, the P22 bacteriophage used in the phagomagnetic separation 

step, and the antibody towards the H or flagellar antigen and the O or somatic antigen 

(part of the LPS moiety) used as optical or electrochemical reporter. 

Low matrix effect and outstanding sensitivity were achieved using the P22-MP for 

the phagomagnetic separation in milk, being able to detect as low as 19 CFU mL-1 and 

48 CFU mL-1 by optical and amperometric detection respectively, without any pre-

enrichment step. Comparing the result with other biosensing methods based on 

bacteriophage biorecognition excellent sensitivity was achieved with these strategies, 

since previous works reported detection limits of around 102 CFU mL-1 11,13, or in the 

case of reaching lower values longer assay times 17 or more labor-intensive PCR 

dependent or phage engineering techniques were required. To the best of our 



Chapter 8 

259 

 

knowledge, the achieved limits of detections were only obtained with genetic-based 

assays coupled with amplification by PCR.14 Nevertheless, the presented method has 

the advantage of being more rapid and simple, avoiding the previous labor-intensive 

DNA extraction and amplification steps. In addition, if the milk sample was pre-enriched 

for 6 h in LB, as low as 0.056 CFU mL-1 of Salmonella could be detected using both 

detection methods, according to the legislation.  

Although when the developed phagomagnetic strategy was coupled to optical 

detection, a slight better detection limit was achieved, higher sensitivity was obtained 

with the electrochemical method. Additionally, the use of a biosensor is more promising 

to cover the demand of rapid and on-site testing required for the implementation in 

HACCP for food safety and the coupling to magnetic particles shows high potential for 

miniaturization and integration in microfluidic devices and cartridges. 
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The detection of food contaminants and food allergens are both important public 

health issues worldwide. Tracking and tracing for allergen-free food production chains 

has become important due to consumer-safety concerns and to fulfill international 

labeling regulations. On the other hand, the detection of contaminants as pathogenic 

bacteria is an area of prime interest for food safety since infectious diseases spreading 

every day through food are a life-threatening problem for millions of people around the 

world. Food safety can only be ensured through the enforcement of quality-control 

systems throughout the entire food chain from the incoming raw materials until the final 

consumer, and in this context the availability of rapid, reliable and highly sensitive 

methods is mandatory. Therefore, great efforts are directed towards the development 

of simple, selective and cost-efficient methodologies for the on-site detection of 

different analytes in complex food samples. 

As mentioned in Chapter 2, the general aim of this dissertation was to integrate 

micro and nanoparticles as well as hybrid bionanomaterials on immunoassays and 

immunosensing devices and to develop alternative methods for the rapid detection of 

targets of interest in food safety. Gliadin, a food allergen, and Salmonella, a food-borne 

contaminant, were selected as model targets. In all cases, magnetic micro and 

nanocarriers were used as solid support and integrated in different immunoassay 

formats, including direct and indirect competitive and sandwich formats. The integration 

of the magnetic carriers greatly improved the performance of the immunological 

reactions, due to the increased surface area and the fact that the particles are in 

suspension. Moreover, magnetic carriers also helped to simplify the analytical 

procedure, due to the easier and improved washing and separation steps that 

minimized the matrix effect in complex samples. Furthermore, the magnetic particles 

can be easily manipulated using a magnetic field, simplifying the handling requirements 

in the analytical procedures. Finally, the magnetic particles can be integrated into 

microfluidic devices and cartridges allowing thus further automation and 

miniaturization.   

Excellent coupling efficiencies were obtained in the covalent coupling of proteins of 

different sizes, including the small gliadin molecules as well as the nanostructured 

bacteriophages, on tosylactivated magnetic microparticles, as well as carboxyl 

magnetic nanoparticles, achieving values of around 90 %, and demonstrating thus the 

robustness and efficient binding capabilities of the magnetic carriers. Moreover, the 

oriented immobilization was successfully achieved and the stability of the modified 

magnetic particles was also kept for several months.  
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Hybrid bionanomaterials, combining nanomaterials with different properties, were 

successfully integrated into bioanalytical procedures. The coupling of magnetic and 

metallic nanoparticles with the nanostructured bacteriophages was also demonstrated 

for bioimaging and biosensing applications.  

The highly efficient biotinylation of the P22 bacteriophage was achieved and 

comprehensively studied during this dissertation. A versatile bionanoparticle for 

bacterial tagging, namely biotin-P22, was thus assessed for the sensitive detection of 

bacteria when coupling with fluorescent, optical or electrochemical streptavidin-

conjugated reporters. The properties of the biotin-P22 were also explored for bacteria 

capturing when the biotinylated phage nanoparticles were coupled to magnetic 

microparticles. These novel hybrid bionanoparticles were extensively characterized 

through a wide range of techniques, such as electrophoresis, confocal fluorescence 

microscopy, SEM and TEM. The microscopy images demonstrated the bacteria 

phagotagging, while the biotinylation was confirmed by the binding to fluorescent 

streptavidin conjugates as well as streptavidin modified gold nanoparticles. An 

extensive assessment of this phagic bionanoparticles was performed, including the 

number of biotin moieties decorating each phage unit. A fluorometric assay was thus 

performed, obtaining a value of approximately 2000 biotin molecules attached on each 

phage capsid, being then able to bind (strept)avidin to assemble bottom-up hybrid 

bionanoparticles while retaining the tailspike capability to biorecognize the bacteria 

target.  

On the other hand, the bacteriophage P22 was also coupled to magnetic particles 

(P22-MP), as previously explained, achieving a robust hybrid biomaterial consisting of 

around 1600 phages per particle, which showed outstanding bacteria capturing 

efficiencies. The developed P22-MP conjugate was characterized by microbiological 

methods as well as by microscopy techniques, as SEM and confocal fluorescence, 

which confirm its outstanding ability to capture bacteria.  

When assessing the analytical performance of the developed strategies, excellent 

results were acquired in all the applications for competitive as well as non-competitive 

magneto-immunoassays coupled to both optical and electrochemical readouts. 

Therefore, highly sensitive and selective procedures were achieved in all cases, which 

improved significantly the detection limits reported so far by other currently developed 

methods and/or provided a methodological simplification.  

As a result, the integration of magnetic micro and nanoparticles as well as hybrid 

bionanomaterials in optical magneto immunoassays and electrochemical magneto 
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immunosensing approaches greatly improved the analytical performance obtaining low 

LOD values. However, although similar analytical performance were obtained in the 

presence of the food matrixes when compared to the results in PBST buffer, the matrix 

effect was not totally overcome, which lead to suggest to preferably perform the 

calibration curves in the same diluted matrix than the samples to be tested. Moreover, 

in the case of a competitive approach, this recommendation gathers even more 

strength, since the matrix effect was more evident as could be observed through the 

sensitivity reduction (slope decrease), extension of the linear range and IC50 increase 

obtained in the presence of both tested food matrixes (beer and milk) when compared 

to the results in PBST buffer. 

Regarding the integration of magnetic nanoparticles, it was initially expected that 

they supply some improvement in the results due to faster assay kinetics given by their 

smaller size and consequently higher surface to volume ratios. Nevertheless, although 

obtaining very efficient coupling capability and higher sensitivity than the microparticles, 

indicated by the larger slopes in the calibration curves, their higher reactivity also 

played against in the fact of causing higher nonspecific adsorption values and also 

more significant matrix effects in both the competitive and sandwich assays for 

detecting gliadin and bacteria, respectively. Interestingly, when comparing the 

phagomagnetic separation of bacteria performed with magnetic micro and 

nanoparticles, the pattern of interaction was completely different. Since the bacteria are 

micro-sized, the reaction with magnetic nanoparticles showed almost a full coverage of 

the bacterial surface with many magnetic nanoparticles, while this effect was not 

observed, as expected, for magnetic microparticles, leaving almost the whole bacterial 

surface bare for further immunological reaction with electrochemical or optical 

reporters. The aforementioned pattern observed with the magnetic nanoparticles could 

play a negative role, since they could hinder the further reaction with the antibodies 

used to provide the optical or electrochemical readout, reducing thus the expected 

sensitivity of this approach. Moreover, a slight cross-reaction with E.coli was also 

observed when using magnetic nanoparticles, giving thus a poorer specificity than the 

microparticles system for phagomagnetic separation. However, their high bacteria 

tagging capability demonstrated through the SEM images suggested a great potential 

for other applications based on magnetic tagging that could lead to the development of 

further strategies. 

Concerning the integration of magnetic particles in the detection of food allergens 

such as gliadin, a competitive approach was developed to detect not only the native 

protein, but also the small gliadin fragments, being thus valid for both non-treated and 
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hydrolyzed foodstuff. The competitive assay format (direct or indirect) was optimized 

using a magneto immunoassay with optical detection, obtaining improved results with 

the direct competitive format, which had also the added benefit of being simpler and 

faster. After optimizing the extraction protocol, the quantification of gliadin in spiked 

liquid samples, as milk and beer, was successfully achieved, obtaining excellent 

recovery values, of almost 100 %, for both the optical magneto immunoassay and the 

electrochemical magneto immunosensor. It should be pointed out that the allergen 

could be detected at a level of 20 μg kg-1 of food, which is thousand times lower than 

the EC-specified 20 mg kg-1 limit for gluten-free food, and besides food samples could 

be diluted 400 times, reducing food matrix effects. Although similar LODs were 

obtained in a previous reported electrochemical immunosensor, the magneto 

immunosensor developed in this work showed a wider linear range and the advantage 

of being able to detect, due to the competitive format, small gluten fragments that 

would be underestimated with the sandwich format already reported. Although the 

magnetic particles bring a lot of advantages when integrated in a competitive 

immunoassay, one of the main improving issues, which is the pre-concentration of the 

analyte, is missed in this case since it acts as a limited reagent competing with the 

analyte for the labeled antibody. However, this advantage of magnetic particles and 

nanoparticles was exploited in both the immunomagnetic and phagomagnetic 

separation of bacteria, step that was integrated in non-competitive (or sandwich) 

immunoassays with electrochemical and optical readouts.  

The non-competitive approaches developed for Salmonella Thyphimurium detection 

integrated bacteriophages both as biorecognition element, when immobilized on 

magnetic carriers, as well as tagging reagent, when conjugated with a signal reporter. 

Both approaches were able to considerably reduce the time of the bacteria detection 

from the 3-5 days required in the conventional microbiology methods, to as low as 2-4 

h in the studied strategies. It should be pointed out that the P22 bacteriophage was 

selected in all cases as a model to detect Salmonella, but all the strategies can be also 

extended to other bacteriophages of different sizes and shapes to other bacterial 

targets.  

Novel procedures were design throughout the integration of the bacteriophages, in 

all cases taking advantages of the remarkable properties of the bionanomaterials 

previously developed (biotin-P22 and P22-MPs). The first one was a phagotagging 

magneto immunoassay with optical detection, as well as an electrochemical magneto 

immunosensing approach based on phage tagging, as extensively described in 

Chapter 6. Moreover, phagomagnetic immunoassays with optical detection, as well as 
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electrochemical phagomagnetic immunosensors, were described and compared for the 

first time in the Chapters 7 and 8 of this dissertation. The phagomagnetic separation 

step was performed by means of a hybrid material based on the conjugation of the 

bacteriophages on magnetic micro and nanoparticles, in different ways. Chapter 7 

describes a biotin-P22/MP conjugate developed by coupling the biotinylated phages to 

streptavidin-modified magnetic particles, while Chapter 8 is based on the phage 

covalently coupled to tosylactivated magnetic particles.  

The results obtained with the biotin-P22/MP conjugate, showed a poor phage 

attachment on the magnetic particles (only 20 biotinylated phages per magnetic 

particle) and a subsequent low efficiency for bacteria capturing in comparison to the 

phagomagnetic approaches based on phages covalently linked to magnetic carriers. 

As a result, also worse limits of detection were obtained in this case, with values 

between 103 and 104 CFU mL-1. Furthermore, a slight cross-reaction with E.coli was 

observed at high bacteria concentrations (above 107 CFU mL-1).  

On the contrary, outstanding results were obtained in terms of analytical 

performance as well as selectivity with both the phagotagging as well as the 

phagomagnetic based methods using P22-MP. After analyzing in more detail, better 

sensitivity was obtained with the optical magneto immunoassay and electrochemical 

magneto immunosensor based on phage tagging when compared to the 

phagomagnetic immunoassay with optical detection and the phagomagnetic 

electrochemical immunosensor, as indicated by the higher slopes obtained in the 

calibration curves. However, better limits of detection were obtained with the 

phagomagnetic than with the phagotagging strategies, with results in the order of 101 

and 102 CFU mL-1, respectively. Thus, the phagomagnetic based approaches were 

applied to perform further pre-enrichment studies in milk samples (as explained in 

Chapter 8) to evaluate the capability of the system to fulfill the required food 

regulations, which establish that the absence of Salmonella in 25 g should be 

guaranteed at food control points. After performing the corresponding studies, by 

spiking a milk sample accordingly (approximating to 1 CFU in 25 mL) and monitoring 

the detection capability of the developed system at different times (4, 6, 8 and 12 h), it 

is concluded that the bacteria contamination was detected after 6 h pre-enrichment in 

LB, being thus the LOD as low as 0.056 CFU mL-1. 

Finally, when comparing the performance of both detection methods, the optical and 

the electrochemical readouts, it can be observed that although similar detection limits 

were obtained in all the strategies studied, better sensitivity and lower matrix effect 

were achieved with the electrochemical readout. The high sensitivity, selectivity and 
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robustness obtained with the electrochemical magneto immunosensors can be 

ascribed to the advantageous features provided by the use of magnetic particles 

coupled to the improved electrochemical properties of the graphite-epoxy composite 

electrodes developed and highly studied in our research group. Moreover, between the 

two detection strategies, optical and electrochemical, the second one is the most 

promising for food safety applications due to their rapid, high sample throughput and 

on-site testing capability as well as the compatibility with miniaturization and mass 

fabrication technologies.  

As a result, it can be concluded that the novel immunoanalytical strategies using 

magnetic carriers developed in the present dissertation could provide new tools for the 

development of low cost and user-friendly biosensor devices that would allow 

manufacturers to perform a rapid screen-out for contaminants or allergens throughout 

the food chain, enabling the implementation in HACCP at different stages of the 

production process.  

Future work could be focused in the implementation of the developed 

immunoanalytical strategies based on magnetic particles in detection kits for 

decentralized analysis. However, some aspects require further study, as for example 

the simplification of the analytical procedures by shorting or eliminating pipetting and 

washing steps as well as the design of miniaturized devices or cartridges. Moreover, 

the validation in a wider range of food matrixes should be also carefully assessed.  

Regarding the bacteria detection, the promising results obtained using the phages 

could open many gates to further studies. Some examples are the development of 

other tagging strategies through the conjugation to different kinds of tags such as 

fluorophores, quantum dots or magnetic labels, or the use of phage based strategies 

applying them simultaneously for both capturing and tagging in order to achieve 

antibody-free techniques. Furthermore, novel methods based on phage propagation in 

their hosts could be used for the even higher signal amplification; and finally different 

labeled phages could be applied for the development of multiplex detection techniques, 

allowing the simultaneous detection of multiple pathogens.  
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