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Mycobacterium tuberculosis causes one of the diseases with the highest mortality and morbidity rate in the Americas and around the world. In developing countries, the diagnosis of tuberculosis (TB) is based on smear microscopy and bacteriological cultures.

The first method has low sensitivity, and the second take several weeks to reach a confirmatory diagnosis. The lack of a rapid diagnosis compromises the efforts to control TB, favoring its transmission to the susceptible population. Currently, magnetic nanoparticles (MNPs) functionalized with biomolecules have been used in biomedicine, due the magnetic, electrical and optical properties. In this way, applying external magnetic fields, bio-functionalized MNPs are used to detect and concentrate cells and biomolecules from biological samples.

In this work we present the synthesis, characterization and bio-functionalization of magnetic nanoparticles to develop a sandwich ELISA assay using MNPs to detect antigens from M. tuberculosis. For this purpose, magnetic nanoparticles were synthesized by the coprecipitation method. The MNP surface was amine-silanized (MNP@Si@NH2) and characterized by physical and chemical methods.

The MTB antigens evaluated in this study were: Hsp16.3, CFP10, ESAT6, MTC28, MPT64, 38 kDa protein, Ag85B and MoeX. Cloning and expression of recombinant proteins were expressed in E. coli BL21 (DE3) pLysS system. Polyclonal antibodies were produced in New Zealand rabbits and BALB/C mice, previously immunized with purified recombinant antigens. Specific antibodies (ab) were immobilized in the amine-silanized MNP surfaces (MNP@Si@ab). The MNP@Si@ab were used in a colorimetric sandwich ELISA assay to capture and detect native MTB antigens from sputum samples.

The XRD, Mössbauer spectroscopy, zeta potential, TEM and FTIR demonstrated the successful preparation of the MNPs showing a diffraction crystal diameter of ~12.5 nm (10.48 ± 2.56 nm), superficial net charge of ᶎ: +23.57 ± 2.87 mV, characteristic patterns of magnetite and a spherical structure. Additionally, a magnetization saturation of 37.06 emu.g -1 was observed. For the functionalization of nanoparticle surfaces with antibodies, an active ester method was used for peptide bond formation. Parameters such as time of incubation, concentration of coupling agents and surface saturation level of amine-silanized MNPs (MNP@Si@NH2) were standardized.

Finally, antibody functionalized on MNPs were used to capture and detect recombinant and native M. tuberculosis antigens in an ELISA-MNP@Si@ab sandwich test in a reaction time <4 h. The ESAT6 and CFP10 antigens were better discriminated in sputum pooles from patients with TB (fold value ~ 1.8). The use of MNP@Si@ab improved the detection of MTB antigens in biological samples with respect to conventional sELISA. Our results are encouraging, but the essay requires additional evaluations such as determining cross-reactions with sputum samples from patients with other infections, performing the test with fresh sputum of TB patients, and determining the clinical sensitivity and specificity of the method.
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RESUMEN

Mycobacterium tuberculosis causa una de las enfermedades con la tasa más alta de mortalidad y morbilidad en las Américas y en todo el mundo. En países en vías de desarrollo, el diagnóstico de tuberculosis (TB) se basa en microscopía de frotis y cultivos bacteriológicos. El primer método tiene baja sensibilidad y el segundo toma varias semanas para llegar a un diagnóstico confirmatorio. La falta de un diagnóstico rápido compromete los esfuerzos para controlar la TB, lo que favorece su transmisión a la población susceptible. Actualmente, las nanopartículas magnéticas (MNP) funcionalizadas con biomoléculas se han utilizado en biomedicina, debido a las propiedades magnéticas, eléctricas y ópticas. De esta manera, aplicando campos magnéticos externos, se utilizan MNP bio-funcionalizadas para detectar y concentrar células y biomoléculas a partir de muestras biológicas.

En este trabajo presentamos la síntesis, caracterización y bio-funcionalización de las nanopartículas magnéticas para desarrollar un ensayo ELISA sándwich usando MNPs para detectar antígenos de M. tuberculosis. Para este propósito, las nanopartículas magnéticas fueron sintetizadas por el método de co-precipitación. La superficie de MNP fue amino-silanizada (MNP@Si@NH2) y se caracterizada por métodos físico y químicos.

Los antígenos de MTB evaluados en este estudio fueron: Hsp16.3, CFP10, ESAT6, MTC28, MPT64, proteína de 38 kDa, Ag85B y MoeX. La clonación y la expresión de las proteínas recombinantes se realizaron en el sistema de E. coli BL21 (DE3) pLysS. Se produjeron anticuerpos policlonales en conejos de Nueva Zelanda y ratones BALB/C, inmunizados previamente con antígenos recombinantes purificados. Se inmovilizaron anticuerpos específicos (ab) en las superficies de MNP amino-silanizadas (MNP@Si@ab).

El MNP@Si@ab fue utilizado en un ensayo ELISA sándwich colorimétrico para capturar y detectar antígenos de MTB nativos en muestras de esputo.

La XRD, espectroscopia de Mössbauer, la potencial zeta, TEM y FTIR demostraron la preparación exitosa de los MNP, el cual mostró un diámetro de difracción del cristal de ~ 12.5 nm (10.48 ± 2.56 nm), carga neta superficial de ᶎ: +23.57 ± 2.87 mV, patrones característicos de magnetita y una estructura esférica. Además, una saturación de magnetización de 37.06 emu.g -1 fue observada. Para la funcionalización de superficies de nanopartículas con anticuerpos, se utilizó el método del éster activo para la formación de enlaces peptídicos. Parámetros tales como el tiempo de incubación, la concentración de los agentes de acoplamiento y el nivel de saturación de la superficie de las MNPs aminosilanizadas (MNP@Si@NH2) fueron estandarizadas.

Finalmente, se usaron MNP funcionalizados con anticuerpos para capturar y detectar antígenos nativos y recombinantes de M. tuberculosis en una prueba sándwich de ELISA-MNP@Si@ab en un tiempo de reacción <4 h. Los antígenos ESAT6 y CFP10 se discriminaron mejor en las muestras de esputo de los pacientes con TB (fold value ~ 1,8).

El uso de MNP@Si@ab mejoró la detección de antígenos de MTB en muestras biológicas con respecto a un sELISA convencional. Nuestros resultados son alentadores, pero el ensayo requiere evaluaciones adicionales, como determinar reacciones cruzadas con muestras de esputo de pacientes con otras infecciones, realizar la prueba con esputo frescos de pacientes con TB y determinar la sensibilidad y especificidad clînica del método.

RESUME

Mycobacterium tuberculosis provoque l'une des maladies qui présentent le taux de mortalité et de morbidité le plus élevé des Amériques et du monde. Dans les pays en développement, le diagnostic de la tuberculose (TB) repose sur la microscopie des frottis et des cultures bactériologiques. La première méthode a une faible sensibilité et la seconde met plusieurs semaines à atteindre un diagnostic de confirmation. L'absence de diagnostic rapide compromet les efforts de lutte contre la tuberculose, favorisant ainsi sa transmission à la population vulnérable. Actuellement, les nanoparticules magnétiques (MNP) fonctionnalisées par des biomolécules sont utilisées en biomédecine, en raison de leurs propriétés magnétiques, électriques et optiques. De cette manière, en appliquant des champs magnétiques externes, les MNP bio-fonctionnalisées sont utilisées pour détecter et concentrer les cellules et les biomolécules à partir d'échantillons biologiques.

Dans ce travail, nous présentons la synthèse, la caractérisation et la biofonctionnalisation de nanoparticules magnétiques afin de développer un test ELISA sandwich en utilisant des MNPs, afin de détecter les antigènes de M. tuberculosis. À cette fin, des nanoparticules magnétiques ont été synthétisées par une méthode de coprécipitation. La surface des MNP a été amino-silanisée (MNP@Si@NH2) et caractérisée par des méthodes physiques et chimiques.

Les antigènes MTB évalués dans cette étude étaient: Hsp16.3, CFP10, ESAT6, MTC28, MPT64, protéine de 38 kDa, Ag85B et MoeX. Le clonage et l'expression de protéines recombinantes ont été réalisés dans le système de E. coli BL21 (DE3) pLysS. Des anticorps polyclonaux ont été produits chez des lapins Nouvelle-Zélande et des souris BALB/C, préalablement immunisés avec des antigènes recombinants purifiés. Des anticorps spécifiques (ab) ont été immobilisés sur les surfaces des MNP amino-silanisées (MNP@Si@ab). Les MNP@Si@ab ont été utilisées dans un test ELISA sandwich colorimétrique pour capturer et détecter les antigènes natifs du MTB à partir d'échantillons d'expectorations.

La XRD, la spectroscopie Mössbauer, le potentiel zêta, la TEM et le FTIR ont validé l'obtention des MNP montrant un diamètre de cristal de diffraction de ~ 12,5 nm (10,48 ± 2,56 nm), une charge nette superficielle de +23,57 ± 2,87 mV, des profils caractéristiques de magnétite et une structure sphérique. De plus, une saturation en aimantation de 37,06 emu.g-1 a été observée. Pour la fonctionnalisation des surfaces de nanoparticules avec des anticorps, une méthode via l'utilisation d'ester activé a été utilisée pour la formation de liaisons peptidiques. Des paramètres tels que le temps d'incubation, la concentration des agents de couplage et le niveau de saturation de surface des MNP amines silanisées (MNP@Si@NH2) ont été standardisés.

Enfin, des anticorps fonctionnalisés sur des MNP ont été utilisés pour capturer et détecter les antigènes recombinants et natifs de M. tuberculosis dans un test sandwich ELISA-MNP@Si@ab dans un temps de réaction <4 h. Les antigènes ESAT6 et CFP10 ont été mieux différenciés dans les expectorations des patients atteints de tuberculose (fold value ~ 1,8). L'utilisation de MNP@Si@ab a amélioré la détection des antigènes du MTB dans des échantillons biologiques par rapport au sELISA conventionnel. Nos résultats sont encourageants, mais des évaluations supplémentaires sont nécessaire telles que la détermination de réactions croisées avec des échantillons d'expectorations provenant de patients atteints d'autres infections, la réalisation du test avec les expectorations fraîches de patients tuberculeux et la détermination de la sensibilité et de la spécificité clinique de la méthode.

Mots clés: Tuberculose active, test ELISA en sandwich, nanoparticules magnétiques amines silanisées, protéines recombinantes, anticorps polyclonaux.

Resúmen de disertación.

La tuberculosis (TB) es una de las enfermedades con las tasas más altas de mortalidad y morbilidad en las Américas y el mundo. La ausencia de un diagnóstico rápido, efectivo y económico contribuye a la permanencia de la TB, favoreciendo así su transmisión a las poblaciones vulnerables.

Actualmente, las nanopartículas magnéticas (MNP) son ampliamente estudiadas en biomedicina, para detectar y enfocar células y biomoléculas de muestras biológicas. En este trabajo, las MNP se han sintetizado y caracterizado. Además, la superficie de estas MNP se ha recubierto con biomoléculas (anticuerpos) capaces de detectar marcadores (proteínas) característicos de M. tuberculosis. Posteriormente, estas nanopartículas funcionalizadas se incubaron con muestras de esputo de pacientes con tuberculosis. Una prueba colorimétrica determinó si las nanopartículas eran capaces de capturar y detectar proteínas de la mycobacteria contribuyendo así al diagnóstico de tuberculosis.

Dissertation summary.

Tuberculosis (TB) is one of the diseases with the highest mortality and morbidity rates in the Americas and the world. The absence of a rapid, effective and inexpensive diagnosis contributes to the permanence of TB, thus favoring its transmission to vulnerable populations.

Currently, magnetic nanoparticles (MNPs) are widely studied in biomedicine to detect and focus cells and biomolecules from biological samples. In this work, MNPs have been synthesized and characterized. In addition, the surface of these MNPs has been coated with biomolecules (antibodies) capable of detecting markers (proteins) characteristic of M.

tuberculosis. Subsequently, these functionalized nanoparticles were incubated with sputum samples from patients with tuberculosis. A colorimetric test determined whether nanoparticles were capable of capturing and detecting mycobacterial proteins, thus contributing to the diagnosis of tuberculosis. [START_REF] Yallapu | Curcumin-loaded magnetic nanoparticles for breast cancer therapeutics and imaging applications[END_REF].
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Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (MTB), transmitted orally-respiratory and mainly affects the lungs, leading to an intense cough, fever and chest pains [START_REF] Fogel | Tuberculosis: A disease without boundaries[END_REF]. TB is one of the most serious and complex problems in the public health, especially in developing countries. TB spreads in poor, crowded and poorly ventilated environments and mainly affects the most vulnerable populations, such as people with low economic resources and some individuals with other health conditions such as HIV, diabetes, drug or alcohol addictions [START_REF] Who | Global Tuberculosis Report 2016[END_REF].

Adequate treatment of the disease requires early diagnosis, as well as determination of microbial susceptibility. Although more than a hundred years have passed since the identification of TB (1882), there is still no rapid or low-cost diagnostic assay with high sensitivity and specificity. Anti-tuberculosis treatment is no longer appropriate when they are delivered without having an early diagnosis or a result of the susceptibility of the mycobacteria to drugs [START_REF] Bonilla | Situación de la Tuberculosis en el Perú[END_REF]. It makes in vain the efforts to control this disease and generates substantial economic losses by the state. The main drawbacks in the rapid diagnosis are due to the use of traditional MTB detection methods, which can take weeks and even months to report the result, and it is associated with a rising mortality and drug resistance rate [START_REF] Bonilla | Situación de la Tuberculosis en el Perú[END_REF].

Around the world, the TB diagnostic assays more used are sputum smear microscopy (10 4 bacilli/ml) and culture (10 1 -10 2 bacilli/ml in Lowestein-Jensen medium). Although the first is fast and inexpensive, it has a low sensitivity and specificity. The culture is considered as the 'gold standard' method for TB diagnosis [START_REF] Ugarte-Gil | Pruebas de sensibilidad para Mycobacterium tuberculosis[END_REF].

Currently, there are different types of MTB cultures, capable to discriminate growth and antibiotic bacteria resistance. For example, the test of susceptibility to drugs by microscopic observation (MODS), is a type of culture where the sputum samples are decontaminated and grown in a liquid media (Middlebrook 7H9) supplemented with rifampicin and isoniazid. This method is effective, but it takes at least one week to have a result [START_REF] Caviedes | Rapid, efficient detection and drug susceptibility testing of Mycobacterium tuberculosis in sputum by microscopic observation of broth cultures[END_REF][START_REF] Ugarte-Gil | Pruebas de sensibilidad para Mycobacterium tuberculosis[END_REF].

Consequently, molecular tests as the polymerase chain reaction (PCR) and its variants, have been used for being faster and have a high sensitivity and specificity (95 and 92% respectively). However, quantitative PCR shows low sensitivity in samples from patients with low MTB load [START_REF] Albuquerque | Quantitative real-time PCR (q-PCR) for sputum smear diagnosis of pulmonary tuberculosis among people with HIV/AIDS[END_REF]. In general, there are different amplified markers; 16SrDNA, cyp141, and others; but the most used is the insertion sequence 6110 (IS6110) [START_REF] Farzam | Comparison of cyp141 and IS6110 for detection of Mycobacterium tuberculosis from clinical specimens by PCR[END_REF][START_REF] Tsai | Paper-based tuberculosis diagnostic devices with colorimetric gold nanoparticles[END_REF]. It is found in multicopy in the genome of the bacterium, and it is exclusive to the M. tuberculosis complex (MTBC) [START_REF] Farzam | Comparison of cyp141 and IS6110 for detection of Mycobacterium tuberculosis from clinical specimens by PCR[END_REF]. Despite the advantages of these methods, their main limitations are the low sensitivity in patients with low bacillary load, sophisticated equipment is required and as well as the trained personnel, making their implementation expensive [START_REF] Tsai | Paper-based tuberculosis diagnostic devices with colorimetric gold nanoparticles[END_REF].

Therefore, the current challenge is to develop diagnostic tests with high sensitivity and specificity that can be applied directly in clinical samples without costly equipment or complex procedures. Most commercial methods are based on the antibody detection; but they have failed because the complex and still not understood human immune response towards the bacterium [START_REF] Steingart | Commercial serological antibody detection tests for the diagnosis of pulmonary tuberculosis: A systematic review[END_REF]. This means that these methods are nonspecific to discriminate a patient with active TB, a patient who has already completed antituberculosis treatment or a patient who has only been exposed to MTB; because in all cases the patients have produced antibodies against MTB [START_REF] Daniel | The serodiagnosis of tuberculosis and other mycobacterial diseases by enzyme-linked immunosorbent assay[END_REF][START_REF] Fujita | Clinical evaluation of serodiagnosis of active tuberculosis by multiple-antigen ELISA using lipids from Mycobacterium bovis BCG Tokyo 172[END_REF]. In this context, it is a priority to identify and characterize the main abundant bacteria antigens able to act as a biomarker of the disease. In this sense, these MTB antigens can be identified directly in clinical samples from TB suspected patients.

In recent years, different strategies have been developed to identify MTB antigens from culture and TB patient samples. For example, to detect the secretory protein CFP10, surface plasmon resonance spectroscopy (SRP spectroscopy) and the detonation nanodiamonds/ matrix-assisted laser desorption/ionization mass spectrometry (DND MALDI-TOF MS, with sensitivity of 97.4% and specificity of 100%) methods, were developed. In the case of ESAT6 detection, immune-electrochemical biosensor and strategies associated to gold nanoparticles to identify CFP10/ESAT6, were reported [START_REF] Diouani | Detection of ESAT-6 by a label free miniature immuno-electrochemical biosensor as a diagnostic tool for tuberculosis[END_REF][START_REF] He | Construction of Au-IDE/CFP10-ESAT6 aptamer/DNA-AuNPs MSPQC for rapid detection of Mycobacterium tuberculosis[END_REF][START_REF] Soo | Validation of nanodiamond-extracted CFP-10 antigen as a biomarker in clinical isolates of Mycobacterium tuberculosis complex in broth culture media[END_REF][START_REF] Hong | Clinical immunosensing of tuberculosis CFP-10 in patient urine by surface plasmon resonance spectroscopy[END_REF][START_REF] Wu | Comparison of antibody responses to seventeen antigens from Mycobacterium tuberculosis[END_REF]. Other examples are MPT64 detection using sandwich ELISA [START_REF] Ji | Development of a quantitative sandwich enzyme-linked immunosorbent assay for detecting the MPT64 antigen of Mycobacterium tuberculosis[END_REF], Ag85B detection using gold nanorods/ silica-coated quantum dots (Kim et al., 2017), and MoeX detection using Mass spectrometry [START_REF] López-Hernández | Mass spectrometry applied to the identification of Mycobacterium tuberculosis and biomarker discovery[END_REF][START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF]. Although these are accurate and sensitive methods, they are very expensive, and therefore economic alternatives are required.

In the last decades, the technology in nanometer scale (nanotechnology) have been widely applied in studies of molecular interactions of the cell, platforms for drug delivery, molecular diagnosis, cancer treatment, bio-separation, environmental biosensors, etc. A clear example is the diagnostic tests using magnetic nanoparticles (MNP) to increase its speed and sensitivity [START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF].

Our study proposes to develop a sandwich ELISA assay using magnetic nanoparticles to capture and detect antigens from M. tuberculosis, comparing it with the liquid culture MODS test. For this purpose, specific antibodies were immobilized on modified magnetic nanoparticles. Recombinant and native antigens would be recognized and separated using the magnetic properties of the functionalized nanoparticles. This MNP-antibody-antigen complex was coupled to a colorimetric sandwich ELISA assay to discriminate a positive or negative reaction. This strategy could contribute in the fast and accurate diagnosis of TB, utilizing sputum samples from suspected patients. Also, it can be used in low-income areas where the prevalence of tuberculosis remains high and the implementation of a rapid diagnosis tests is fundamental.

Chapter I: Tuberculosis and magnetic nanoparticles.

Chapter I

Tuberculosis and magnetic nanoparticles.

I.1. Generalities on tuberculosis.

I.1.1. Introduction

Tuberculosis (TB) is caused by Mycobacterium tuberculosis (MTB), and severe cough

(3 weeks or more), chest pain, coughing up blood or sputum (phlegm that comes from the bottom of the lungs) are the main symptoms [START_REF] Bonilla | Situación de la Tuberculosis en el Perú[END_REF][START_REF] Bonilla | Situación de la Tuberculosis en el Perú[END_REF].

TB is the first cause of death due to preventable infectious disease around the world (WHO, 2019). Although not all people exposed to M. tuberculosis develop the disease (although they reach a latent infection state), it has been observed that between 5 and 10% of those exposed may develop the disease at some point in their lifetime [START_REF] Narasimhan | Risk factors for tuberculosis[END_REF]. This estimation may be influenced by a number of factors that alter the individual immunological system [START_REF] Fogel | Tuberculosis: A disease without boundaries[END_REF]. In 2017 it has been reported in the world: In the last decade, significant progress has been made in the new TB diagnosis technology, entering in an era of molecular detection that provides faster methods to diagnose and confirm drug resistance [START_REF] Lawn | Advances in Diagnostic Assays for Tuberculosis[END_REF]. However, many of them are expensive, not practical to use in field or not accessible to people with limited economic resources. In this regard, antigen detection from non-invasive samples (sputum) is a promising tool for early diagnosis of TB disease.

I.1.2. Mycobacterium tuberculosis.

Mycobacterium genus is characterized by a complex envelope of the cell wall (presence of alpha-alkyl and beta-hydroxy fatty acids) which is responsible for the low permeability and its differential coloration (Zhiel-Neelsen). Mycobacterium genus is divided into fast-growing species (opportunistic or non-pathogenic bacteria) and slowgrowing species (MTB complex, etiological agents of TB) [START_REF] Forrellad | Virulence factors of the Mycobacterium tuberculosis complex[END_REF]. MTB complex refers to a group of species that are genetically very similar (M tuberculosis, M. canettii, M. africanum, M. microti, M. bovis, M. caprae and M. pinnipedii), where MTB is the most known because it infects more than one-third of the world's population, and it is also capable of infecting animals that have had contact with infected humans [START_REF] Forrellad | Virulence factors of the Mycobacterium tuberculosis complex[END_REF]. M. canettii and M. africanum, can also cause human TB and are usually isolated from African patients [START_REF] Forrellad | Virulence factors of the Mycobacterium tuberculosis complex[END_REF]. M. bovis presents the widest range of host infection, affecting humans, domestic and wild cattle, and goats [START_REF] Forrellad | Virulence factors of the Mycobacterium tuberculosis complex[END_REF]. In humans, M. bovis causes similar symptoms of TB and may include fever, night sweats and weight loss [START_REF] Forrellad | Virulence factors of the Mycobacterium tuberculosis complex[END_REF]. M. caprae affects only goats. M. microti is a rodent pathogen, usually isolated from mice (microtus genus), but may affect immunocompromised individuals. Finally, M. pinnipedii infects seals [START_REF] Cousins | Tuberculosis in seals caused by a novel member of the Mycobacterium tuberculosis complex: Mycobacterium pinnipedii sp[END_REF].

It is believed that MTB complex has evolved from a common ancestor which through successive deletions and insertions has resulted in mycobacterium speciation with differences in pathogenicity [START_REF] Forrellad | Virulence factors of the Mycobacterium tuberculosis complex[END_REF]. The complete genome of the H37Rv strain has approximately 4,000 genes in 4.41 Mb and grouped into 14 differential regions (RD1-14). The genetic sequence information of this strain is centralized in TubercuList online support (http://www.pasteur.fr/Biol/Tu bercuList/).

The Mycobacterium tuberculosis specie is an aerobic facultative intracellular pathogen that can persist within the host through a reduced metabolism state and start the replication in a chronic lung infection [START_REF] Kruh | Portrait of a pathogen: The Mycobacterium tuberculosis proteome In vivo[END_REF]. In addition, this bacterium has a predilection for oxygenated tissues as well as lungs and lobes of kidney [START_REF] Kruh | Portrait of a pathogen: The Mycobacterium tuberculosis proteome In vivo[END_REF]. In vitro studies have hypothesized the environment within an infected lung, defining the bacterial response to pH, salivation and hypoxia [START_REF] Kruh | Portrait of a pathogen: The Mycobacterium tuberculosis proteome In vivo[END_REF]. However, in vivo studies of combined effects are required, to evaluate the environmental factors and mycobacterial responses [START_REF] Kruh | Portrait of a pathogen: The Mycobacterium tuberculosis proteome In vivo[END_REF]. High percentage of lipids in the cell wall is an important feature of these bacilli. It represents 60% of the dry weight, protecting them against bactericidal activity of complement and macrophage digestion [START_REF] Cambier | Mycobacteria manipulate macrophage recruitment through coordinated use of membrane lipids[END_REF]. In this way, the bacterial cell wall lipids increase the bacillus survival in a expectorated dry sputum [START_REF] López-Hernández | Mass spectrometry applied to the identification of Mycobacterium tuberculosis and biomarker discovery[END_REF] 

I.1.3. TB infection.

MTB can remain dormant in the human body for decades only progressing to active disease in 5 to 10% of immunocompromised individuals [START_REF] Murray | High levels of vulnerability and anticipated stigma reduce the impetus for tuberculosis diagnosis in Cape Town, South Africa[END_REF]. The bacillus is transmitted through aerosols and enters the lungs through inhalation [START_REF] Murray | High levels of vulnerability and anticipated stigma reduce the impetus for tuberculosis diagnosis in Cape Town, South Africa[END_REF]. The susceptibility and the environment of the receiver are some of the factors that influence the transmission [START_REF] Murray | High levels of vulnerability and anticipated stigma reduce the impetus for tuberculosis diagnosis in Cape Town, South Africa[END_REF] The initial infection is usually asymptomatic and localized mainly in the lungs, although this may affect other tissues, producing a broad spectrum of disease [START_REF] Davis | The Role of the Granuloma in Expansion and Dissemination of Early Tuberculous Infection[END_REF][START_REF] Krishnan | The mechanisms and consequences of the extra-pulmonary dissemination of Mycobacterium tuberculosis[END_REF][START_REF] López-Hernández | Mass spectrometry applied to the identification of Mycobacterium tuberculosis and biomarker discovery[END_REF]. In the lung, the bacillus may reside within the alveolar macrophage triggering the aggregation of immune cells and the formation of a granuloma (Figure I.3) (Pai et al., 2016).. Alveolar macrophages ingest and destroy the bacillus [START_REF] Kirby | Europe PMC Funders Group Alveolar macrophages transport pathogens to lung draining 183[END_REF]. This action will depend on the intrinsic microbicidal capacity of the host phagocytes and the virulence of the strain [START_REF] Volkman | Tuberculous granuloma formation is enhanced by a Mycobacterium virulence determinant[END_REF]. Dendritic cells play an important role in the early stages by activating T cells, which have the ability to present antigens [START_REF] García-Romo | Airways infection with virulent Mycobacterium tuberculosis delays the influx of dendritic cells and the expression of costimulatory molecules in mediastinal lymph nodes[END_REF].

The bacteria survive to this multiply attack and cause lysis of the macrophage [START_REF] Bozzano | Immunology of Tuberculosis[END_REF]. At this time, monocytes and other inflammatory cells are recruited into the lung, and allow the survival of the bacteria [START_REF] Piccini | Clinical peculiarities of tuberculosis[END_REF]. In this symbiotic state, the mycobacteria grow logarithmically, and produce small tissue damage [START_REF] Piccini | Clinical peculiarities of tuberculosis[END_REF].

Approximately three weeks later, cell-mediated immunity is developed, containing growing bacteria [START_REF] Piccini | Clinical peculiarities of tuberculosis[END_REF]. Granulomatous lesions appear, and as a result the infection may remain latent or progress and spread to the rest of the body [START_REF] Hernandez-Pando | T-cell lung granulomas induced by sepharose-coupled Mycobacterium tuberculosis protein antigens: immunosuppressive phenomena reversed with cyclophosphamide and indomethacin[END_REF][START_REF] Volkman | Tuberculous granuloma formation is enhanced by a Mycobacterium virulence determinant[END_REF]. Although the main defense mechanism is the cellular immune response, evidence suggests that antibodies can mediate different actions against the bacillus, mainly in the first hours after infection [START_REF] López | Induction of a protective response with an IgA monoclonal antibody against Mycobacterium tuberculosis 16 kDa protein in a model of progressive pulmonary infection[END_REF].

During infection, granulomas play two roles: they serve as a niche for invasion of the bacteria, protecting the host from active disease. The granulomas population in infected host, consists of primary and post-primary lesions. Primary granulomas contain the original inhaled strain which are morphologically different from post-primary granulomas that have developed through disseminated infection. Leading to a heterogeneous population of bacilli [START_REF] Kaplan | Mycobacterium tuberculosis Growth at the Cavity Surface: a Microenvironment with Failed Immunity[END_REF][START_REF] Kruh | Portrait of a pathogen: The Mycobacterium tuberculosis proteome In vivo[END_REF][START_REF] Mcmurray | Hematogenous reseeding of the lung in low-dose, aerosol-infected guinea pigs: Unique features of the host-pathogen interface in secondary tubercles[END_REF]. 

I.1.4. Epidemiology of TB.

Although new techniques for TB diagnosis have been reported worldwide, traditional methods that identify and isolate the bacteria still dominate [START_REF] Ali | Mycobacterium tuberculosis and Molecular Epidemiology : An Overview[END_REF][START_REF] Narasimhan | Risk factors for tuberculosis[END_REF]. They turn limited for low bacterial load samples and this becomes a problem when rapid diagnosis is urgent, especially in multidrug, extensively or totally resistant TB patients [START_REF] Albuquerque | Quantitative real-time PCR (q-PCR) for sputum smear diagnosis of pulmonary tuberculosis among people with HIV/AIDS[END_REF][START_REF] Narasimhan | Risk factors for tuberculosis[END_REF]. (range, 266 000-335 000) among HIV-positive people [START_REF] Who | Global Tuberculosis Report[END_REF]. Being 90% adults (aged ≥15 years), 9% people with HIV (72% in Africa) and two thirds were detected mainly in eight countries: India (27%), China (9%), Indonesia (8%), the Philippines (6%), Pakistan (5%), Nigeria (4%), Bangladesh (4%) and South Africa (3%) [START_REF] Who | Global Tuberculosis Report[END_REF]. Only 6% of global cases were European (3%) and the Americas (3%) regions (WHO, 2018). It is a simple, fast and inexpensive method where stained mycobacteria are observed directly from a clinical sample using a microscope. The classic staining is the Ziehl-Nielsen (ZN) used mostly in sputum samples from suspected TB patients [START_REF] Laszlo | Tuberculosis: 7. Laboratory aspects of diagnosis[END_REF]. Currently this method is considered a gold standard for the diagnosis of TB.

According to World

However, the method is not very sensitive (34-80% positive cultures) and occasionally it is negative in low bacillary loads (paucibacillary) because it needs 10 4 bacilli/ml or more for detection [START_REF] Laszlo | Tuberculosis: 7. Laboratory aspects of diagnosis[END_REF][START_REF] López-Hernández | Mass spectrometry applied to the identification of Mycobacterium tuberculosis and biomarker discovery[END_REF][START_REF] Reji | The role of AFB microscopy training in improving the performance of laboratory professionals: analysis of pre and post training evaluation scores[END_REF]. Auramine and fluorescence detection of the bacillus is another staining method, allowing a faster analysis of multiple samples [START_REF] Slim-Saidi | Nouvelles méthodes de diagnostic de la tuberculose[END_REF]. This technique is more sensitive (increases by 10%) than the ZN, and is justified in laboratories with high demand [START_REF] Slim-Saidi | Nouvelles méthodes de diagnostic de la tuberculose[END_REF].

B. Culture.

The MTB culture is the conventional 'gold standard' for TB diagnosis. Although this method is sensitive (limit of detection ~ 10-100 CFU/ml sputum sample), requires 6-9

weeks to visualize the growth of mycobacteria [START_REF] Rodriguez | Implementation of a telediagnostic system for tuberculosis and determination of multi-drug resistance based in the MODS method in Trujillo, Peru[END_REF]. This is because their growth is very slow, replicating every 18 hours compared with the most bacteria that requires 1 h or less to replicate [START_REF] Rodriguez | Implementation of a telediagnostic system for tuberculosis and determination of multi-drug resistance based in the MODS method in Trujillo, Peru[END_REF]. Solid or liquid methods can be used to incubate the bacteria at 37 °C in 10% CO2 for 6-8 weeks. The most commonly used solid media are: Lowestein Jensen, Middlebrook 7H10, 7H11 and selective agar 7H11; and the liquid media are: Middlebrook 7H9 and radiometric BACTEC 12B, used to reduce the growth time of bacteria [START_REF] Laszlo | Tuberculosis: 7. Laboratory aspects of diagnosis[END_REF][START_REF] Laverdiere | Comparative evaluation of the MB/BacT and BACTEC 460 TB systems for the detection of mycobacteria from clinical specimens: Clinical relevance of higher recovery rates from broth-based detection systems[END_REF][START_REF] López-Hernández | Mass spectrometry applied to the identification of Mycobacterium tuberculosis and biomarker discovery[END_REF][START_REF] Ugarte-Gil | Pruebas de sensibilidad para Mycobacterium tuberculosis[END_REF]. Their main disadvantages are the high risk of contamination and the inability to distinguish the morphology of different mycobacteria strains [START_REF] López-Hernández | Mass spectrometry applied to the identification of Mycobacterium tuberculosis and biomarker discovery[END_REF]. Also, the treatment of the sputum sample is a critical step and requires a biosafety laboratory level 3 (Reed et al., 2017;[START_REF] Rodriguez | Implementation of a telediagnostic system for tuberculosis and determination of multi-drug resistance based in the MODS method in Trujillo, Peru[END_REF]Zyl-smit et al., 2011). 

C. Microscopic Observation Drug Susceptibility (MODS).

It is a method based on the observation of Mycobacterium tuberculosis microcolonies growth using an inverted microscope [START_REF] Caviedes | Rapid, efficient detection and drug susceptibility testing of Mycobacterium tuberculosis in sputum by microscopic observation of broth cultures[END_REF]. MTB morphology in the liquid culture looks like a specific cord pattern. Therefore it is useful for the diagnosis and to determine resistance to isoniazid (INH) and rifampicin (RMP) [START_REF] Caviedes | Rapid, efficient detection and drug susceptibility testing of Mycobacterium tuberculosis in sputum by microscopic observation of broth cultures[END_REF][START_REF] Moore | Characterization of fiber surface treatments in natural fiber composites by infrared and Raman spectroscopy[END_REF]. Since the creation of MODS, many studies on its performance and applicability have been published worldwide [START_REF] Moore | Characterization of fiber surface treatments in natural fiber composites by infrared and Raman spectroscopy[END_REF]. In a meta-analysis study, nine studies performed on the efficacy of MODS in the diagnosis of rifampicin (RMP) resistance showed a sensitivity of 98.0% (95% CI 94.5-99.3) and a specificity of 99.4% (95.7-99.9). For isoniazid (INH) resistance it showed 97.7% (94.4-99.1) of sensitivity and 95.8% (88. 1-98.6) of specificity [START_REF] Minion | Microscopic-observation drug susceptibility and thin layer agar assays for the detection of drug resistant tuberculosis: A systematic review and meta-analysis[END_REF]. Likewise, they estimated the mean response time of 9.9 days (95% CI 4.1-15.8); and it was 11 times less expensive than the Genotype MTBDR plus® method used to determine drug resistance at the National Institute of Health -Peru [START_REF] Solari | Cost analysis of rapid methods for diagnosis of multidrug resistant tuberculosis in different epidemiologic groups in Peru]. Anal. costos los Metod. rapidos para diagnostico[END_REF].

D. Molecular methods.

-Polymerase chain reaction (PCR).

PCR can detect small amounts of DNA from mycobacteria. The insertion sequence 6110 (IS6110), identified by Thierry et al in the early 1990, is a genetic sequence of insertion detectable only in the genomes of the Mycobacterium tuberculosis complex where it is present in multiple copies [START_REF] Thierry | IS6110, an IS-like element of Mycobacterium tuberculosis complex[END_REF]. IS6110 based PCR is a rapid technique [START_REF] Thabet | Transposition mechanism, molecular characterization and evolution of IS6110, the specific evolutionary marker of Mycobacterium tuberculosis complex[END_REF], sensitive and specific for the diagnosis of MTB [START_REF] Hwang | Simple detection of the IS6110 sequence of Mycobacterium tuberculosis complex in sputum, based on PCR with graphene oxide[END_REF]. In addition, MPT64 amplification is more sensitive than IS6110 PCR when it is desired to detect extrapulmonary TB with negative sputum or TB of the central nervous system [START_REF] Sethi | Evaluation of in-house mpt64 real-time PCR for rapid detection of Mycobacterium tuberculosis in pulmonary and extra-pulmonary specimens[END_REF]; however, in multiplex it is useful to detect osteoarticular TB [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF].

Figure I.7:

Polymorphic repetitive sequence IS6110 in hypothetical MTB genome [START_REF] Ali | Mycobacterium tuberculosis and Molecular Epidemiology : An Overview[END_REF].

-Fingerprinting.

Restriction Fragment Length Polymorphism (RFLP) or the Spoligotyping technique are also highly effective in typing mycobacteria and determining the genotypes of clinical isolates. The molecular typing of human tuberculosis is achieved by the use of the insertion sequence IS6110 [START_REF] Cave | IS6110: Conservation of sequence in the Mycobacterium tuberculosis complex and its utilization in DNA fingerprinting[END_REF].

E. Serological methods.

The purified protein-derived tuberculin test (PPD) is a non-recommended test for the diagnosis of active TB because it is positive in people who have antibodies against the bacterial antigens (individuals with active TB, recent vaccinations with BCG or TB-cured patients) but this does not mean that the person is positive for active TB [START_REF] Chaudhary | Diagnosis of tuberculosis in an era of HIV pandemic: A review of current status and future prospects[END_REF][START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF]. In addition, immunosuppressed persons may give false negatives. Basically, the test involves inoculating under the skin a small amount of a mixture of antigens derived from heat inactivated MTB and wait 3-4 days to visualize a hypersensitivity reaction if it is positive (forms an erythema and/or vesiculation) [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF]. The test cannot differentiate active TB from latent TB, and may be positive even if the individual has been infected and/or exposed to another species of mycobacteria [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF].

Similarly, the Interferon-Gamma Release Assay (IGRA) does not provide information on the clinical features of TB [START_REF] Steingart | Commercial serological antibody detection tests for the diagnosis of pulmonary tuberculosis: A systematic review[END_REF][START_REF] Chaudhary | Diagnosis of tuberculosis in an era of HIV pandemic: A review of current status and future prospects[END_REF].

So serological tests have not presented a satisfactory profile due to their low specificity and sensitivity [START_REF] López-Hernández | Mass spectrometry applied to the identification of Mycobacterium tuberculosis and biomarker discovery[END_REF][START_REF] Steingart | Commercial serological antibody detection tests for the diagnosis of pulmonary tuberculosis: A systematic review[END_REF].

F. Others.

Additionally, there are other methods that have been evaluated but are not yet widely used:

-Skin patch with MPT4.

A skin patch based on MPT64 has been developed taking advantage of its property of differentiating immune response in people with active TB. It was observed that the test did not cross-react with: patients who had received the BCG vaccine, patients infected with other mycobacteria and patients who had been cured of TB [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF].

In studies conducted in Japan and the Philippines, the test showed 98% sensitivity and 100% specificity [START_REF] Chaudhary | Diagnosis of tuberculosis in an era of HIV pandemic: A review of current status and future prospects[END_REF]. In addition, this test is simple, laboratory or trained professionals are not necessary to performed it [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF][START_REF] Chaudhary | Diagnosis of tuberculosis in an era of HIV pandemic: A review of current status and future prospects[END_REF] -Immunochromatographic tests (ICAs).

ICAs are able to detect antigens or antibodies [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF].

Samples (blood/ serum or culture of bacteria) flow laterally in a single device, where positive reactions show colored bands [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF]. ICAs are commercially available to detect IgG and IgM against MTB antigens [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF]. There are three ICAs based on the detection of MPT64, the Capilia rapid test (Tauns Laboratories Inc., South Korea) being the most used to confirm MTB in solid and liquid positive cultures. The limitations of ICAs are false negatives due to mutations of the genes encoding the proteins that the test recognizes [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF] -Immunohistochemistry (IHC).

IHC is a test that detects antigens in sections of tissues and uses polyclonal and monoclonal antibodies [START_REF] Ramos-Vara | Technical aspects of immunohistochemistry[END_REF]. For example, there is an IHC that recognizes MPT64 in formalin-fixed or paraffin-embedded biopsies [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF],

showing a sensitivity of 89-93% and specificity of 95-98% in patients with abdominal TB or tuberculous lymphadenitis [START_REF] Purohit | Immunohistochemical diagnosis of abdominal and lymph node tuberculosis by detecting Mycobacterium tuberculosis complex specific antigen MPT64[END_REF]. In addition, this test can detect 5x10 5 -1x10 6 organisms per gram of tissue, and has been successfully used in lymph node aspirates, cerebrospinal fluid and pleural effusions (effusions) [START_REF] Purohit | Immunohistochemical diagnosis of abdominal and lymph node tuberculosis by detecting Mycobacterium tuberculosis complex specific antigen MPT64[END_REF].

Finally, Baba et al developed an IHC based on MPT64 to diagnose pleural TB and showed 81% of sensitivity and 100% of specificity [START_REF] Baba | Rapid and Specific Diagnosis of Tuberculous Pleuritis With Immunohistochemistry by Detecting Mycobacterium Tuberculosis Complex Specific Antigen MPT64 in Patients From a HIV Endemic Area[END_REF]. One of the main limitations of the IHC is the cost and time required to collect and treat the sample.

-ELISA-MPT64.

Lu et al developed a sandwich ELISA to detect the MPT64 antigen and showed that the test was able to detect 0.01 mg/l of the protein with a sensitivity of 97.3% and a specificity of 100% comparing it a PCR that amplify MPT64 gene and shows a sensitivity of 98.2% and a sensitivity of 100% [START_REF] Liu | Identification of the Mycobacterium tuberculosis complex by detecting recombinant secretory protein MPT64[END_REF].

-Biosensors.

Biosensors are analytical devices that integrate a biological sensing element and a transducer to quantify a biological event [START_REF] Bhalla | Introduction to biosensors[END_REF]. To detect TB, an optical biosensor platform based on light waves has been designed for the direct detection of three specific biomarkers of TB: liparabinomannan (LAM), ESAT6 and Ag85 [START_REF] Mukundan | Rapid Detection of Mycobacterium tuberculosis Biomarkers using a Waveguide-based Biosensor[END_REF]. The entire system is based on a sandwich immunoassay: a biotinylated capture antibody and a detection antibody labeled with a fluorophore located on the surface of the sensor. The proposed sensor has a detection limit of 0.5 pM for ESAT6, 100 pM for Ag85 and 1 pM for LAM [START_REF] Mukundan | Rapid Detection of Mycobacterium tuberculosis Biomarkers using a Waveguide-based Biosensor[END_REF]. However, poor antibody stability reduces the use of this assay in clinical samples [START_REF] Mukundan | Rapid Detection of Mycobacterium tuberculosis Biomarkers using a Waveguide-based Biosensor[END_REF]. Another group has developed an immunoassay based on surface plasmon resonance (SPR) spectroscopy that targets CFP10 [START_REF] Hong | Clinical immunosensing of tuberculosis CFP-10 in patient urine by surface plasmon resonance spectroscopy[END_REF]. Here, the detection interface is constructed by immobilizing CFP10 on a gold surface of the Surface Plasmon Resonance (SPR) chip, then blocking the void spaces with cystamine [START_REF] Hong | Clinical immunosensing of tuberculosis CFP-10 in patient urine by surface plasmon resonance spectroscopy[END_REF]. The detection limit of this assay has been reported at 100 ng/ml with a linear relationship between the displacement of the SPR angle and the CFP10 concentrations of 0.1 to 1 mg/ml protein [START_REF] Hong | Clinical immunosensing of tuberculosis CFP-10 in patient urine by surface plasmon resonance spectroscopy[END_REF].

I.2. Biomarkers of the Mycobacterium tuberculosis.

I.2.1. Main biomarkers from MTB.

A biomarker is a biomolecule that can be measured as an indicator of normal or altered biological processes, and these can usually be molecules derived from the host or pathogen [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF][START_REF] Mcnerney | Field test of a novel detection device for Mycobacterium tuberculosis antigen in cough[END_REF]. In the case of TB, identifying and validating biomarkers for sensitive and specific diagnostic tests is a challenge because these molecules must be at detectable levels in different types of samples, such as sputum, plasma and urine [START_REF] Mcnerney | Field test of a novel detection device for Mycobacterium tuberculosis antigen in cough[END_REF]. In addition, they should be able to discriminate between infected and uninfected individuals and should return to baseline levels during treatment for reproducible clinical predictions [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF].

MTB filtered proteins are candidates for biomarkers, since they represent the most abundant secretory proteins of MTB. [START_REF] Lee | Purification of Native Ag85 Complex, 38-kDa and MTB12 Protein Antigens from the Culture Filtrate of Mycobacterium tuberculosis[END_REF] have evaluated the production of secretory proteins in MTB culture, and have found that these proteins were increasing over the weeks (1: 2.6 μg/ml, 2: 5.4 μg/ml, 3: 25.5 μg/ml, 4: 74.5 μg/ml, 5: 264 μg/ml, 6: 331 μg/ml, 7: 479 μg/ml and 8: 549 μg/ml) [START_REF] Lee | Purification of Native Ag85 Complex, 38-kDa and MTB12 Protein Antigens from the Culture Filtrate of Mycobacterium tuberculosis[END_REF]. Also, they successfully purified the native proteins Ag85B KDa (0.56 mg) and MTB12 (1.81 mg) from 1l of the 6-week filtered culture, which contained 307.81 mg of MTB filtered culture protein H37Rv [START_REF] Lee | Purification of Native Ag85 Complex, 38-kDa and MTB12 Protein Antigens from the Culture Filtrate of Mycobacterium tuberculosis[END_REF]. Some important MTB biomarkers are described below:

a. MTC28 protein.

MTC28 is one of the major secreted and specific antigens of the MTB complex, with a molecular weight of 28 kDa and rich in proline and alanine residues. MTC28 structure contains ten β strands and three α helices. The β strands are forming a structure similar to a sandwich (β sandwich pattern) where seven antiparallel β strands are stacked between α1, α2 on one side and between α3 on the other side. Also, on MTC28 surface is observed a Vshaped cleft, which is positively charged because it is surrounded by Arg107, Arg111, Arg229 and His231 positive aminoacids (Figure I.8) [START_REF] Kundu | Structure-based epitope mapping of Mycobacterium tuberculosis secretary antigen MTC28[END_REF]. MTC28, also known as Rv0040c, is only conserved in pathogenic strains of mycobacteria [START_REF] Kundu | Structure-based epitope mapping of Mycobacterium tuberculosis secretary antigen MTC28[END_REF]. The specificity of the immune response can be attributed to the lack of cross-reactivity with T-cell and B-cell epitopes of environmental mycobacterial species such as M. avium [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF]. Previous studies showed that, when MTC28 is used individually in ELISA assay to detect antibody, a sensitivity and specificity of 72.4% and 71.4%, respectively were observed [START_REF] Wu | Comparison of antibody responses to seventeen antigens from Mycobacterium tuberculosis[END_REF]. MTC28 is considered as a potential candidate for vaccine design and immunodiagnosis of TB [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF]. According to a bioinformatic prediction, 5 potential epitopes were identified: 89QRPHGFKALD98, 102PMPPRWTQVPDPNVPD117, 124DRLGNSVYTS143, 178PSSIIEGTYRENDMTL194, and 220LSQAVTDGPATDA232 [START_REF] Kundu | Structure-based epitope mapping of Mycobacterium tuberculosis secretary antigen MTC28[END_REF][START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF]. According to [START_REF] Kundu | Structure-based epitope mapping of Mycobacterium tuberculosis secretary antigen MTC28[END_REF], the most reactive peptides of MTC28, against pulmonary tuberculosis patient sera, were 128ALDITLPMPPR137 and 138WTQVPDPNVPDAFVVIADR156 [START_REF] Kundu | Structure-based epitope mapping of Mycobacterium tuberculosis secretary antigen MTC28[END_REF]. b. SA5k protein.

SA5k is an 8.3 kDa protein secreted into the extracellular environment by MTB and M. bovis BCG in culture filtrate and is overexpressed during intracellular growth of MTB and in the lung of patients, being found in the sputum of patients [START_REF] Bottai | Expression of SA5K, a secretion antigen of Mycobacterium tuberculosis, inside human macrophages and in sputum from tuberculosis patients[END_REF]. In addition, it is believed that SA5k is involved in the intracellular survival mechanisms of MTB [START_REF] Bottai | Expression of SA5K, a secretion antigen of Mycobacterium tuberculosis, inside human macrophages and in sputum from tuberculosis patients[END_REF]. This protein is also known as Rv1174c or TB8.4.

c. 38kDa protein.

38kDa antigen is an extracellular lipoprotein, detected almost solely in MTB and the most potent immunogen of the mycobacteria [START_REF] Chang | The Immunodominant 38-kDa Lipoprotein Antigen of Mycobacterium tuberculosis is a phosphate-binding protein[END_REF]. This protein is known as pab, antigen 5, antigen 78 or PstS-1 or Rv0934; and represents 1.81% of the total filtered MTB culture proteins [START_REF] Lee | Purification of Native Ag85 Complex, 38-kDa and MTB12 Protein Antigens from the Culture Filtrate of Mycobacterium tuberculosis[END_REF]. Although, 38kDa antigen is actively secreted, the lipid tail of surface mycobacterial cell attaches the protein binding carbohydrate residues on 38kDa [START_REF] Harboe | The 38-kDa Protein of Mycobacterium tuberculosis : A Review[END_REF]. 38kDa antigen is capable of inducing immune response involving B and T cells with high specificity for MTB infection [START_REF] Marín | Purificación del antígeno 38 kDa de Mycobacterium tuberculosis mediante immunosensores piezoeléctricos. Mycobacterium 38 kDa Antigen Purification and Potential Diagnostic Use by Piezoelectric Immunosensors[END_REF][START_REF] Steingart | Commercial serological antibody detection tests for the diagnosis of pulmonary tuberculosis: A systematic review[END_REF].

d. Hsp16.3 protein.

A small heat shock (Hsp) 16.3 protein from Mycobacterium tuberculosis, also known as Acr1, HspX, 16-kDa Antigen, and Rv2031c, is an immuno-dominant antigen and the major membrane protein. It is a protein that is secreted during the growth of MTB, and it is an important component that facilitates the survival of MTB during latent human infection but is not present under conditions of logarithmic growth [START_REF] Meng | Identification of latent tuberculosis infection-related microRNAs in human U937 macrophages expressing Mycobacterium tuberculosis Hsp16.3[END_REF].

The protein is overexpressed under stress conditions as elevated temperatures [START_REF] Kennaway | Dodecameric Structure of the Small Heat Shock Protein Acr1 from Mycobacterium tuberculosis[END_REF]. In vitro, Hsp16.3 exists as nanomers and forming polymers (dissociation/reassociation) in solutions (Figure I.9) [START_REF] Kennaway | Dodecameric Structure of the Small Heat Shock Protein Acr1 from Mycobacterium tuberculosis[END_REF][START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF][START_REF] Zhang | The association of small heat shock protein Hsp16.3 with the plasma membrane of Mycobacterium tuberculosis: Dissociation of oligomers is a prerequisite[END_REF]. It is a major antigen evaluated as a biomarker. Assays such as sandwich ELISAs have been developed for the detection of LAM in samples of sputum (10 4 bacteria/ml) and urine [START_REF] Peter | Diagnostic accuracy of induced sputum LAM ELISA for tuberculosis diagnosis in sputumscarce patients[END_REF][START_REF] Sarkar | Application of lipoarabinomannan antigen in tuberculosis diagnostics: current evidence[END_REF].

f. MoeX protein.

MoeX antigen was identified in urine samples from active TB patients by mass spectroscopy [START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF]. The putative molybdopterin biosynthesis protein MoeX/MoeA is coded by Rv1681 gene [START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF]. It is a specific protein only for the MTB complex (no homologues have been found in databases), and was clinically validated as a diagnostic biomarker for active pulmonary TB [START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF].

g. Ag85B protein.

Immunodominant and major secretory protein of actively replicating MTB, Ag85B protein represents 3.25% of the total filtered MTB culture proteins. The Ag85 complex is involved in biological processes as well as cell wall biosynthesis and immunogenic responses [START_REF] Anderson | An interfacial mechanism and a class of inhibitors inferred from two crystal structures of the Mycobacterium tuberculosis 30 kda major secretory protein (antigen 85B), a mycolyl transferase11Edited by I. A. Wilson[END_REF]. This complex comprises Ag85 A, B and C, which are encoded by separate genes. They are generally expressed in the ratio of 2:3:1 but may vary according to changes in their environment [START_REF] Druszczynska | Mycobacteria-derived biomarkers for tuberculosis diagnosis[END_REF]. Although Ag85 B (30kDa) is of higher expression, C is 8 times more biologically active than B; but all three are necessary to evade the immune response [START_REF] Anderson | An interfacial mechanism and a class of inhibitors inferred from two crystal structures of the Mycobacterium tuberculosis 30 kda major secretory protein (antigen 85B), a mycolyl transferase11Edited by I. A. Wilson[END_REF][START_REF] Armitige | Disruption of the genes encoding antigen 85A and antigen 85B of Mycobacterium tuberculosis H37Rv: Effect on growth in culture and in macrophages[END_REF][START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF]. Ag85 proteins are secreted and can be found in the phagosome, in the outer layer of the cell wall of the bacterium and in the blood [START_REF] Armitige | Disruption of the genes encoding antigen 85A and antigen 85B of Mycobacterium tuberculosis H37Rv: Effect on growth in culture and in macrophages[END_REF][START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF]. Also, the Ag85 complex has been shown to bind fibronectin of plasma, an extracellular matrix glycoprotein, or IgG, altering the host immune response. This interaction appears to reduce MTB phagocytosis, thereby promoting infection [START_REF] Bentley-Hibbert | Pathophysiology of Antigen 85 in Patients with Active Tuberculosis : Antigen 85 Circulates as Complexes with Fibronectin and Immunoglobulin G Pathophysiology of Antigen 85 in Patients with Active Tuberculosis : Antigen 85 Circulates as Complexes with Fibr[END_REF]. Expression of Ag85 is essential for the intracellular survival of MTB within the macrophage. Additionally, the complex possesses mycolyl transferase activity, catalyzing the synthesis of trehalose 6,6-dimicolate (cord factor) (Figure I.10), one of the most abundant glycolipid on the cell wall of mycobacteria [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF][START_REF] Belisle | Role of the Major Antigen of Mycobacterium tuberculosis in Cell Wall Biogenesis Brennan and Gurdyal S . Besra Published[END_REF]. This protein is also known as Rv1886c or fbpB. h. MPT64 protein.

MPT64 is a secretory immunodominant protein, also known as MBP64 or Rv1980c, identified in high levels in the filtered MTB culture. MPT64 represents 8% of the total protein found in an MTB filtered culture and is one of the predominant proteins actively secreted during MTB growth and is expressed early when MTB is in active cleavage [START_REF] Wang | The Solution Structure of Antigen MPT64 from Mycobacterium tuberculosis Defines a New Family of Beta-Grasp Proteins[END_REF]. Molecular weights have been reported in the literature from 22.3 kDa to 28 kDa [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF]Roche et al., 1996). Also, MPT64 multimers, covalently connected through disulfide bonds were evidenced by western blot. In the MPT64 structure was observed a composition of 2.2% α-helix, 50.9% β-sheet, 19.5% turn, and 27.4% random coil (Figure I.11) [START_REF] Chu | Expression, purification, and characterization of protective MPT64 antigen protein and identification of its multimers isolated from nontoxic Mycobacterium tuberculosis H37Ra[END_REF][START_REF] Wang | The Solution Structure of Antigen MPT64 from Mycobacterium tuberculosis Defines a New Family of Beta-Grasp Proteins[END_REF].

In patients with early MTB infections, T cells recognize several MTP64 epitopes, for which this protein has been extensively used for the diagnosis of TB, as well as for vaccine candidate (Roche et al., 1996). It is believed that MPT64 has an anti-apoptotic effect on granulomas and promotes the persistence of MTB-infected macrophages (Roche et al., 1996). Additionally, MPT64 is a highly specific protein of the MTB complex, and is not found in non-tuberculous mycobacteria [START_REF] Kumar | MPT 64 Antigen detection for Rapid confirmation of M. tuberculosis isolates[END_REF]. MPT64 is found in one of 11 differential regions (RD) of MTB, and absent in certain BCG strains. The loss of MPT64 in RD2 implies a decrease in virulence in animal models of infection (Forreland et al., 2013). ESAT6/CFP10 are the most abundant secretory proteins of the filtered MTB culture, with 6 and 10 kDa of molecular weight, respectively. They are absent in M. bovis BCG or in most nontuberculous mycobacteria [START_REF] Kaufmann | Mycobacterium tuberculosis and the host response[END_REF]. These proteins are included in RD1, which plays a role in virulence and is absent in BCG. ESAT6/CFP10 are secreted actively in a specialized transport system product of several flanking genes [START_REF] Scherrer | Distribution and expression of esat-6 and cfp-10 in non-tuberculous mycobacteria isolated from lymph nodes of slaughtered cattle in Switzerland[END_REF]2019). In addition, the C-terminal end of CFP10 forms a flexible arm, important for engaging the cell surface [START_REF] Renshaw | Structure and function of the complex formed by the tuberculosis virulence factors CFP-10 and ESAT-6[END_REF]. ESAT6 and CFP10 form a heterodimeric four-helix complex (Figure I.12), without hydrophobic faces, suggesting that these two proteins probably do not form a transmembrane structure [START_REF] Kaufmann | Mycobacterium tuberculosis and the host response[END_REF].

Approximately one-third of all TB patients are seronegative for a single antigen; that is why the combination of proteins either separately or fused have been studied. Ag85B-Esat6, Ag85B-TB10.4 and Mtb10.4-HspX are vaccine candidates, where the first two combine proteins secreted early, while the third is based on dormant protein and early secretion [START_REF] Bekmurzayeva | Tuberculosis diagnosis using immunodominant, secreted antigens of Mycobacterium tuberculosis[END_REF]. 

I.3. Application of magnetic nanoparticles in biomedicine.

I.3.1. Magnetic Nanoparticles (MNPs).

Nanotechnology means development of technologies in nanometer scales. It is a multidisciplinary domain (physics, engineering, biology and medicine) with application in a wide range of areas. Nanomaterials used in biological and biomedical fields applications require nanoparticles with more stablished structure and complex design. In addition, nanotechnology allows to improve the diagnostic techniques that result in highperformance screening [START_REF] Smit | Polymer-coated magnetic nanoparticles and modified polymer nanofibers for the efficient capture of Mycobacterium tuberculosis ( Mtb ) by Marica Smit[END_REF]. Nanotechnology has been widely used in biomedical applications, especially in focused treatments and in the improvement of biomolecules detection [START_REF] Ito | Medical application of functionalized magnetic nanoparticles[END_REF]. For example, to capture biomolecules from infectious agents doing more efficient and faster the diagnostic methods [START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF]. In this sense, magnetic nanoparticles (MNPs) have demonstrated to have several applications in medicine, biotechnology and tissue bioengineering due to their magnetic, electrical and optical properties [START_REF] Ali | Synthesis, characterization, applications, and challenges of iron oxide nanoparticles[END_REF][START_REF] Unsoy | Magnetite: From Synthesis to Applications[END_REF].

The nanoparticles are structures in nanoscale, their operation improves when their size is between 10-20 nm [START_REF] Smit | Polymer-coated magnetic nanoparticles and modified polymer nanofibers for the efficient capture of Mycobacterium tuberculosis ( Mtb ) by Marica Smit[END_REF]. Nanoparticles have been widely studied because they have unique properties compared to bulk (Gatoo et al., 2005). These properties are determined by the size, structure, and physical-chemical composition of the surface and its core [START_REF] Smit | Polymer-coated magnetic nanoparticles and modified polymer nanofibers for the efficient capture of Mycobacterium tuberculosis ( Mtb ) by Marica Smit[END_REF]. A disadvantage of magnetic nanoparticle is its aggregation, reducing its specific surface area, its functionalization efficiency and its performance. In addition, the magnetic nanoparticles based in metals (Fe, Co or Ni) are chemically very active, oxidizing easily, generating a loss of magnetism and scattering capacity.

Iron oxides, γ-Fe2O3 (maghemite), Fe3O4 (magnetite) and the rest of the ferrites are widely used. Magnetite and maghemite have a closed cubic structure and are the most studied due to their electrical and magnetic properties for use in biological applications [START_REF] Smit | Polymer-coated magnetic nanoparticles and modified polymer nanofibers for the efficient capture of Mycobacterium tuberculosis ( Mtb ) by Marica Smit[END_REF]. However, it is magnetite that shows stronger magnetic properties; therefore, it has been used in more biomedical applications [START_REF] He | Natural Magnetite : an efficient catalyst for the degradation of organic contaminant[END_REF][START_REF] Smit | Polymer-coated magnetic nanoparticles and modified polymer nanofibers for the efficient capture of Mycobacterium tuberculosis ( Mtb ) by Marica Smit[END_REF]. Fe 2+ containing iron oxides readily oxidize to Fe 3+ , so they are chemically stabilized with organic species such as surfactants or polymers or coated with a layer of silica or carbon (Katia Caamaño, 2016). In this way, the nanoparticles can be protected from oxidation, their agglomeration is reduced and a subsequent functionalization is facilitated (Katia Caamaño, 2016).

A. Magnetic property of magnetic nanoparticles.

Magnetic effects are caused by movements of particles that have both mass and electric charges. These particles are electrons, holes, protons, and positive and negative ions. For example, in the case of magnetite, the dynamic states of Fe 2+ to Fe 3+ , and vice versa, are due to the movement of electrons in their orbitals, and this generates an electric charge in the particle. In this way, a rotating electric charge particle is generated, which at the same time creates a magnetic dipole, called a magneton. In the case of ferromagnetic materials, magnetons are associated in domains, where a magnetic domain refers to a volume of ferromagnetic material in which all magnets are aligned in the same direction by the exchange forces. Consequently, we have that when the size of a ferromagnetic material is reduced below a critical value, it becomes a single domain. This is because the free energy state is lower in ferromagnetic particles that are below a certain critical size, producing a uniform magnetization (single domain) for the particles and a non-uniform magnetization (multidomain) for larger particles [START_REF] Akbarzadeh | Magnetic nanoparticles : preparation , physical properties, and applications in biomedicine[END_REF].

The behavior of ferromagnetic materials in an applied magnetic field is described in a hysteresis loop, characterized by: remanence and coercivity. Where the 'thickness' of the curve determines the coercivity. In the case of very fine magnetic particles, coercivity depends mainly on the size of the material, and coercivity is the property of greatest interest. In the Figure I.13 is observed that as the particle size is reduced, the coercivity increases to a maximum and then decreases towards zero. This happens when the size of the single domain particles decreases further below a critical diameter. Such particles become superparamagnetic (coercivity is zero). The superparamagnetism depends on the temperature, it means that in superparamagnetic particles, the thermal fluctuations are able to spontaneously demagnetize a set of previously saturated particles (zero coercivity and they do not present hysteresis). So, the nanoparticles become magnetic in the presence of an external magnet but return to a non-magnetic state when the external magnet is removed.

This avoids an "active" behavior of the particles when there is no applied field. It means that there is no magnetic remanence. This behavior is important when magnetic particles are introduced into living systems, where the particles must have a magnetic behavior only in the presence of a magnetic field. There is a series of crystalline materials that exhibit ferromagnetism, among others Fe, Co or Ni. Since ferrite-magnetite oxide (Fe3O4) is the most magnetic of all natural minerals in the earth, it is widely used in the form of superparamagnetic nanoparticles for all kinds of biological applications [START_REF] Akbarzadeh | Magnetic nanoparticles : preparation , physical properties, and applications in biomedicine[END_REF][START_REF] Chamé | Síntesis y Caracterización de Nanopartículas Magnéticas[END_REF][START_REF] Rockenberger | A New Nonhydrolytic Single-Precursor Approach to Surfactant-Capped Nanocrystals of Transition Metal Oxides[END_REF]. Materials are classified by their response to an externally applied magnetic field. There are different basic types of magnetism, according to the behavior of the orientations of the magnetic domains:

-Diagmagnetism: In the presence of an externally applied magnetic field, the atomic current loops created by the orbital motion of the electrons respond to oppose the applied field. All materials show this kind of weak repulsion to a magnetic field known as diamagnetism. However, diamagnetism is very weak and, therefore, any other form of magnetic behavior of the material can overcome the effects of current loops [START_REF] Akbarzadeh | Magnetic nanoparticles : preparation , physical properties, and applications in biomedicine[END_REF]. The magnetic moments are in an antiparallel way canceling the magnetism. They are nonmagnetizable materials, not attracted but slightly repelled by a magnetic field [START_REF] Chamé | Síntesis y Caracterización de Nanopartículas Magnéticas[END_REF].

-Paramagnetism: Materials that have ferromagnetism have aligned atomic magnetic moments of equal magnitude, and their crystalline structures allow direct coupling interactions between moments, which can greatly increase the flux density (for example, Fe, Ni and Co). In addition, the moments aligned in ferromagnetic materials can confer a spontaneous magnetization in the absence of an applied magnetic field. Materials that retain permanent magnetization in the absence of an applied field are known as hard magnets [START_REF] Akbarzadeh | Magnetic nanoparticles : preparation , physical properties, and applications in biomedicine[END_REF]. The paramagnetic materials are weakly attracted by a magnetic field and have a small tendency to magnetization. Among them we have:

Aluminum, magnesium, molybdenum, lithium, chromium, platinum, copper sulphate, tin, potassium, and others [START_REF] Chamé | Síntesis y Caracterización de Nanopartículas Magnéticas[END_REF].

-Ferromagnetism: Electrons interact through an exchange mechanism in the case of metals (metal oxides), causing a strong increase in magnetic flux density. Ferromagnetic materials are easily magnetized, strongly attracted by a magnetic field and able to retain their magnetization after the magnetizing force has been removed (hard magnets). Among them we have: iron, nickel, cobalt, gadolinium, most steels, cobalt and nickel alloys, and copper, manganese and aluminum alloys (Katia Caamaño, 2016).

-Superparamagnetism: Magnetic moments are easily oriented in the presence of a magnetic field, but immediately lose their orientation by eliminating the field (eliminating a remaining magnetization) [START_REF] Chamé | Síntesis y Caracterización de Nanopartículas Magnéticas[END_REF]. The Figure I.14 shows that under an external magnetic field, domains of a ferromagnetic nanoparticles align with the applied field. The magnetic moment of single domain superparamagnetic nanoparticle aligns with the applied field. In the absence of an external field, ferromagnetic nanoparticles will maintain a net magnetization, whereas superparamagnetic nanoparticles will exhibit no net magnetization due to rapid reversal of the magnetic moment. In addition, the curve shows the relationship between nanoparticle size and the magnetic domain structures [START_REF] Akbarzadeh | Magnetic nanoparticles : preparation , physical properties, and applications in biomedicine[END_REF].

B. Synthesis of magnetic nanoparticles.

The synthesis of magnetic nanoparticles are developed with the aim of obtaining a uniform material, predictable reproducibility and control of their properties based on the manipulation of the parameters of the synthesis. The synthesis techniques can be divided into processes that produce particles from solutions (precipitations, coprecipitations, microemulsions and polyol), from aerosol/vapor phases (pyrolysis by pulverization and pyrolysis by laser), and those that produce compounds of nanoparticles consisting of magnetic particles surrounded by organic and inorganic matrices. One of the most important factors during the synthesis of nanoparticles is the control of the particle size, the size distribution and the reduction of particle agglomeration [START_REF] Warren | Synthesis , Characterization , and Functionalization of Magnetic Iron Nanoparticles for Enhanced Biological Applications[END_REF].

-Precipitation.

Precipitation is a method to synthesize uniform particles, where there are two stages: nucleation and growth of the particle nuclei. It is observed that in a homogeneous precipitation, nucleation is rapid when the solute concentration reaches a critical point of (curve II). On the other hand, the formation of larger particles can occur at the expense of the smaller particles (curve III) [START_REF] Lamer | Theory, Production and Mechanism of Fromation of Monodispersed Hydrosols[END_REF][START_REF] Warren | Synthesis , Characterization , and Functionalization of Magnetic Iron Nanoparticles for Enhanced Biological Applications[END_REF]. This is known as the maturation of Oswald, where the molecules on the surface are less stable than those in the interior, generating a difference in energy. But the system will try to decrease its total energy, causing the atoms on the surface to leave the largest particle. As a result, the solution becomes saturated with the small particles, and these are re-deposited on the surface of the larger particles. This behavior of contraction and growth of the particles generates larger diameter particles averaged. Over time, the particles become a large particle to minimize the total surface area. This means that there is an indirect relation between the particle size and the proportion of atoms on the surface of the particles (Figure [START_REF] Cambier | Production of catalysts with an inductive atmospheric plasma torch[END_REF][START_REF] Warren | Synthesis , Characterization , and Functionalization of Magnetic Iron Nanoparticles for Enhanced Biological Applications[END_REF]. Thus, larger particles promote a lower energy state of the solution. Therefore, the solution will decrease its total energy because the smaller particles are bonded to the surface of the larger particles. Finally, a solution with a relatively homogeneous particle size distribution will be obtained; however, this also generates an agglomeration of the particles. This may occur during synthesis, drying or post-synthesis processing. Therefore, it is important to use a compound that covers the surface of the particles (shell) to avoid agglomeration. For example, surfactants can be used during synthesis to increase repulsive forces between particles [START_REF] Warren | Synthesis , Characterization , and Functionalization of Magnetic Iron Nanoparticles for Enhanced Biological Applications[END_REF].

I.16)
Figure I.16: Indirect relation between particle size (nm) and percentage of atoms on particle surface [START_REF] Cambier | Production of catalysts with an inductive atmospheric plasma torch[END_REF].

-Co-precipitation.

Coprecipitation is a simple, economical and effective method for the synthesis of magnetic nanoparticles of iron oxide. This method consists in a stoichiometric mixture of ferrous and ferric salts in an aqueous alkaline solution. According to the thermodynamic energy of the reaction, the complete precipitation of Fe3O4 occurs at a pH between 8 and 14, in a non-oxidizing environment. The stability of size and shape of the nanoparticles obtained depending on the type of salt used, the ratio of ferric and ferrous ions, reaction temperature, pH values, ionic strength of the medium and other reaction parameters such as, the agitation speed and the rate of addition of the basic solution (Katia Caamaño, 2016;[START_REF] Sánchez Paradinas | Nanopartículas como herramientas en procesos bio-químicos[END_REF]. It has been shown that by adjusting the pH and the ionic strength of the reaction solution, it is possible to control the average particle size from 2 nm to 15 nm. This is because by increasing the pH and the ionic strength of the reaction solution, there is a general trend in the reduction of the nanoparticle size. This can be explained because the pH and the ionic strength affect the composition of the surface and the surface charge of the particles [START_REF] Thapa | Properties of magnetite nanoparticles synthesized through a novel chemical route[END_REF][START_REF] Warren | Synthesis , Characterization , and Functionalization of Magnetic Iron Nanoparticles for Enhanced Biological Applications[END_REF].

Fe 2+ + 2Fe 3+ + 8OH -→ Fe3O4(↓) + 4H2O
MNP synthesis under nitrogen or argon gas is important because exposure to the ambient atmosphere causes the surface of the Fe3O4 nanoparticles to be often covered with a multilayer of α-Fe2O3 (hematite) and monolayers of surface hydroxyl and water physically adsorbed [START_REF] Ali | Synthesis, characterization, applications, and challenges of iron oxide nanoparticles[END_REF][START_REF] Smit | Polymer-coated magnetic nanoparticles and modified polymer nanofibers for the efficient capture of Mycobacterium tuberculosis ( Mtb ) by Marica Smit[END_REF][START_REF] Unsoy | Magnetite: From Synthesis to Applications[END_REF].

-Thermal decomposition.

This type of reaction is based on decomposition processes of compounds in organic solvents at high temperatures. In order to increase the size of these nanoparticles, higher boiling solvents can be used, which can reach up to 20 nm of core size (Katia Caamaño, 2016).

C. Stabilization of Magnetic Particles.

Size stabilization of the nanoparticles is a very important factor to avoid their aggregation, and thus be able to be used in biological applications. However, other factors like the type and concentration of salts, ionic strength of media, reaction temperature, can influence the size, the shape and the magnetic properties of MNPs [START_REF] Unsoy | Magnetite: From Synthesis to Applications[END_REF].

Stabilizing particles means balancing the forces of attraction and repulsion. Stabilization can be easily achieved by exploiting these forces by encapsulating the particles in organic and inorganic matrices [START_REF] Warren | Synthesis , Characterization , and Functionalization of Magnetic Iron Nanoparticles for Enhanced Biological Applications[END_REF]. In order to avoid destabilization due to the formation of aggregates, or attraction forces between the magnetic nanoparticles, the iron oxide cores must have a suitable surface coating (ligands or biocompatible polymers).

However, in some cases the saturation magnetism becomes weaker when a shell is used.

The most commonly used coatings in the preparation of biocompatible iron oxide suspensions are polymers such as polyethylene glycol (PEG), carboxymethylated dextran, dextran, arabinogalactan, glycosaminoglycan, polyvinyl alcohol, polyoxamines, alkoxy silanes, etc [START_REF] Demin | Covalent surface modification of Fe3O4 magnetic nanoparticles with alkoxy silanes and amino acids[END_REF][START_REF] Makovec | The formation of magnetic carboxymethyl-dextrane-coated iron-oxide nanoparticles using precipitation from an aqueous solution[END_REF]. In the case of the dextran coating, it is suggested that the main mechanism of adsorption is the formation of multiple hydrogen bonds between the hydroxyl groups of the dextran molecule and the surface of the iron oxide particles [START_REF] Rodríguez | Síntesis y funcionalización covalente de nanopartículas superparamagnéticas para imagen biomédica[END_REF].

On the other hand, to control the reactivity of the iron nanoparticles with the air (pyrophoric), the nanoparticles have been alloyed with a less reactive metal layer, to serve as an oxygen barrier. For example, iron-platinum nanoparticles or iron particles coated with gold, gadolinium and magnesium. Although gold is ideal because of its inertia towards oxidation and its ability to easily functionalize a variety of thiol groups on the surface; it has been observed that iron nanoparticles coated with gold are magnetically weak [START_REF] Lin | Gold-Coated Iron (Fe@Au) Nanoparticles : Synthesis , Characterization , and Magnetic Field-Induced Self-Assembly[END_REF].

On the surface of the iron nanoparticles the hydroxyl functional groups can be observed with two pairs of isolated electrons together with a dissociable hydrogen atom, allowing an 'acid-base' behavior of the particles. This means that the iron particles are amphoteric, therefore it is important to know the surface charge for the stabilization of the particles, as well as their reactivity with other ligands [START_REF] Tamura | Surface Hydroxyl Site Densities on Metal Oxides as a Measure for the Ion-Exchange Capacity[END_REF].

The charged surface of the hydrodynamic layer surrounding a nanoparticle has two parts: internal region (Stern layer), with strong bonds between the ions; external region (diffuse), with ion-free binding. However, there is a limit inside the diffuse layer where the ions of the particles stabilize. It means, that the ions move within this limit when the nanoparticles move in the solution. Ions that are above the limit tend to stay behind in the bulk fluid. The potential in this limit is called zeta potential; which predicts the stability of the colloidal system (Figure I.17). For example, in a particle suspension a high negative or positive zeta potential prevents the nanoparticles from aggregation and/or precipitating.

An important factor that affects the zeta potential in iron oxides in solution is pH. The zerocharge point (isoelectric point) (pH range 6-10) of an iron oxide is equal to the pH at which the charge at the surface is zero. It means that at this pH there is an equilibrium between the adsorbed compounds with positive charge and with a negative charge on particle surface. In this sense, at a pH lower than the point of zero charge, the FeOH 2+ group will predominate on the surface of the particle; but when the pH increases the FeO -groups increase. At the zero charge point, the FeOH 2+ number will be equal to the FeO -number [START_REF] Shaw | Colloid And Surface Chemistry[END_REF]. The inorganic and organic coatings of the surface of the particles, allows to produce particles with important properties that the uncoated particles lack. The polymers with opposite charge to the surface of the nanoparticles, can be gradually adsorbed to form a layer-by-layer accumulation on the particles. Polymer coatings prevent aggregation of the particles, protect the surface from oxidation and reduce toxicity. The coatings can be made during the synthesis (in situ) or after the synthesis.

At the same time, the iron oxide particles have been coated with inorganic compounds that make them more stable in solution and allows the immobilization of biological ligands to the surface of the particle. For example, by using silane groups on the particle surface, many specific ligands (bio-molecules) can be coupled. This is because silane groups improve chemical stability and also provide protection against toxicity. For the amino-silanization, the (3-aminopropyl) tri-etoxysilane compound (APTES) is mostly used, since it allows the coupling of silanes, and exposes amino groups on the surface of the magnetic iron oxide nanoparticles. This allows a broad use of these nanoparticles in biological applications, such as bioseparation, in diagnosis as an MRI contrast agent, in the transport of magnetically controlled drugs and in hyperthermia. In this sense, knowing and controlling the characteristics and physical-chemical properties of nanoparticles is of great importance [START_REF] Ito | Medical application of functionalized magnetic nanoparticles[END_REF][START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF]. The coating of the particles with silica can be carried out by hydrolysis and condensation of a precursor (tetra-ethyl-orthosilicate, TEOS) (Strober method). On the other hand, a silicic acid solution can be used for the deposition of silica on the surface. Finally, micelles can also be used to confine and control the coating of the iron nanoparticles with silica [START_REF] Barnakov | Manipulation of the Magnetic Properties of Magnetite -Silica Nanocomposite Materials by Controlled Stober Synthesis[END_REF][START_REF] Warren | Synthesis , Characterization , and Functionalization of Magnetic Iron Nanoparticles for Enhanced Biological Applications[END_REF]. [START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF], reported that although the kinetics of the formation of layers of the Fe-O-Si bond between the nanoparticles is relatively simple, precise control of the formation of layer quality has been a difficult task. Silane binding can exist in physisorption, hydrogen bonding or electrostatic binding, or covalent binding. In addition, one or more layers can be formed on the surface, and this can influence the binding of biomolecules [START_REF] Acres | Molecular Structure of 3-Aminopropyltriethoxysilane Layers Formed on Silanol-Terminated Silicon Surfaces[END_REF].

The general silanization sequence follows by the hydrolysis of the triethoxyl groups into trihydroxyl groups and then the polycondensation of the hydroxyl groups with the surface hydroxyl groups of the MNP surface. However, different reactions can occur that generate heterogeneous layers on the surface of the nanoparticles (Figure I.18). For example, after hydrolysis, the silanol groups can react with the hydroxyl groups on the surface, leading to silanization of the surface. The ligands immobilized on the surface are then condensed with neighboring silanol groups which form a monolayer or a highly branched polycondensed structure. This can be controlled by using different solvents in the silanization reaction, as well as different temperatures in a slow incubation process (Liu et al., 2013). ). The iron nanoparticles loaded with the drug in combination with an external magnetic field are transported to the specific organ and / or tissue. At the local site, the media is released and acts locally (magnetic orientation of medicines). This can eliminate side effects as well as reduce the dose of the medication [START_REF] Gupta | Recent advances on surface engineering of magnetic iron oxide nanoparticles and their biomedical applications[END_REF]. 

B. Hyperthermia.

It consists in the manipulation of the magnetic field of the superparamagnetic iron oxide to allow the transfer of magnetic energy in the form of heat, generating for example an increase in the temperature of tumor tissues to destroy pathological cells by hyperthermia. The principle is that tumor cells are more sensitive to temperature rise than healthy cells [START_REF] Behrouzkia | Hyperthermia: How Can It Be Used?[END_REF]. The advantage of magnetic hyperthermia is its focused action to the tumor area. In addition, nanoparticles (single domain) are preferable to microparticles (multidomain), because the former absorbs much more energy and does not have magnetic remanence [START_REF] Kim | Designed fabrication of multifunctional magnetic gold nanoshells and their application to magnetic resonance imaging and photothermal therapy[END_REF].

C. Magnetic Resonance Imaging (MRI).

Magnetic resonance imaging (MRI) is a powerful tool used for noninvasive molecular and cellular imaging. MNPs have been examined extensively as MRI contrast agents to improve the detection, diagnosis, and therapeutic management of solid tumors [START_REF] Conroy | Magnetic Nanoparticles in MR Imaging and Drug Delivery[END_REF] There are three groups of contrast agents: T1 agents provide positive contrast (bright signal) by shortening the longitudinal relaxation time of surrounding water molecules, T2 agents (black signal) shorten the transverse relaxation time of water protons, and the chemical exchange saturation transfer (CEST) [START_REF] Mao | Functional Nanoparticles for Magnetic Resonance Imaging[END_REF].

In addition, the biocompatibility and versatility of the chemistry that can be carried out on its surface of the MNPs, are added advantages. The contrast agent with enhancement in T2 is the most used in MRI, darkening the tissues in which they accumulate [START_REF] Cheng | Biomaterials Curcumin-conjugated magnetic nanoparticles for detecting amyloid plaques in Alzheimer ' s disease mice using magnetic resonance imaging ( MRI )[END_REF][START_REF] Herranz | Superparamagnetic Nanoparticles for Atherosclerosis Imaging[END_REF]. However, the black signal it provides is, in many cases, complicated to identify in the presence of hypointense signals (bleeding, presence of Ca 2+ , etc.). For this reason, contrast agents with T1 enhancement are gaining popularity [START_REF] Bhavesh | T1-MRI Fluorescent Iron Oxide Nanoparticles by Microwave Assisted Synthesis[END_REF]. after the injection of iron oxide nanoparticles as T1 contrast agents [START_REF] Bhavesh | T1-MRI Fluorescent Iron Oxide Nanoparticles by Microwave Assisted Synthesis[END_REF]. [START_REF] Bhavesh | T1-MRI Fluorescent Iron Oxide Nanoparticles by Microwave Assisted Synthesis[END_REF] reported fluorescein-labeled extremely-small iron oxide nanoparticles (fdIONP) for cell labeling and T1-MRI. The small nanoparticles coated with FITC-CM Dextran (4 kDa) were produced in a single step using fast microwave assisted method [START_REF] Bhavesh | T1-MRI Fluorescent Iron Oxide Nanoparticles by Microwave Assisted Synthesis[END_REF]. The nanoparticle synthesized (TEM: 2.5 ± 0.2 nm and DLS: 21.5 nm) had a negative surface charge (-15.8 mV) and magnetite and maghemite in their composition. These fdIONP were used for in vivo positive contrast MRI in mice (Figure I.20), demonstrating to be efficient due their small size and biocompatible surface coating [START_REF] Bhavesh | T1-MRI Fluorescent Iron Oxide Nanoparticles by Microwave Assisted Synthesis[END_REF].

Similarly, hybrid nanoparticles have been developed in recent years, as well as liposomes conjugated with contrast agents to improve MRI [START_REF] Mao | Functional Nanoparticles for Magnetic Resonance Imaging[END_REF]2017).

D. Bio-separation.

This application is widely used for the separation of specific biomolecules (DNA, proteins, viruses and cells) from their native environment. For this application it is preferred to use superparamagnetic colloids because it has no magnetic remanence, allowing the transport of biomolecules with a magnetic field. One of the trends is magnetic separation using antibodies to specifically capture their corresponding antigens on the surface of the target species [START_REF] Maximilien | Nanoparticles in Biomedical Applications[END_REF][START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF] Magnetic bioseparation has been widely researched for biomedical applications, since the method is simple, robust and versatile, in addition to the important properties of MNP, such as low toxicity, biocompatibility and large surface to volume ratios [START_REF] Maximilien | Nanoparticles in Biomedical Applications[END_REF]. On the other hand, the whole process can take place in a single test tube, it is enough to use functionalized nanoparticles and a magnetic force that allows the separation of specific molecules [START_REF] Hira | Magnetic nanoparticles for bioseparation[END_REF].

I.3.3. Applications of magnetic nanoparticles in tuberculosis diagnosis.

Currently, MNPs have been introduced in different strategies to improve TB diagnosis. However, many of these methods have not yet been massively implemented because more field studies are required or that technique implementation demands a higher cost due to the technology used for these assays [START_REF] Lawn | Advances in Diagnostic Assays for Tuberculosis[END_REF].

Cheon et al., 2019 reported a specific DNA-aptamer to recognize an antibody [START_REF] Cheon | Colorimetric Detection of MPT64 Antibody Based on an Aptamer Adsorbed Magnetic Nanoparticles for Diagnosis of Tuberculosis[END_REF]. They developed a colorimetric biosensing system to capture the anti- Bhusal et al 2019, reported a nanoparticle-based colorimetric biosensing assay (NCBA) to detect acid-fast bacilli (AFB) in decontaminated sputum samples [START_REF] Bhusal | Nanoparticle-Based Biosensing of Tuberculosis , an Affordable and Practical Alternative to Current Methods[END_REF]. Basically, the strategy was to isolate AFB from decontaminated sputum samples using the glycan-coated magnetic nanoparticles (GMNP). The GMNP-AFB complex was separated using a magnet. The complex was stained and observed under a light microscope

(Figure I.23).
The GMNP captures MTB cells through glycan-glycoprotein interaction, because the MTB cell envelope is rich in complex carbohydrates and glycoproteins that bind with the GMNP. Although glycan-glycoprotein interaction is not specific only to pulmonary TB, it is observed that environmental and non-pathogenic mycobacteria are usually absent in TB sputum samples. The method was able to detect 10 2 CFU/mL. Also, NCBA was validated with 500 sputum samples from TB patients, with an accordance of 100 % of sensitivity with the Xpert system. [START_REF] Bhusal | Nanoparticle-Based Biosensing of Tuberculosis , an Affordable and Practical Alternative to Current Methods[END_REF]. Another example is the magnetophoretic immunoassay (MPI) designed to capture CFP10 antigens using gold and magnetic nanoparticles. For antigen recognition, two specific monoclonal anti-CFP10 (G2 and G3) were immobilized on the nanoparticle surface. The gold NPs (diameter: 55 nm) were used for signaling, and the gold clusters on magnetic nanoparticles were used for separation (Figure I..24). The detection limit of the method was 0.3 pM, and it was able to detect specifically CFP10 in MTB culture from day 3. The method had sensitivity and specificity of 88.4%, and 80.9%, respectively. However, this method showed cross reaction with CFP10-like proteins present in non-tuberculous mycobacterial clinical isolates, resulting in false-positives (Kim et al., 2017). 

NOTE:

The doctorate is part of a collaboration program (cotutelle) between the Peruvian University Cayetano Heredia (UPCH) and the University of Bordeaux (UBx). Due to the domains covered in this research, and in compliance with the guidelines of both universities, the doctoral thesis presents a structure with the objective that it can be easily understood by professionals from different scientific fields.

Each chapter has been divided into 4 subchapters: narrative description, experimental section (methodology), results and discussion. The structure of narrative description -experimental section is a format widely used in the domain of chemical sciences, while the structure of methodology -results -discussion is a standard format in the area of biology. In each chapter, the narrative description shows merged results and discussion. The experimental section (methodology) describes the materials and methods used in this chapter. The results and discussion sections have the same content as the previously described narrative description, but they are separated. This means that reading the narrative description -experimental section (methodology) is the equivalent of reading experimental section -results -discussion.

Despite the redundancy of information between narrative section and resultsdiscussion, this format is justified for easy understanding for chemists (narrative sectionexperimental section) and biologists (experimental section -results -discussion).

Chapter II: Selection, cloning, expression of recombinant MTB antigenic proteins and production of polyclonal hyperimmune antibodies.

Chapter II Selection, cloning, expression of recombinant MTB antigenic proteins and production of polyclonal hyperimmune antibodies.

Abstract:

Introduction: Secretory and superficial MTB proteins, which have not been evaluated in sputum samples yet, were considered in this study. The selected recombinant proteins from M. tuberculosis were: rHsp16.3, rMPT64, rMTC28, rMoeX, r38 kDa protein, rAg85B, rESAT6, and rCFP10.

Methodology: Recombinant MTB proteins were selected, amplified, cloned and expressed in E. coli BL21 (DE3) pLysS, using as inductor IPTG. Almost all proteins were induced at 37 °C, overnight (ON), however rHsp16.3 and rCFP10 proteins were expressed at room temperature (RT), ON, while rESAT6 was expressed at 37 °C for 4 h. The IPTG concentration was 0.5 mM, except in MTC28 (0.6 mM), rAg85B, rMoeX and rESAT6 (0.65 mM) and in r38kDa (0.8 mM). The expressed proteins, tagged with 6xHis, were purified by affinity chromatography using HisTag columns. Purified recombinant MTB proteins were used for the immunization of New Zealand rabbits and BALC/C mice to produce polyclonal hyperimmune antibodies. The elicited antibodies over time were evaluated by an indirect ELISA. The sera dilution standardization was performed in an indirect ELISA and in a sandwich ELISA to evaluate the capacity of detecting the selected proteins.

Results: All recombinant proteins were successfully produced in E. coli. A production of high titers of polyclonal antibodies for each purified recombinant antigen was observed. In the case of antibody evaluation using the sandwich ELISA assay, different folds were obtained. In CFP10 and ESAT6 low folds (< 2.0) were observed. The Hsp16.3, MTC28

and 38 kDa presented folds ˃ 2.28. In the case of the specific sera for MoeX, Ag85B and MPT64, the highest folds were observed (˃ 5.0).

Discussion:

The selected proteins: rHsp16.3, rMPT64, rMTC28, rMoeX, r38 kDa protein, rAg85B, rESAT6, and rCFP10, presented promising conditions to be considered as potential antigens for the diagnosis of TB. A high production of polyclonal antibodies was observed in the experimental animals, demonstrating the high immunogenicity of the recombinant proteins. On the other hand, in the sandwich ELISA assays varied folds were observed for each pair of antibodies (rabbit-mouse).

Conclusion:

The selected proteins were successfully produced in the bacterial system. The recombinant proteins were immunogenic, elicitating antibodies in both immunized experimental animals.

NOTE:

This chapter has been divided into 4 subchapters: narrative description (II.1), experimental section (methodology, II.2), results (II.3) and discussion (II.4). The structure of narrative description -experimental section is a format widely used in the domain of chemical sciences, while the structure of methodology -results -discussion is a standard format in the area of biology. In this chapter, the narrative description shows merged results and discussion. The experimental section describes the materials and methods used in this chapter. The results and discussion sections have the same content as the previously described narrative description, but they are separated. This means that reading the narrative description -experimental section is the equivalent of reading experimental section -results -discussion. Despite the redundancy of information between narrative section (II.1) and resultsdiscussion (II.3 and II.4), this format is justified for easy understanding for chemists (narrative section -experimental section) and biologists (experimental section -results -discussion).

II.1. NARRATIVE DESCRIPTION.

II.1.1 Selection of MTB antigens.

The MTB life cycle could be separated into three main stages: latent, reactivating, and active TB [START_REF] Ottenhoff | New pathways of protective and pathological host defense to mycobacteria[END_REF]. In each stage, a differential MTB gene expression is observed [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF]. MTB antigens selected in this study are listed in Table II.1. To select specific MTB biomarkers inclusion and exclusion criteria were considered:

Inclusion criteria:

-Secretory and non-secretory antigens that have been previously used in diagnostic tests were included, either for the detection of antigens or antibodies.

-Abundant secretory proteins, which are specific for the complex of Mycobacterium tuberculosis (MTBC), were included.

-Antigens that have been used in more than two publications related to TB diagnosis were considered.

Exclusion criteria:

-Antigens that have been proven to cross-react with mycobacteria that are not part of the MTBC were excluded.

-Antigens expressed in mycobacteria that are not part of MTBC were excluded.

-Antigens that have not been used in any type of diagnostic method were excluded.

At least one diagnostic test for all selected TB antigens has been described. Most of the tests used for the diagnosis were immunological assays (ELISA) to detect specific human anti-MTB antibodies. However, assays to detect DNA and antigens present in MTB are also described. -ELISA: enzyme-linked immunosorbent assay.

-PCR: polymerase chain reaction -AuNRs-Ag85B-SiQDs: gold nanorods-Ag85B-silica-coated quantum dots.

-IEB: immune-electrochemical biosensor.

-Au-IDE/CFP10-ESAT6 aptamer/DNA-AuNPs MSPQC: gold-interdigital electrode/CFP10-ESAT6 aptamer/DNA-gold nanoparticles multiple channel of the series piezoelectric quartz crystal.

-DND MALDI-TOF MS: detonation nanodiamonds (DNDs) and matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF MS).

-SPR spectroscopy: surface plasmon resonance spectroscopy.

II.1.2. Cloning and expression of recombinant proteins from MTB.

Although some antigens, as lipoarabinomannan (LAM), have already been described in biological samples from TB patients (Pereira [START_REF] Arias-Bouda | Development of antigen detection assay for diagnosis of tuberculosis using sputum samples[END_REF], others secretory and superficial MTB proteins have not been evaluated in sputum samples yet. In this study, rHsp16.3, rMPT64, rMTC28, rMoeX, r38 kDa protein, rAg85B, rESAT6, and rCFP10, from M. tuberculosis were expressed in the E. coli bacterial system.

The coding DNA sequences of selected proteins were amplified with the conditions described in the methodology (Section II.2, page 107). After amplification and cloning of coding DNA sequences, the recombinant proteins (rHsp16.3,rMPT64,rMTC28,rMoeX,r38 kDa protein,rAg85B,rESAT6 and rCFP10) were produced successfully in the E. coli bacterial system. All proteins were induced to an optic density (OD) of 0.6-0.8, corresponding to a logarithmic phase culture. Most of them were induced at 37 °C, ON, but rHsp16.3 and rCFP10 proteins were expressed at RT, ON.

Additionally, rESAT6 was expressed at 37 °C, 4 h. The IPTG concentration was 0.5 mM, except for MTC28 (0.6mM), rAg85B, rMoeX and rESAT6 (0.65 mM) and for r38kDa (0.8 mM). Most of the recombinant proteins were found in the insoluble fraction, however rESAT6, rHsp16.3 and rCFP10 proteins were found in the soluble fraction of the induced culture.

Recombinant proteins were purified by affinity chromatography. All recombinant antigens, except ESAT6, presented an additional 1 kDa because of the 6xHis tag added.

Eluted recombinant proteins formed peaks at different imidazole concentrations. Most of them eluted between 100 -300 mM Imidazole in 20 mM phosphate buffer, pH 7.4. The cloning and expression protocol of each specific MTB antigen is described in detail below.

-Cloning and expression of rHsp16.3.

Hsp16.3 is the most abundant M. tuberculosis secreted protein during latent stage (nonreplicative), but it is reduced when the bacteria is in the logarithmic growth phase [START_REF] Sutherland | Analysis of host responses to Mycobacterium tuberculosis antigens in a multi-site study of subjects with different TB and HIV infection states in sub-Saharan Africa[END_REF]. It plays an important role in the survival of the mycobacteria and in the immune response of the host to the infection [START_REF] Meng | Identification of latent tuberculosis infection-related microRNAs in human U937 macrophages expressing Mycobacterium tuberculosis Hsp16.3[END_REF]. In addition, Hsp16.3 is frequently recognized in the TB patient sera [START_REF] Kennaway | Dodecameric Structure of the Small Heat Shock Protein Acr1 from Mycobacterium tuberculosis[END_REF]. These findings make the Hsp16.3 protein a potential biomarker for the TB diagnosis.

Cloning of Hsp16.3:

In our study, Hsp16.3 amplicon presented a length of 459 bp including the histidine tail (6xHis); and it was inserted between the restriction sites NcoI and XhoI (Appendix

1.1, page 269).

The coding sequence of Hsp16.3 was successfully ligated into the plasmid pET28a (+). (previously reported) could explain why proteins were precipitated over time [START_REF] Kennaway | Dodecameric Structure of the Small Heat Shock Protein Acr1 from Mycobacterium tuberculosis[END_REF]. On the other hand, [START_REF] Kennaway | Dodecameric Structure of the Small Heat Shock Protein Acr1 from Mycobacterium tuberculosis[END_REF] reported that Hsp16.3 forms a single set tetrahedral dodecameric assembled from dimers, being compatible with the original structural properties of the family of HSPs [START_REF] Kennaway | Dodecameric Structure of the Small Heat Shock Protein Acr1 from Mycobacterium tuberculosis[END_REF].

N° of collected fractions

In a phylogenetic analysis (Appendix 1.3 and 1.4, both in page 271) is observed that the amino acid sequence of Hsp16.3 of MTB differs from HSP of other mycobacteria,

showing high specificity for the MTB complex.

-Cloning and expression of rMPT64.

MPT64 (~23 kDa) is a secreted protein restricted to members of the Mycobacterium tuberculosis complex (MTBC). It is able to induce T cell responses and cutaneous reactions in TB infected animals (Roche et al., 1996).

Previously, the expression of MPT64from MTB was reported by [START_REF] Chu | Expression, purification, and characterization of protective MPT64 antigen protein and identification of its multimers isolated from nontoxic Mycobacterium tuberculosis H37Ra[END_REF], they inserted the coding DNA sequence in pET23a(+) and expressed the protein in E. coli BL21 system. The MPT64 analysis was performed to study the pathogenicity of MTB, in order to develop a vaccine based on MPT64 [START_REF] Chu | Expression, purification, and characterization of protective MPT64 antigen protein and identification of its multimers isolated from nontoxic Mycobacterium tuberculosis H37Ra[END_REF].

In our study, a rMTP64 from MTB is cloned and expressed to be used for polyclonal antibodies production and ELISA tests.

Cloning of rMPT64:

A slight size difference of the purified plasmids pET28a-MPT64 (lanes 1-3) compared with pET28a alone (lane 4) is observed in The sequencing corroborated the previous results, variation or mutation in the sequence were not observed (Appendix 1.6, page 273).

Expression and purification of MPT64:

In addition, [START_REF] Chu | Expression, purification, and characterization of protective MPT64 antigen protein and identification of its multimers isolated from nontoxic Mycobacterium tuberculosis H37Ra[END_REF] reported an expression protocol of MTP64. Unlike traditional protocols, in which proteins are expressed at 37 °C, MPT64 was better expressed at 20 °C with 10 mM IPTG for 22 h. The protein concentration was increased in the time (24 h). MPT64 expressed at 37 °C and 30 °C (under the same conditions) were lower than at 20°C. The protein was insoluble, but after refolding it was aggregated to become tetramers. High concentrations of β-mercaptoethanol (8%-20%) decreased the tetrameric and dimeric structures. However, the aggregation was very stable suggesting an intermolecular covalent interaction between MTP64 subunits with disulfide bonds [START_REF] Chu | Expression, purification, and characterization of protective MPT64 antigen protein and identification of its multimers isolated from nontoxic Mycobacterium tuberculosis H37Ra[END_REF].

In our case, the MPT64 protein was slightly larger (26 kDa), and it was evaluated in E. MPT64 protein structure is composed mostly of β-sheet strands and tetrameric aggregates can be observed, suggesting strong protein-protein interactions via disulfide bonds between MPT64 subunits. Due to strong interactions, important properties related to Mycobacterium virulence, can be attributed to MPT64 protein [START_REF] Chu | Expression, purification, and characterization of protective MPT64 antigen protein and identification of its multimers isolated from nontoxic Mycobacterium tuberculosis H37Ra[END_REF].

The amino acid sequence and the modeled structure of rMPT64 is observed in Figure II.11.

It is corresponded to MPT64 previously reported for MTB. Phylogenetic analysis shows a high specificity of MPT64 protein for the MTB complex (Appendix 1.7 And 1.8, pages 274 and 275 respectively). -Cloning and expression of rMTC28.

N° of collected fractions

MTC28 (28 kDa) is an extracellular protein and actively secreted by MTB. MTC28 is found in the early culture filtrate of MTB and like many of the MTB extracellular proteins, it elicits immune responses in guinea pigs immunized with live mycobacteria [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF].

Cloning of rMTC28:

The coding sequence of MTC28 was successfully inserted into the plasmid pET28a (+). Figure II.12 shows the clones with the pET28a-MTC28 construct inside, run on 1-3 and 5-6 lanes. In the electrophoresis of DNA (1.2 % agarose gel) the clones 1-3 and 6-7

present the coding MTC28 sequence inserted into the plasmid. A difference size (800 bp)

was observed between the plasmid without insert (5369 bp) and the clones pET28a-MTC28 (6169 bp) (Appendix 1.9, page 275). kb.

An alignment (Appendix 1.10, page 277) of sequencing clones shows that clone pET28a-MTC28, run on lane 6, has a better performance. It could be due to better quality of the plasmid DNA (without impurities). So, it presents less ambiguities and it is identical to theoretical MTC28 sequence. The sequence of a clone (lane 7) has undefined nucleotides (N), not presenting a 100% correspondence with the theoretical MTC28 sequence.

Consequently, this clone (lane 7) was excluded, using only the clone run on lane 6.

Expression and purification of rMTC28:

The protein rMTC28 (33 kDa) was evaluated in two expression systems. A higher expression was observed in E. coli BL21 DE3 compared with E. coli BL21 (DE3) pLysS.

The expression parameters were 0.5-0.65 mM IPTG (there was no variation in expression) Yamaguchi et al. (1989) reported that the abnormally slow migration in SDS-PAGE, is a common property of proline-rich MTC28 [START_REF] Yamaguchi | Cloning and Characterization of the Gene for Immunogenic Protein MPB64 of Mycobacterium bovis BCG[END_REF]. It could N° of collected fractions explain some variations in the protein molecular weight migration observed in some SDS-PAGE (data not shown). [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF] observed that a MTC28 (28.66 kDa) protein migrated in SDS-PAGE with an apparent molecular mass of 49 kDa [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF].

It could be attributed to the rigidity and reduced mobility of proline-rich stretches. Also, a low electrophoretic mobility of MTC28 obtained both from MTB (native) and from E. coli MTC28 is a protein with high proline content in the NH2-terminal (34%) and COOH-terminal (30%) regions. In addition, a putative 32 aa secretion signal peptide in the NH2-terminal is observed, and an extracytoplasmic mature region of 278 aa [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF]. Phylogenetic analysis shows a high specificity of MTC28 protein for the MTBC (Appendix 1.11 and 1.12, pages 278 and 279, respectively).

-Cloning and expression of MoeX.

MoeX is a specific protein of MTBC, validated as a biomarker of active TB [START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF]. This biomarker has not yet been reported in MTB identification assays, so its diagnostic potential is explored in this study for the first time. The cloning and expression of rMoeX are described below.

Cloning of MoeX:

The insertion of MoeX into the pET28a (+) plasmid was successfully performed. 

Expression and purification of rMoeX:

The rMoex protein (36.6 kDa) was expressed in both E. coli BL21 (DE3) pLysS and E. coli Lemo 21 systems, with 0.5-0.8 mM IPTG (variation in the expression was not observed) at 37 °C for 6 -16 h of induction. In both systems the protein was found in insoluble fraction (Figure II.17). with other proteins [START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF]. In our study, the protein rMoeX presented a MW of ~37 kDa (theorical 36.6 kDa), aggregation was not observed because the protein was initially found in the insoluble fraction and it was solubilized in a denaturating solution (8 M urea). -Cloning and expression of r38 kDa protein.

38 kDa protein is actively secreted and it is considered as one of the most important MTB antigens, because it is a major constituent of MTB culture fluid (in synthetic Sauton medium) [START_REF] Harboe | The 38-kDa Protein of Mycobacterium tuberculosis : A Review[END_REF]. Due to these properties, this protein has been widely studied in different MTB diagnostic methods. In our study we report the cloning and expression of r38kDa, which was subsequently used for the production of polyclonal antibodies.

Cloning of 38 kDa protein.

The coding sequence of 38 kDa was successfully ligated in the plasmid pET28a 

Expression and purification of r38 kDa:

Previously, [START_REF] Chang | The Immunodominant 38-kDa Lipoprotein Antigen of Mycobacterium tuberculosis is a phosphate-binding protein[END_REF] reported a truncated 38kDa antigen from MTB. It was expressed successfully in E. coli BL21 (DE), with 0.2 mM IPTG, ON. The recombinant 38kDa was observed in both soluble and insoluble fractions [START_REF] Chang | The Immunodominant 38-kDa Lipoprotein Antigen of Mycobacterium tuberculosis is a phosphate-binding protein[END_REF].

In our case, the r38kDa protein (39.4 kDa) was successfully expressed in E. coli BL21 (DE3) pLysS and in E. coli BL21 (DE3). In both systems, the parameters were: 0.8 mM IPTG at 37 °C for 16 h of induction. However, the protein was found only in the insoluble Choudhary et al. (1994) reported the crystallization of 38kDa using a pure recombinant form of the protein. They demonstrated that 38kDa protein acts binding phosphate using a mechanism like phosphate-binding protein localized in the periplasm of E. coli. In this way, the structure of the protein and its similarity to an extracellular phosphate transporter justifies the function of 38kDa, but its role not completely elucidated [START_REF] Choudhary | Crystallization and preliminary X-ray crystallographic analysis of the 38-kDa immunodominant antigen of Mycobacterium tuberculosis[END_REF]. The amino acid sequence and the modeled r38 kDa protein based on extracellular phosphate ABC transport receptor are described in Figure II.23.

In addition, a phylogenetic analysis was made to corroborate the high specificity of 38kDa protein for the MTB complex (Appendix 1.19 and 1.20, both in page 286). -Cloning and expression of rAg85B.

Ag85B is the major secretory protein of MTB, it was able to activate the protective immunity of Ag85B-vaccinated guinea pigs against aerosol MTB exposure [START_REF] Zarif | Cloning and expression of Mycobacterium tuberculosis major secreted protein antigen 85B (Ag85B) in Escherichia coli[END_REF]. Due to these and other previously described characteristics, the rAg85B antigen was selected, cloned and expressed in this study. [START_REF] Zarif | Cloning and expression of Mycobacterium tuberculosis major secreted protein antigen 85B (Ag85B) in Escherichia coli[END_REF] reported an Ag85B cloned in pET101/D and transformed in E. coli BL21 strain. The recombinant antigen (33 kDa) was expressed at 37 °C with 2 µL/mL of IPTG. After 12 h of induction the recombinant Ag85B was abundant and insoluble (present in inclusion body) [START_REF] Zarif | Cloning and expression of Mycobacterium tuberculosis major secreted protein antigen 85B (Ag85B) in Escherichia coli[END_REF].

Cloning of rAg85B:

In our case, the rAg85B was cloned in pET28a. The coding DNA sequence of Phylogenetic analysis shows a high specificity of Ag85B protein for the MTB complex (Appendix 1.23 and 1.24, pages 289 and 290, respectively). Ag85B is closely related to a mycolyl transferases, and associated with two other forms Ag85A and Ag85C, contributing to build the bacterial cell wall. In a crystal previously reported, a molecule of trehalose was linked in two sites at opposite ends of the active-site cleft [START_REF] Anderson | An interfacial mechanism and a class of inhibitors inferred from two crystal structures of the Mycobacterium tuberculosis 30 kda major secretory protein (antigen 85B), a mycolyl transferase11Edited by I. A. Wilson[END_REF].

In this sense, the modeled structure presents a central region in the form of a pocket, which could correspond to the active site of the protein ( -Cloning and expression of rESAT6.

ESAT6 and CFP10 are the most important virulence factors and they are recognized over 70% of TB patients (Skjot et al., 2000). Mahmoudi et al., 2013 reported a ESAT6 cloned in the vector pET32a (+) and transformed into E. coli BL21 DE3. The expression

A B C

parameters were: 1mM IPTG, at 37 °C for 4 h of time induction. Most of the protein was found in the soluble fraction [START_REF] Mahmoudi | Cloning, expression and purification of Mycobacterium tuberculosis ESAT-6 and CFP-10 antigens. Iran[END_REF].

Cloning of ESAT6:

In In the alignment (Appendix 1.26, page 291) the clone 6 is identical to the theoretical ESAT6 sequence, except for one variation at the beginning and at the end of the sequence.

Expression and purification of rESAT6:

The protein rESAT6-GST (37.7 kDa, PI: 5.58) was expressed successfully in E. coli BL21 (DE3) pLysS and in E. coli BL21 (DE3). The expression parameters were: 0.65 mM IPTG, at 37 °C and at RT. The room temperature favored the expression of the soluble fraction of the protein, for 16 h of induction. A fraction of the protein was soluble, and another fraction was insoluble. For the purification an affinity chromatography was performed using the soluble fraction in a column packed with a resin coated with

Glutathione. The SDS-PAGE analysis of expressed and purified rESAT6 is shown in -Expression of rCFP10.

Similarly to ESAT6, [START_REF] Mahmoudi | Cloning, expression and purification of Mycobacterium tuberculosis ESAT-6 and CFP-10 antigens. Iran[END_REF] reported a soluble CFP10 cloned in pET32a(+) and expressed in E. coli BL21 (DE3), with 1mM IPTG, at 37 °C for 4 h [START_REF] Mahmoudi | Cloning, expression and purification of Mycobacterium tuberculosis ESAT-6 and CFP-10 antigens. Iran[END_REF]. In our case, the pET28a-CFP10 plasmid was purchased from a company (GenScript). The gene was inserted between NcoI and BamHI (Appendix 1.29, page 292).

The protein rCFP10 (11.6 kDa, PI: 5.59) was successfully expressed in E. coli BL21 Table II.2 summarize the main parameters used for the expression of recombinant MTB proteins selected in this study.

N° of collected fractions

A B -Polyclonal antibody production over time.

Purified rHsp16.3, rMPT64, rMTC28, rMoeX, r38 kDa protein, rAg85B, rESAT6, and rCFP10 proteins were used for the immunization of New Zealand rabbits and BALC/C mice to produce polyclonal hyperimmune antibodies.

The antibody elicitation over time and the sera dilution standardization in sandwich ELISA were evaluated. Considering the folds values in the analysis and graphics of ELISA assays, calculated as indicated below.

Fold values (positive/negative ratio = average of positive OD/ average of negative OD) Some ELISA curves to evaluate the production of polyclonal antibodies over time,

were not performed with all sera after each dose of immunization. This is because the amount of serum extracted was not enough (especially in mice) or they were hemolyzed in the transport or storage process.

Polyclonal anti-rHsp16.3 production:

In the case of immunization with recombinant Hsp16.3, 4 doses were used in rabbits and 3 doses in mice. In the rabbit model (the curve is plotted only until the third dose), we obtained a fold of 8.25 after the first dose, and subsequently the antibody titer remained stable with a fold of 6.75 and 6.50 after the second and third doses, respectively. In the case of mice, the increase in antibody titer was progressive, reaching a fold of 13.25

produced by the second dose, and ending with a fold of 12.50 after the third dose (Figure Polyclonal anti-rMPT64 production:

In the case of immunization with recombinant MPT64, 4 doses were used in rabbits and 3 doses in mice. In the curve of ODs obtained for rabbit sera (the curve is plotted only
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until the third dose), a fold of 3.13 produced by the second dose can be observed, and it decreases slightly to a fold of 3.00 after the third dose, remaining generally stable. In the case of mouse sera, there is a slight increase in the antibody titers after the first dose, and it increased rapidly after the second dose. For the third dose the titer remains stable with a Polyclonal anti-rMTC28 production:

fold
In the case of immunization with recombinant MTC28, 4 doses were used in rabbits and mice. In both models, the curves are plotted only until the third dose. In the rabbit model an overproduction of antibody is observed after the first dose with a fold of 10.25, Polyclonal anti-rMoeX production:

this
In the case of immunization with recombinant MoeX, 3 doses were used in rabbits and Polyclonal anti-r38 kDa protein production:

In the case of immunization with recombinant 38kDa, 4 doses were used in rabbits and 3 doses in mice. The sera collected after each dose were pre-absorbed with E. coli antigens before performing the ELISA assay. In rabbits (the curve is plotted only until the third dose), a rapid production of antibodies was observed after the first dose with a fold of 9.60, remaining stable after the second and third doses (folds 9.20-9.00). In the case of mice sera, we have an overproduction of antibodies with a fold of 11.50 after the third dose Polyclonal anti-rAg85B production:

In the case of immunization with recombinant Ag85B, 4 doses were used in rabbits and 3 doses in mice. A progressive increase in the antibody titer was observed in rabbit Polyclonal anti-rESAT6 production:

(
In the case of immunization with recombinant ESAT6, 3 doses were used in rabbits and mice. In the case of rabbits (the curve is plotted only until the second dose), we have a significant increase of antibodies after the second dose with a fold of 13.80. Otherwise, it is observed in mice, where only a fold of 2.25 is obtained after the second dose.

Therefore, the third dose was continued (data not shown) and a fourth dose was not performed because there was not enough of the recombinant protein (Figure II Polyclonal anti-rCFP10 production:

In the case of immunization with recombinant CFP10, 3 doses were used in rabbits and mice. After 3 sera collected to perform the assay, a remarkable increase in antibody titer was observed from the second dose, with a fold of 11.00 and 10.75 in rabbit and mouse, respectively. 
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Table II.3 shows that the polyclonal antibodies were successfully produced in each animal model. In the case of rabbits, after the first dose (7 days) of immunization the antibody titer was raised; except in anti-MPT64, anti-Ag85B and anti-CFP10, which were increased after the second dose (14 days) of immunization. In most cases, the production of polyclonal antibodies was stabilized after the third dose (21 days) (data not shown). But in anti-Hsp16.3 was observed that the production of polyclonal antibodies was stabilized from the second dose, both in rabbits and in mice. In some cases, four doses (28 days) were considered in the immunization protocol. -Evaluation of polyclonal antibody titers produced in rabbits and mice.

Currently there are many diagnostic tests based on the capture of specific antibodies for TB antigens. However, the detection of human anti-MTB does not determine the diagnosis of active TB, because cross-reactions are observed with sera from people exposed to MTB, people vaccinated against TB, or in people who had TB and have already been cured [START_REF] Steingart | Commercial serological tests for the diagnosis of active pulmonary and extrapulmonary tuberculosis: an updated systematic review and meta-analysis[END_REF]. For this reason, many efforts are focused on developing diagnostic tests to directly detect MTB antigens.

On the other hand, there are highly specific antigens that have been proven to be effective in discriminating infectious mycobacteria from non-pathogenic mycobacteria [START_REF] Meier | A Systematic Review on Novel Mycobacterium tuberculosis Antigens and Their Discriminatory Potential for the Diagnosis of Latent and Active Tuberculosis[END_REF]. These antigens have been studied and evaluated in diagnostic tests to detect specific antibodies. [START_REF] Caccamo | Multifunctional CD4+ T cells correlate with active Mycobacterium tuberculosis infection[END_REF] reported that immune responses to ESAT6/CFP10 and Ag85B from MTB, were significantly higher in active TB than in latent TB infection (LTBI) [START_REF] Caccamo | Multifunctional CD4+ T cells correlate with active Mycobacterium tuberculosis infection[END_REF]. In this way, [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF], reported an ELISA to detect anti-Ag85B-Hsp16.3. In the case of active TB, the sensitivity and specificity reported were 61.67% and 95.65%, respectively. In LTBI, theses parameters were 60.00% and 73.91%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF].

In order to improve the detection efficiency, additional assays combining the antigens were made. The optimal antigen combination to diagnose active TB was Ag85B-Hsp16.3/ESAT6 with a specificity and sensitivity of 93.33% and 92.39%, respectively. In the case of LTBI, it was Hsp16.3/ESAT6, with a specificity and sensitivity of 75.0% and 76.67%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF].

These studies with human sera from patients with TB and LTBI indicate that the proteins selected for MTB diagnosis are very immunogenic.

Evaluation of anti-rHsp16.3 titers: In the case of Hsp16.3, the small heat shock protein protects the MTB through an association of the protein with MTB membrane [START_REF] Zhang | The association of small heat shock protein Hsp16.3 with the plasma membrane of Mycobacterium tuberculosis: Dissociation of oligomers is a prerequisite[END_REF]. This could explain why this antigen is found in large quantities in the TB serum. an ELISA to capture anti-Hsp16.3 for detecting TB antibody response in humans. In the case of active TB, the sensitivity and specificity reported were 63.33% and 88.04%, respectively. But in LTBI, theses parameters were 53.33% and 88.04%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF].

In our work, a high fold was observed for the anti-Hsp16.3 produced in rabbits and mice, at dilutions of 1/3200 and 1/100 respectively (Figure II.41).

Evaluation of anti-rMPT64 titers.

MPT64 antigen is a major secretory protein of MTB (specific for MTBC), and it is not expressed in non-pathogenic mycobacteria. [START_REF] Ji | Development of a quantitative sandwich enzyme-linked immunosorbent assay for detecting the MPT64 antigen of Mycobacterium tuberculosis[END_REF] reported a sandwich ELISA to detect MPT64 protein using monoclonal antibodies. The assay showed a lower detection limit of 2.1 ng/mL and 1.7×10 4 CFU/mL of MTB. Using 389 clinical MTB culture suspensions, the sensitivity and specificity were calculated, obtaining 100% for both parameters [START_REF] Ji | Development of a quantitative sandwich enzyme-linked immunosorbent assay for detecting the MPT64 antigen of Mycobacterium tuberculosis[END_REF].

A disadvantage of the previously described study was that the clinical samples had to be previously cultured before applying them to the MPT64 sandwich ELISA.

Consequently, this method took a longer time for the TB diagnosis. In our study, we introduce magnetic nanoparticles in a sandwich ELISA to improve the MTP64 antigen detection and thus reduce the time of the TB diagnosis process. For this purpose, the standardization of the dilution of anti-MPT64 previously produced in rabbits Evaluation of anti-rMTC28 titers.

MTC28 is a component immunologically active of the MTB culture filtrate.

MTC28 elicited strong immune responses in immunized guinea pigs comparable with immunodominant secreted antigens (MPT64 and 38kDa antigen) [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF]. [START_REF] Lim | Identification of Mycobacterium tuberculosis DNA Sequences Encoding Exported Proteins by Using phoA Gene Fusions[END_REF] reported that ~ 25% of patients with active TB showed a strong antibody response to MTC28. This strong immunological activity of MTC28 is associated with specificity for MTC [START_REF] Lim | Identification of Mycobacterium tuberculosis DNA Sequences Encoding Exported Proteins by Using phoA Gene Fusions[END_REF].

This high specificity makes the MTC28 protein an excellent diagnostic candidate.

In our case, the immunogenicity of rMTC28 was corroborated by producing polyclonal antibodies in rabbits and mice. In addition, a high dilution of the serum was observed to Evaluation of anti-rMoeX titers.

In the case of MoeX, this protein was reported as specific antigen for MTBC. Also, this protein was described as an attractive candidate for the development of a highly sensitive and specific urine MTB antigen detection test [START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF]. This is one of the reasons why the protein was selected for this study. The standardization of the anti-MoeX dilution produced in rabbits and mice is required to verify the antigenicity of the protein as well as the production of the antibodies. 106

This indicates that the 38kDa protein, like the others studied, activates the immune response of the host, allowing the production of antibodies. This was corroborated with the ELISAs performed with the anti-38kDa produced in rabbits and mice. 

Sera dilution

Ag85B protein is the most abundant protein secreted by MTB and it is a potent immunoprotective antigen [START_REF] Anderson | An interfacial mechanism and a class of inhibitors inferred from two crystal structures of the Mycobacterium tuberculosis 30 kda major secretory protein (antigen 85B), a mycolyl transferase11Edited by I. A. Wilson[END_REF]. [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF], reported an ELISA to capture anti-Ag85B for detecting TB antibody response in humans. In the case of active TB, the sensitivity and specificity were 53.33% and 97.83%, respectively; in LTBI, theses parameters were 60.00% and 88.04%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF]. In this sense, the Ag85B protein proved to be highly immunogenic, and this was corroborated by our results of immunization process of rabbits and mice. Evaluation of anti-rESAT6titers.

In the case of ESAT6, [START_REF] Feng | Enhanced serodiagnostic utility of novel Mycobacterium tuberculosis polyproteins[END_REF] reported that the sensitivity of ESAT6

antigen to detect antibodies in TB patients varies from 5% to 76% with a specificity ranging of 51% to 100% [START_REF] Feng | Enhanced serodiagnostic utility of novel Mycobacterium tuberculosis polyproteins[END_REF]. Therefore, a careful standardization of the method for this marker was carried out by other research groups. For example, [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF] reported an ELISA to capture anti-ESAT6 for detecting TB antibody response in humans. In the case of active TB, the sensitivity and specificity reported were 86.67% and 95.65%, respectively. But in LTBI, theses parameters were 60.00% and 84.78%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF]. As the protein was able to produce antibodies in TB patients, the rESAT6 was used and used for the immunization of rabbits and mice in this study. Evaluation of anti-rCFP10 titers.

In the case of CFP10, Parkash et al. (2009) reported that the sensitivity of ELISA using CFP10 to detect antibodies in TB patients varies from 9% to 78% with a specificity ranging of 55% to 100%. This variation in sensitivity and specificity may be due to the conditions and the type of test or protocol performed for the immunodiagnostic (Parkash et al., 2009). [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF] reported an ELISA to capture anti-CFP10 for detecting TB antibody response in humans. In the case of active TB, the sensitivity and specificity reported were 80.00% and 80.43%, respectively. But in LTBI, theses parameters were 73.33% and 69.57%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF]. This last study indicates the antigenic capacity of the protein. -Standardization of antibody titers for a sandwich ELISA using antibodies produced in rabbits and mice.

In contrast to the previously described assays, where rabbit and mouse antibodies were evaluated separately, in this section rabbit and mouse antibody titres are evaluated in the same sandwich ELISA assay to detect the recombinant MTB antigen (protocol describe in Section II.2, page 115). Table II.5 summarizes the optimized dilutions of sera from rabbits and mice for the sandwich ELISA.

The CFP10 and ESAT6 proteins have low folds (<2), which would indicate that the amount of immunocomplexes formed during the assay is very low. These results could be due to non-optimal conditions of the recombinant proteins (low amounts and slight precipitation).

The Hsp16.3, MTC28 and 38 kDa proteins presented folds ˃ 2.28. In the case of MPT64, MoeX and Ag85B, folds greater than 5.0 were obtained. About the specific sera for MoeX, Ag85B and MPT64, the highest folds were observed. 

II.2. EXPERIMENTAL SECTION (METHODOLOGY).

II.2.1. Selection of MTB biomarkers.

Secretory and non-secretory antigens, abundant and specific for the MTB complex, and that have been previously published and tested in TB diagnostics (for the detection of antigens or circulating antibodies) were selected. An exhaustive review of the main MTB antigens was carried out (Table II.1). In this study, rHsp16.3, rMPT64, rMTC28, rMoeX, r38 kDa protein, rAg85B, rESAT6, and rCFP10, from M. tuberculosis were

selected. An important selection criterion was that the selected antigens have been described in at least one diagnostic method. Most of the diagnostic tests were immunological assays (ELISA) to detect specific human anti-MTB antibodies.

On the other hand, assays to detect DNA and antigens are also described. For the detection of antigens, more sophisticated methods have been developed, including SPR spectroscopy, Mass spectrometry, nanoparticles-based biosensors among others.

II.2.2. Cloning and expression of recombinant proteins from M. tuberculosis in

E. coli system.

Cloning and expression of the recombinant antigens were made in E. coli system using the pET28(a+) and the pGEX4T1 vectors, as it is described below.

-Primers design.

Primers (5'→3') were designed using Primer3Plus (http://www.bioinformatics. and a final extension of 72 °C for 5 minutes, according to the manufacturer's instructions.

The amplification products were visualized on a 1.2% agarose gel.

The amplified coding sequences from M. tuberculosis were purified using QIAquick ® PCR Purification Kit (QIAGEN, Center Mainz, Germany). Subsequently, amplicons and plasmids were digested with their respective restriction enzymes (10U of enzyme/μg of DNA, in a final volume of 120 μL) at 37 °C for 16 hours. The digested products were again purified using QIAquick ® PCR Purification Kit and observed on an agarose gel.

Purified digested coding sequences and the digested plasmid were ligated with T4

DNA ligase (New Englands Biolab, Ipswich, England) for 16 h at 16 °C, in a proportion The mixture was incubated by 5 minutes at RT, 250 μL of binding buffer (buffer III our neutralization buffer: 3 M potassium acetate, pH 5.2) was added and incubated for 5 minutes on ice, the tubes were centrifuged at 13000 rpm for 8 min, the supernatant was separated in a clean tube and 600 μL of cold absolute ethanol were added and incubated at -70 °C for 30 min, then centrifuged at 13000 rpm for 5 min. The supernatant was discarded and 1 ml of cold 70% ethanol was added into the tube. The tubes with precipitated DNA were centrifuged at 13000 rpm for 5 min, the supernatant was discarded, and the pellet was dried at 60 °C for 10 min, the plasmid DNA was resuspended with 200 μL elution buffer.

To verify the coding sequence insertion in the plasmid, electrophoresis in a 1.2%

agarose gel was made to evaluate a size difference between the plasmid-sequence and the plasmid without coding sequence. Additionally, PCR and sequencing (Macrogen) was made to corroborate the results.

-MTB protein expression.

The selected transformed clones were grown in LB culture supplemented with antibiotic. The vector with inserted gene was purified with QIAprep Spin Miniprep kit (QIAGEN, Valencia, CA) and used to transform E. coli BL21 (DE3) pLys competent cells (Novagen, Madison, WI, USA) by heat shock.

Transformed cells were used to express the recombinant protein using 0.5 -0.8 mM Isopropyl β-D-1-thiogalactopyranoside, or IPTG (Sigma-Aldrich, Mannheim, Germany)

inductor, at a bacterial optical density of 0.6-0.8, ON, at RT or 37 °C depending of protein (Table II.2).

-Purification and quantification of recombinant protein.

The purification of recombinant protein was carried out by affinity chromatography using columns HisTrap HP histidine-tagged protein purification columns (GE Healthcare Life Sciences, Uppsala, Sweden). The proteins were eluted at different concentrations of imidazole (20, 40, 60, 100, 300 and 500 mM) in phosphate buffer (20 mM phosphate buffer, 500 mM NaCl, pH 7.4). The protein was concentrated by the Amicon ultrafiltration system (Millipore Corporation, Bedford, USA), where the imidazole concentration was reduced with serial washings with the same phosphate buffer. In the case of the ESAT6 protein, it is fused at the N-terminus, with the glutathione S-transferase (GST) protein. For its purification a column coated with glutathione substrate (Glu-Cys-Gly) was used, the washes were done with phosphate buffer pH 7.4, and then the thrombine enzyme was added and the mixture was incubated for 16 h at RT. The purified ESAT6 was collected in clean eppendorf tubes and stored at -20 °C. The purified recombinant protein was quantified by Bradford assay (BioRad).

II.2.3. Production of hyperimmune polyclonal antibodies in rabbit and mice.

The protocols used in experimental animals were approved by the Institutional Ethics-Animal Committee of the Universidad Peruana Cayetano Heredia (UPCH). In all cases, the experimental animals were acclimated for a period of two weeks before starting the immunization. The immunization protocol is summarized in Table II.7 and is described below:

-Rabbit Immunization.

Nine New Zealand rabbits 1.0 -1.5 months old and weighting between 1.8 and 2.3 kg were used and obtained from the National Institute of Health (INS) of Peru. Rabbits were immunized with previously expressed recombinant proteins. The immunization was subcutaneous and included 3-4 doses, using Quil-A® adjuvant (InvivoGen, California, USA). Before immunization, the pre-immune serum was obtained (1 ml of venous blood from a marginal vein). Similarly, the post-immune serum was obtained periodically before each immunization in an approximate volume of 1 ml of venous blood (marginal vein), 14 days after the first immunization and at 7-day intervals after the second and third doses.

In some cases, described below, a fourth dose was used. To collect venous blood aseptically, ethanol 70 % was used. A local lidocaine ointment was applied to the skin of the ear at least 15 minutes before taking a blood sample. After the last immunization, final bleeding was performed under anesthesia (5 mg/kg intramuscular Ket-A-Xyl® Vetanis, Ate, Perú) to collect 50 ml of blood by cardiac puncture. The serum was separated and stored at -20 °C for later evaluation. After bleeding, the anesthetized rabbits were sacrificed with an overdose of Halatal at 70 mg/kg administered intramuscularly.

-Immunization of mice.

BALB/C male mice of 3-4 weeks old were used. Groups of five mice were used for immunization with each antigen. Like rabbits, mice were acclimated for 14 days before immunization. Each dose contained the diluted recombinant protein and Quil-A® adjuvant in a total volume of 0.1 ml. The concentration of each protein used for the immunization protocol is described in the Table II.7. To evaluate antibody production over time. a few drops of blood were extracted from the terminal region of the tail before and during immunization, in the same timing as for the rabbits. The serum was separated by centrifugation (5000 g for 20 min at 4 °C) and stored at -20 °C. The production of antibodies over time in rabbits and in mice, was followed by an ELISA assay. For antigen binding, the recombinant protein was diluted until 10 ng/μL of concentration. A volume of 100 μL (1 µg of antigen) was fixed in each well of the ELISA plate for 16 h at 4 °C. Subsequently, each well was blocked with 250 μL of 5% milk (Difco) at 37 °C for 1 h. The pre-immune serum and post-immune sera collected (1st, 2nd, 3rd and 4th doses in some cases) were incubated in a titer of 1/25, 16 h at 4 °C. Subsequently, it was incubated with anti-IgG labeled with HRP (1/5000) for 1 h at 37 °C. The wells were washed and revealed with o-phenylenediamine dihydrochloride (OPD, ThermoFisher) and the reaction was stopped with 0.5 M HCl.

Fold values of OD (mean OD using post-immune sera)/ (mean OD using pre-immune sera), were calculated.

-Evaluation of polyclonal antibodies titers produced in rabbits and mice.

Similarly Antibodies not previously evaluated (rMTC28, rMoeX, r38kDa, rAg85B and rCFP10),

were lyophilized and transported to the University of Bordeaux (France). ELISAs were performed to determine antibody titers. The protocol was similar to the previous one, but with the following modifications:

▪ The sera of rabbits were previously pre-absorbed (with E. coli antigens*) and lyophilized for transport at room temperature.

▪ The sera of mice, due to its small volume, were only lyophilized.

▪ The sera were hydrated at the same original volume, with PBS 1x (pH 7.4).

▪ 250 ng/ well of recombinant antigens were evaluated.

▪ The blocking solution used was casein.

* To obtain E. coli antigens, the pellet of a bacterial culture (250 mL of LB, 37 °C, ON) was resuspended in 50 mL of PBS 1x pH 7.4 and lysed by thermal shock and sonication.

-Standardization of the antibody titers for a sandwich ELISA.

The ELISA sandwich protocol is described below: fix capture antibody (rabbit serum) in a plate with protein affinity, at different dilutions 1/ 50 -1/ 3200 for 16 h at 4 °C.

Subsequently, block 1 h at 37 °C and incubate with 250 ng/ well of antigen for 16 h at 4 °C. Wash and incubate with detection antibody (mouse serum) in dilutions of 1/100 -1/400. To identify the immuno-complex formed, anti IgG HRP (KPL) was used in a dilution of 1/2500 and 1/5000 for 1 h at 37 °C. The reactions were revealed with OPD and stopped with 0.5 M HCl (Figure II.50).

As negative control, we used the readings from the wells where the rabbit serum was not incubated (PBS 1x pH7.4 was placed instead), therefore, neither the antigen nor the mouse serum should have been bound to the ELISA plate, giving as reading 0. After amplification and cloning of coding DNA sequences, the recombinant proteins were produced successfully in the E. coli bacterial system. All proteins were induced to an OD of 0.6-0.8, corresponding to a logarithmic phase culture. Most of them were induced at 37 °C, ON. However, the rHsp16.3 and rCFP10 proteins were expressed at RT, ON, and found in the soluble fraction of the induced culture. Additionally, rESAT6 was expressed in a time of 4 h. The IPTG concentration was 0.5 mM, except in MTC28 (0.6mM), rAg85B, rMoeX and rESAT6 (0.65 mM) and in r38kDa (0.8 mM).

Recombinant proteins were purified by affinity chromatography. All recombinant antigens, except ESAT6, presented an additional 1 kDa because of the 6xHis tag added.

Eluted recombinant proteins formed peaks at different imidazole concentrations. Most of them eluted between 100 -300 mM Imidazole in 20 mM phosphate buffer pH 7.4. The cloning and expression protocol of each specific MTB antigen is described in detail below.

-Cloning and expression of rHsp16.3.

In our study, Hsp16.3 amplicon presented a length of 459 bp including the histidine tail (6xHis); and it was inserted between the restriction sites NcoI and XhoI (Appendix

1.1, page 269).

The coding sequence of Hsp16.3 was successfully ligated into the plasmid pET28a (+). The monomer unit was expressed in our experiment; but it was self -polymerized in the process.

In a phylogenetic analysis (Appendix 1.3 and 1.4, both in page 271) is observed that the amino acid sequence of Hsp16.3 of MTB differs from HSP of other mycobacteria,

showing high specificity for the MTB complex.

-Cloning and expression of rMPT64.

In this study, a rMTP64 from MTB is cloned and expressed to be used for polyclonal antibodies production and ELISA tests.

A slight size difference of the purified plasmids pET28a-MPT64 (lanes 1-3) compared with pET28a alone (lane 4) is observed in -Cloning and expression of rMTC28.

The coding sequence of MTC28 was successfully inserted into the plasmid pET28a (+). Figure II.12 shows the clones 1-3 and 5-6 with the pET28a-MTC28 construct inside.

In the electrophoresis of DNA (1.2 % agarose gel) the clones 1-3 and 6-7 presented the coding MTC28 sequence inserted into the plasmid. A difference size (800 bp) was observed between the plasmid without insert (5369 bp) and the clones pET28a-MTC28 (6169 bp) (Appendix 1.9, page 275).

An alignment (Appendix 1.10, page 277) of sequencing clones shows that clone 6 pET28a-MTC28 has a better performance. It could be due to better quality of the plasmid DNA (without impurities). So, it presents less ambiguities and it is identical to theoretical MTC28 sequence. The sequence of clone 5 has undefined nucleotides (N), not presenting a 100% correspondence with the theoretical MTC28 sequence.

The protein rMTC28 (33 kDa) was evaluated in two expression systems. A higher expression was observed in E. coli BL21 DE3 compared with E. coli BL21 (DE3) pLysS.

The expression parameters were 0.5-0.65 mM IPTG (there were no variation in In addition, a phylogenetic analysis was made to corroborate the high specificity of 38kDa protein for the MTB complex (Appendix 1.19 and 1.20, both in page 286).

-Cloning and expression of rAg85B. The protein rAg85B (36.3 kDa, PI: 6.29) was successfully expressed in E. coli BL21 (DE3) pLysS and in E. coli BL21 (DE3). Expression parameters were: 0.5-0.7 mM IPTG (there was no variation in expression, 0.65 mM IPTG was used on a larger scale) at 37 °C for 16 h. In both expression systems, the protein was found in insoluble fraction (Figure

II.25).

The insoluble fraction of rAg85B expressed in the system E. coli BL21 (DE3) pLysS and in E. coli BL21 (DE3), were purified. In both cases, rAg85B was eluted at 80-300 mM Phylogenetic analysis shows a high specificity of Ag85B protein for the MTB complex (Appendix 1.23 and 1.24, pages 289 and 290, respectively).

-Cloning and expression of rESAT6.

In our study the protein was cloned in a Phusion plasmid pGEX4T1 in order to improve the solubilization of the protein.

In the DNA electrophoresis on 1.2 % agarose gel is observed that clones pGEX4T1- -Expression of rCFP10.

ESAT6
The pET28a-CFP10 plasmid, was purchased from a company (GenScript). Table II.2 summarizes the expression conditions of recombinant MTB proteins, with the main parameters used in the process.

II.3.2. Polyclonal anti-MTB antibodies production.

-Polyclonal antibody production over time.

Purified rHsp16.3, rMPT64, rMTC28, rMoeX, r38 kDa protein, rAg85B, rESAT6, and rCFP10 proteins were used for the immunization of New Zealand rabbits and BALC/C mice to produce polyclonal hyperimmune antibodies.

The antibody elicitation over time and the sera dilution standardization in sandwich ELISA were evaluated. Considering the folds values in the analysis and graphics of ELISA assays, calculated as indicated below.

Fold values (positive/negative ratio = average of positive OD/ average of negative OD)

Some ELISA curves to evaluate the production of polyclonal antibodies over time,

were not performed with all sera after each dose of immunization. This is because the amount of serum extracted was not sufficient (especially in mice) or they were hemolyzed in the transport or storage process.

Polyclonal anti-rHsp16.3 production:

In the case of immunization with recombinant Hsp16.3, 4 doses were used in rabbits and 3 doses in mice. In the rabbit model (the curve is plotted only until the third dose), we obtained a fold of 8.25 after the first dose, and subsequently the antibody titer remained stable with a fold of 6.75 and 6.50 after the second and third doses, respectively. In the case of mice, the increase in antibody titer was progressive, reaching a fold of 13.25

produced by the second dose, and ending with a fold of 12.50 after the third dose (Figure

II.33).

Polyclonal anti-rMPT64 production:

In the case of immunization with recombinant MPT64, 4 doses were used in rabbits and 3 doses in mice. In the curve of ODs obtained rabbit sera (the curve is plotted only until the third dose), a fold of 3.13 produced by the second dose can be observed, and it decreases slightly to a fold of 3.00 after the third dose, remaining generally stable. In the case of mouse sera, there is a slight increase in the antibody titers after the first dose, and it increased rapidly after the second dose. For the third dose the titer remains stable with a fold of 9.2 (Figure II.34).

Polyclonal anti-rMTC28 production:

In the case of immunization with recombinant MTC28, 4 doses were used in rabbits and mice. In both models, the curves are plotted only until the third dose. In the rabbit model an overproduction of antibody is observed after the first dose with a fold of 10.25, this is kept stable after the second dose with a fold of 8.63-8.75. Additionally, in the case of mice we have an increase in antibody titer after the second dose with a fold of 15.5, settling to a fold of 14.5 after a third dose (Figure II.35).

Polyclonal anti-rMoeX production:

In the case of immunization with recombinant MoeX, 3 doses were used in rabbits and 4 doses in mice. The production of polyclonal antibodies in rabbits is constant after the second and third doses with a fold of 5.73. In mice (the curve is plotted only until the second dose), the increase of polyclonal antibodies is done progressively, observing a fold of 10.40 after the second dose of immunization (Figure II.36).

Polyclonal anti-r38 kDa protein production:

In the case of immunization with recombinant 38kDa, 4 doses were used in rabbits and 3 doses in mice. The sera collected after each dose were pre-absorbed with E. coli antigens before performing the ELISA assay. In rabbits (the curve is plotted only until the third dose), a rapid production of antibodies was observed after the first dose with a fold of 9.6, remaining stable after the second and third doses (folds 9.20-9.00). In the case of mice sera, we have an overproduction of antibodies with a fold of 11.5 after the third dose

(Figure II.37).
Polyclonal anti-rAg85B production:

In the case of immunization with recombinant Ag85B, 4 doses were used in rabbits and 3 doses in mice. A progressive increase in the antibody titer was observed in rabbit (the curve is plotted only until the third dose), reaching a fold of 2.59; where the OD of the pre-immune serum had a reading of 0.27, which is very high, probably requires a preabsorption. A fourth dose was considered to increase the antibody production (data not shown). In the case of mice, a pre-absorption with E. coli antigen was performed before doing the ELISA test. According to the ODs, we have a remarkable increase in the production of antibodies after the second dose, with a fold of 9.8, decreasing to 7. Polyclonal anti-rESAT6 production:

In the case of immunization with recombinant ESAT6, 3 doses were used in rabbits and mice. In the case of rabbits (the curve is plotted only until the second dose), we have a significant increase of antibodies after the second dose with a fold of 13.80. Otherwise, it is observed in mice, where only a fold of 2.25 is obtained after the second dose.

Therefore, the third dose was continued (data not shown) and a fourth dose was not performed because there was not enough of the recombinant protein (Figure II.39).

Polyclonal anti-rCFP10 production:

In the case of immunization with recombinant CFP10, 3 doses were used in rabbits and mice. Although only 3 sera collected were used to perform the assay, a remarkable increase in antibody titer was observed from the second dose, with a fold of 11.00 and 10.75 in rabbit and mouse, respectively (Figure II.40).

Table II.3 shows that the polyclonal antibodies were successfully produced in each animal model. In the case of rabbits, after the first dose (7 days) of immunization the antibody titer was raised; except in anti-MPT64, anti-Ag85B and anti-CFP10, which were increased after the second dose (14 days) of immunization. In most cases, the production of polyclonal antibodies was stabilized after the third dose (21 days) (data not shown). But in anti-Hsp16.3 was observed that the production of polyclonal antibodies was stabilized from the second dose, both in rabbits and in mice. In some cases, four doses (28 days) were considered in the immunization protocol.

-Evaluation of polyclonal antibody titers produced in rabbits and mice.

In the case of anti-rHsp16.3 titers, high folds were observed among the anti-Hsp16.3 produced in rabbits and mice, at dilutions of 1/3200 (14.80) and 1/100 (16.00), respectively -Standardization of antibody titers for a sandwich ELISA using antibodies produced in rabbits and mice.

In contrast to the previously described assays, where rabbit and mouse antibodies were evaluated separately, in this section rabbit and mouse antibody titres are evaluated in the same sandwich ELISA assay to detect the recombinant MTB antigen.

Table II.5 summarizes the titers obtained for the dilutions of sera from rabbits and mice during the standardization process of the sandwich ELISA. The CFP10 and ESAT6

proteins have low folds (<2), which would indicate that the amount of immunocomplexes formed during the assay is very low. The Hsp16.3, MTC28 and 38 kDa proteins presented folds ˃ 2.28. In the case of MPT64, MoeX and Ag85B, folds greater than 5.0 were obtained.

In the case of the specific sera for MoeX, Ag85B and MPT64, the highest folds were observed.

II.4. DISCUSSION.

II.4.1. Cloning and expression of recombinant proteins from

MTB.

Although some antigens, as lipoarabinomannan (LAM), have been already described in biological samples from TB patients (Pereira [START_REF] Arias-Bouda | Development of antigen detection assay for diagnosis of tuberculosis using sputum samples[END_REF], others secretory and superficial MTB proteins have not been evaluated in sputum samples yet.

-Cloning and expression of rHsp16.3.

Hsp16.3 is the most abundant M. tuberculosis secreted protein during latent stage (nonreplicative), but it is reduced when the bacteria is in the logarithmic growth phase [START_REF] Kennaway | Dodecameric Structure of the Small Heat Shock Protein Acr1 from Mycobacterium tuberculosis[END_REF]. This means that this protein is a good diagnostic candidate for latent TB.

It plays an important role in the survival of the mycobacteria and in the immune response of the host to the infection. In addition, Hsp16.3 is frequently recognized in the TB patient sera [START_REF] Kennaway | Dodecameric Structure of the Small Heat Shock Protein Acr1 from Mycobacterium tuberculosis[END_REF]. These findings make the Hsp16.3 protein a potential biomarker for TB detection.

In our study we modeled the rHsp16.3 from MTB by homology, and this was consistent with the HSP (Heat Shock Protein) model described in the literature. Hsp16.3 is part of an HSP family and they share a conserved central domain called α-crystallin domain (~90 aa, with divergent extensions in N-and C-terminal regions). In general, the structure of HSP is a dimer formed by interactions between conserved α-crystalline domains. So, Hsp16.3 protein forms a single set tetrahedral dodecameric assembled from dimers, being compatible with the original structural properties of the family of HSPs [START_REF] Kennaway | Dodecameric Structure of the Small Heat Shock Protein Acr1 from Mycobacterium tuberculosis[END_REF].

On the other hand, Abulimiti et al., 2003 reported that Hsp16.3 of MTB can form polymers of trimers in solution, causing protein aggregation (Abulimiti et al., 2003). This would explain the protein precipitation observed in our experiments.

-Cloning and expression of rMPT64.

There are many reasons why MPT64 is a potential TB diagnostic candidate. MPT64 (~23 kDa) is a secreted protein restricted to members of the Mycobacterium tuberculosis complex (MTBC). It is able to induce T cell responses and cutaneous reactions in TB infected animals (Roche et al., 1996) Chu and Yuann ( 2011) reported an expression protocol of MTP64 from MTB. The MPT64 analysis was performed to study the pathogenicity of MTB, in order to develop a vaccine based on MPT64. Unlike traditional protocols, in which proteins are expressed at 37 °C, MPT64 was better expressed at 20 °C with 10 mM IPTG for 22 h. The protein concentration was increased in the time (24 h). MPT64 expressed at 37 °C and 30 °C (under the same conditions) were lower than at 20°C. The protein was insoluble, but after refolding it was aggregated to become tetramers. High concentrations of β-mercaptoethanol (8%-20%) decreased the tetrameric and dimeric structures. However, the aggregation was very stable suggesting an intermolecular covalent interaction between MTP64 subunits with disulfide bonds [START_REF] Chu | Expression, purification, and characterization of protective MPT64 antigen protein and identification of its multimers isolated from nontoxic Mycobacterium tuberculosis H37Ra[END_REF]. In our case, the MPT64 protein was slightly larger (26 kDa), and it was evaluated in E. coli BL21 (DE3) pLysS and in E. coli BL21 DE3 systems (Figure II.9). A reduced production of the recombinant protein was observed, and it was found only in the insoluble fraction, as previously reported.

MPT64 protein structure is composed mostly of β-sheet strands and tetrameric aggregates can be observed, suggesting strong protein-protein interactions via disulfide bonds between MPT64 subunits. Due to strong interactions, important properties related to Mycobacterium virulence, can be attributed to MPT64 protein [START_REF] Chu | Expression, purification, and characterization of protective MPT64 antigen protein and identification of its multimers isolated from nontoxic Mycobacterium tuberculosis H37Ra[END_REF].

The amino acid sequence and the modeled structure of rMPT64 by homolgy is observed in -Cloning and expression of rMTC28.

The MTC28 protein was selected due to its characteristics that makes it a potential candidate for TB diagnosis. MTC28 antigen (28 kDa) is an extracellular protein and actively secreted by MTB. MTC28 is found in the early culture filtrate of MTB and it elicits immune responses in guinea pigs immunized with live mycobacteria, like many of the MTB extracellular proteins [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF]. Also, our phylogenetic analysis showed a high specificity of MTC28 protein for the MTC (Appendix 1.11 and 1.12, page 278 and 279, respectively). [START_REF] Yamaguchi | Cloning and Characterization of the Gene for Immunogenic Protein MPB64 of Mycobacterium bovis BCG[END_REF] reported that the abnormally slow migration in SDS-PAGE, is a common property of proline-rich MTC28 [START_REF] Yamaguchi | Cloning and Characterization of the Gene for Immunogenic Protein MPB64 of Mycobacterium bovis BCG[END_REF]. [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF] observed that a MTC28 (28.66 kDa) protein migrated in SDS-PAGE with an apparent molecular mass of 49 kDa [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF]. It could be attributed to the rigidity and reduced mobility of proline-rich stretches. Also, a low electrophoretic mobility of MTC28 obtained both from MTB (native) and from E. coli system (recombinant), is observed, discarding the effect of post translational modifications, such as glycosylation (Dobos et al., 1996). This phenomenon would explain some variations in the electrophoretic runs of rMTC28 during our experiments.

The amino acid sequence and the modeled structure of rMTC28 is observed in Figure II.12. The structure of MTC28 modeled by homology corresponds to those previously reported in the literature. MTC28 is a protein with high proline content in the NH2-terminal (34%) and COOH-terminal (30%) regions. In addition, a putative 32 aa secretion signal peptide in the NH2-terminal is observed, and an extracytoplasmic mature region of 278 aa [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF].

-Cloning and expression of MoeX.

MoeX is a specific protein of MTBC, validated as a biomarker of active TB [START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF]. This biomarker has not yet been reported in MTB identification assays, so its diagnostic potential was explored in this study. Previously, MoeX was identified in urine samples from TB patients. Three discrete protein bands of 75, 50, and 32 kDa corresponding to MoeX were identified in urine samples. According Pollock et al., bands of 50 kDa and 75 kDa might represent a polymerization because MoeX contains 8 cysteine residues, or MoeX could be complexed with other proteins [START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF].

In our study, the protein rMoeX presented a MW of ~37 kDa (theorical 36.6 kDa), aggregation was not observed because the protein, initially found in the insoluble fraction, was solubilized in a denaturating solution (8 M urea).

-Cloning and expression of r38 kDa protein.

38 kDa protein is actively secreted and it is considered one of the most important MTB antigens, because it is a major constituent of MTB culture fluid (in synthetic Sauton medium) [START_REF] Harboe | The 38-kDa Protein of Mycobacterium tuberculosis : A Review[END_REF]. Due to these properties, this protein has been widely studied in different MTB diagnostic methods. In our study we report the cloning and expression of r38kDa, which was used to produce polyclonal antibodies.

Previously, [START_REF] Chang | The Immunodominant 38-kDa Lipoprotein Antigen of Mycobacterium tuberculosis is a phosphate-binding protein[END_REF] reported a truncated 38kDa antigen from MTB. It was expressed successfully in E. coli BL21 (DE), 0.2 mM IPTG, ON. The recombinant 38kDa was observed in both soluble and insoluble fractions [START_REF] Chang | The Immunodominant 38-kDa Lipoprotein Antigen of Mycobacterium tuberculosis is a phosphate-binding protein[END_REF].

In our case, the r38kDa protein (39.4 kDa) was successfully expressed in E. coli BL21 (DE3) pLysS and in E. coli BL21 (DE3). [START_REF] Choudhary | Crystallization and preliminary X-ray crystallographic analysis of the 38-kDa immunodominant antigen of Mycobacterium tuberculosis[END_REF] reported the crystallization of 38kDa using a pure recombinant form of the protein. They demonstrated that 38kDa protein acts binding phosphate using a mechanism like phosphate-binding protein localized in the periplasm of E. Coli [START_REF] Choudhary | Crystallization and preliminary X-ray crystallographic analysis of the 38-kDa immunodominant antigen of Mycobacterium tuberculosis[END_REF]. In this way, the structure of the protein and its similarity to an -Cloning and expression of rAg85B.

Ag85B is the major secretory protein of MTB, it was able to activate the protective immunity of Ag85B-vaccinated guinea pigs against aerosol MTB exposure [START_REF] Zarif | Cloning and expression of Mycobacterium tuberculosis major secreted protein antigen 85B (Ag85B) in Escherichia coli[END_REF]. Due to these and other previously described characteristics, the rAg85B antigen was selected, cloned and expressed in this study. Ag85B is closely related to a mycolyl transferases, and associated with both Ag85A and Ag85C, contributing to build the bacterial cell wall. In a crystal previously reported, a molecule of trehalose was linked in two sites at opposite ends of the active-site cleft [START_REF] Anderson | An interfacial mechanism and a class of inhibitors inferred from two crystal structures of the Mycobacterium tuberculosis 30 kda major secretory protein (antigen 85B), a mycolyl transferase11Edited by I. A. Wilson[END_REF]. In this sense, the modeled structure presents a central region in the form of a pocket, which could correspond to the active site of the protein (Figure

II.27)

-Cloning and expression of rESAT6/rCFP10. Most of the proteins were soluble [START_REF] Mahmoudi | Cloning, expression and purification of Mycobacterium tuberculosis ESAT-6 and CFP-10 antigens. Iran[END_REF].

In our case, the protein rESAT6-GST (37.7 kDa) was expressed successfully in E. coli BL21 (DE3) pLysS and in E. coli BL21 (DE3). The RT favored the expression of the soluble fraction of the protein, which was used for purification in a column packed with a resin coated with Glutathione. On the other hand, the protein rCFP10 (11.6 kDa) was successfully expressed in E. coli BL21 (DE3) pLysS at 0.5 mM IPTG at 37 °C for 4 h of induction, being in the soluble fraction.

The proteins CFP10 and ESAT6 are secreted forming a four-helix bundle structure. In 

II.4.2. Polyclonal anti-MTB antibodies production.

Currently there are many diagnostic tests based on the capture of specific antibodies for TB antigens. However, the detection of anti-MTB does not determine the diagnosis of active TB, because cross-reactions are observed with sera from people exposed to MTB, people vaccinated against TB, or in people who had TB and have already been cured. For this reason, many efforts are focused on developing diagnostic tests to directly detect MTB antigens.

On the other hand, there are highly specific antigens that have proven effective in discriminating infectious mycobacteria from non-pathogenic mycobacteria. These antigens have been studied and evaluated in diagnostic tests to detect specific antibodies. [START_REF] Caccamo | Multifunctional CD4+ T cells correlate with active Mycobacterium tuberculosis infection[END_REF] reported that immune responses to ESAT6/CFP10 and Ag85B from MTB, were significantly higher in active TB than in latent TB infection (LTBI) [START_REF] Caccamo | Multifunctional CD4+ T cells correlate with active Mycobacterium tuberculosis infection[END_REF]. In this way, [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF], reported an ELISA to detect anti-Ag85B-Hsp16.3. In the case of active TB, the sensitivity and specificity reported were 61.67% and 95.65%, respectively. In LTBI, theses parameters were 60.00% and 73.91%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF]. In addition, assays combining the antigens were tested.

The optimal antigen combination to diagnose active TB was Ag85B-Hsp16.3/ESAT6 with a specificity and sensitivity of 93.33% and 92.39%, respectively. In the case of LTBI, it was Hsp16.3/ESAT6, with a specificity and sensitivity of 75.0% and 76.67%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF]. The literature with human sera from patients with TB and LTBI indicates that in our study the proteins selected for MTB diagnosis are very antigenic.

In general, all produced antibodies after immunization showed high folds in the indirect ELISA tests, indicating high antibody production in experimental animals. The highest folds were observed in anti-MTP64 and anti-Ag85B, indicating the high capacity of capture and recognition of antigens by these antibodies.

Considering that the amount of rESAT and rCFP10 expressed and purified were low, and that the antibodies were lyophilized and then hydrated for transport, in the case of sandwich ELISA, the anti-ESAT6 and anti-CFP10 titers did not show high folds, possibly because the antibodies or proteins used were probably not in optimal conditions.

Evaluation of anti-rHsp16.3 titers:

The small heat shock protein, Hsp16.3, protects the MTB through an association of the protein with MTB membrane [START_REF] Zhang | The association of small heat shock protein Hsp16.3 with the plasma membrane of Mycobacterium tuberculosis: Dissociation of oligomers is a prerequisite[END_REF]. This could explain why this antigen is found in large quantities in the TB serum. [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF], reported an ELISA to capture anti-Hsp16.3 for detecting TB antibody response in humans. In the case of active TB, the sensitivity and specificity reported were 63.33% and 88.04%, respectively. But in LTBI, theses parameters were 53.33% and 88.04%, respectively. In our experiments, the folds obtained in sera of rabbits (˃6.50) and mice (˃12.50) were high. However, a fold of 3.26 was observed when the antibodies were evaluated (in triplicate) in the sandwich ELISA assay.

Evaluation of anti-rMPT64 titers.

MPT64 antigen is a major secretory protein of MTB (specific for MTBC), and it is not expressed in non-pathogenic mycobacteria. [START_REF] Ji | Development of a quantitative sandwich enzyme-linked immunosorbent assay for detecting the MPT64 antigen of Mycobacterium tuberculosis[END_REF] reported a sandwich ELISA to detect MPT64 protein using monoclonal antibodies. The assay showed a lower detection limit of 2.1 ng/mL and 1.7×10 4 CFU/mL of MTB. Using 389 clinical MTB culture suspensions, the sensitivity and specificity were calculated, obtaining 100% for both parameters [START_REF] Ji | Development of a quantitative sandwich enzyme-linked immunosorbent assay for detecting the MPT64 antigen of Mycobacterium tuberculosis[END_REF]. A disadvantage of the previously described study was the culture that the clinical samples required before applying them to the MPT64 sandwich ELISA. Consequently, this method took a longer time for the TB diagnosis. In our study, we introduced magnetic nanoparticles in a sandwich ELISA to improve the MTP64 antigen detection and thus reduce the time of the TB diagnosis process. For this purpose, the evaluation of antibody production was made. The folds obtained in sera of rabbits (˃3.00) and mice (˃9.2) were slightly high. In the same way, a fold of 6.25 was observed when the antibodies were evaluated (in triplicate) in the sandwich ELISA assay.

Evaluation of anti-rMTC28 titers.

MTC28 is a component immunologically active of the MTB culture filtrate.

MTC28 elicited strong immune responses in immunized guinea pigs comparable with immunodominant secreted antigens (MPT64 and 38kDa antigen) [START_REF] Manca | MTC28, a novel 28-kilodalton proline-rich secreted antigen specific for the Mycobacterium tuberculosis complex[END_REF]. [START_REF] Lim | Identification of Mycobacterium tuberculosis DNA Sequences Encoding Exported Proteins by Using phoA Gene Fusions[END_REF] reported that ~ 25% of patients with active TB showed a strong antibody response to MTC28. This strong immunological activity of MTC28 is associated with specificity for MTBC [START_REF] Lim | Identification of Mycobacterium tuberculosis DNA Sequences Encoding Exported Proteins by Using phoA Gene Fusions[END_REF].

This high specificity makes the MTC28 protein an excellent diagnostic candidate. In our case, the immunogenicity of rMTC28 was corroborated by producing polyclonal antibodies in rabbits and mice. However, a fold of 3.6 was observed when the antibodies were evaluated (in triplicate) in the sandwich ELISA assay.

Evaluation of anti-rMoeX titers.

In the case of MoeX, this protein was reported as specific antigen for MTBC. Also, this protein was described as an attractive candidate for the development of a highly sensitive and specific urine MTB antigen detection test [START_REF] Pollock | Validation of Mycobacterium tuberculosis Rv1681 protein as a diagnostic marker of active pulmonary tuberculosis[END_REF]. This is one of the reasons why the protein was selected for this study. The standardization of the anti-MoeX dilution produced verified the antigenicity of the protein as well as the production of the antibodies. In our experiments, the folds obtained in sera of rabbits (5.73) and mice (10.40) were high. In the sandwich ELISA assay, a fold of 5.00 was observed when the antibodies were evaluated (in triplicate).

Evaluation of anti-r38 kDa protein titers.

According [START_REF] Harboe | The 38-kDa Protein of Mycobacterium tuberculosis : A Review[END_REF], B and T cell responses are induced by 38 kDa protein with high specificity for TB infection. It could be due to its extracellular localization [START_REF] Harboe | The 38-kDa Protein of Mycobacterium tuberculosis : A Review[END_REF]. [START_REF] Tiwari | Efficient ELISA for diagnosis of active tuberculosis employing a cocktail of secretory proteins of Mycobacterium tuberculosis[END_REF] reported an ELISA test standardized for the major protein antigens (6, 27, 30, 38 and 64 kDa) obtained from MTB culture filtrated proteins (antigens not described). An enhanced sensitivity (~98.67 %) and specificity (~98.06 %), compared with commercial ELISA assays, were found for the mixture proteins [START_REF] Tiwari | Efficient ELISA for diagnosis of active tuberculosis employing a cocktail of secretory proteins of Mycobacterium tuberculosis[END_REF].

This indicates that the 38kDa protein, like the others studied, activates efficiently the immune response of the host, allowing the production of antibodies. This was corroborated with the ELISAs performed with the anti-38kDa produced in rabbits and mice. However, a fold of 2.28 was observed when the antibodies were evaluated (in triplicate) in the sandwich ELISA assay.

Evaluation of anti-rAg85B titers.

Ag85B protein is the most abundant protein secreted by MTB and it is a potent immunoprotective antigen [START_REF] Anderson | An interfacial mechanism and a class of inhibitors inferred from two crystal structures of the Mycobacterium tuberculosis 30 kda major secretory protein (antigen 85B), a mycolyl transferase11Edited by I. A. Wilson[END_REF]. [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF], reported an ELISA to capture anti-Ag85B antibodies for detecting TB humoral response in humans. In the case of active TB, the sensitivity and specificity reported were 53.33% and 97.83%, respectively. But in LTBI, theses parameters were 60.00% and 88.04%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF]. In our study, the Ag85B protein proved to be highly immunogenic, and this was corroborated in the immunization process of rabbits and mice. In the same way, a fold of 6.39 was observed when the antibodies were evaluated (in triplicate) in the sandwich ELISA assay.

Evaluation of anti-rESAT6 titers.

In the case of ESAT6, [START_REF] Feng | Enhanced serodiagnostic utility of novel Mycobacterium tuberculosis polyproteins[END_REF] reported that the sensitivity of ESAT6

antigen to detect antibodies in TB patients varies from 5% to 76% with a specificity ranging of 51% to 100% [START_REF] Feng | Enhanced serodiagnostic utility of novel Mycobacterium tuberculosis polyproteins[END_REF]. Therefore, a careful standardization of the method for this marker was carried out by other research groups. [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF], reported an ELISA to capture anti-ESAT6 for detecting TB antibody response in humans. In the case of active TB, the sensitivity and specificity reported were 86.67% and 95.65%, respectively. But in LTBI, theses parameters were 60.00% and 84.78%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF]. I this way, the ESAT6 protein was able to induce a high level of antibodies in TB patients. In our case, considerable amounts of anti-rESAT6 antibodies were produced in rabbits and mice. However, in the ELISA sandwich test a very low fold (1.77) was observed.

Evaluation of anti-rCFP10 titers.

In the case of CFP10, Parkash et al. (2009) reported that the sensitivity of ELISA using CFP10 to detect antibodies in TB patients varies from 9% to 78% with a specificity ranging of 55% to 100%. This variation in sensitivity and specificity may be due to the conditions and the type of test or protocol performed for the immunodiagnostic, as well as the conditions of the antigens and the samples of patients with TB (Parkash et al., 2009). [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF] reported an ELISA assay to capture anti-CFP10 for detecting TB antibody response in humans. In the case of active TB, the sensitivity and specificity reported were 80.00% and 80.43%, respectively. But in LTBI, theses parameters were 73.33% and 69.57%, respectively [START_REF] Zhang | Mycobacterium tuberculosis Secreted Proteins As Potential Biomarkers for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection[END_REF]. Our study confirms the antigenic capacity of this protein. As anti-rESAT6, in the ELISA sandwich test, a low fold (1.93) was observed. Probably, the conditions of the protein were not optimal (low amounts and slight precipitation).

II.5. CONCLUSION.

The recombinant proteins (Hsp16.3, CFP10, ESAT6, MTC28, MPT64, 38 kDa protein, Ag85B and MoeX) successfully expressed in E. coli were able to elicit a high amount of polyclonal antibodies in rabbits and mice, that were specific to recognize the purified recombinant proteins. Elevated antibody titers were observed in experimental animals during the different immunization doses. In the sandwich ELISA, the folds were greater in the anti-MPT64 and anti-Ag85B. However, the other antibodies also demonstrated efficiency in recognizing and capturing specific recombinant antigens.

Chapter III: Synthesis, aminesilanization and physical-chemical characterization of magnetic nanoparticles.

considerably. In addition, the amine-silanization surround the iron particle surface was a crucial step to prevent its oxidation and the subsequent loss of magnetic properties.

Conclusion:

All the nanoparticles reported in this study were synthesized successfully by the co-precipitation methodology, following different protocols. Similarly, the surface of the nanoparticles was efficiently silanized in two steps (TEOS/APTES). The characterization demonstrated the presence of magnetite in the core of the synthesized

MNPs

NOTE:

This chapter has been divided into 4 subchapters: narrative description (III.1), experimental section (methodology, III.2), results (III.3) and discussion (III.4). The structure of narrative description -experimental section is a format widely used in the domain of chemical sciences, while the structure of methodology -results -discussion is a standard format in the area of biology. In this chapter, the narrative description shows merged results and discussion. The experimental section describes the materials and methods used in this chapter. The results and discussion sections have the same content as the previously described narrative description, but they are separated. This means that reading the narrative description -experimental section is the equivalent of reading experimental section -results -discussion.

Despite the redundancy of information between narrative section (III.1) and results

discussion (III.3 and III.4), this format is justified for easy understanding for chemists (narrative section -experimental section) and biologists (experimental sectionresultsdiscussion).

III.1. NARRATIVE DESCRIPTION.

To evaluate the different MNP coverage agents (dextran, APTES, TEOS/APTES), the synthesis of the nanoparticles varied according to the type of coverage agent used, as well as the type of solvent evaluated (Chapter III.1). But in general, the MNP synthesis protocols corresponded to the co-precipitation method. All protocols described below were previously reported. To determine the MNP with better characteristics to immobilize proteins on its surface, a general protein conjugation test was performed.

The protocol that generated the nanoparticle with the best characteristics to immobilize proteins is described in Chapter III.2. Likewise, a complete physicochemical characterization was performed on these nanoparticles.

The standardization of the immobilization of BSA and IgG on the surface of these characterized nanoparticles is described in Chapter IV.

III.1. 1. Evaluation of conditions for the coating of magnetic nanoparticles.

This section describes the previously evaluated conditions before determining the best methodology for the synthesis and coating of the MNPs.

-Condition N° 1: MNP coating using CMD.

After the synthesis, the naked MNPs must be covered to avoid degradation, aggregation and oxidation, especially with metals such as iron. A shell layer allows to increase the chemical stability and integrity of the MNP [START_REF] Fields | Advances in Affinity Ligand-Functionalized Nanomaterials for Biomagnetic Separation[END_REF]. Before choosing the amino groups for the coating of the MNPs, the Carboxymethyl-dextran (CMD) was evaluated, because this polymer was used in previous studies in biomedicine [START_REF] Han | Carboxymethyl -Dextran ) -Modified Magnetic Nanoparticles Conjugated to Octreotide for MRI Applications[END_REF].

The CMD is a polysaccharide commonly used due to its negative charged carboxylic groups and its hydrophilicity, avoiding the agglomeration of MNP-CMD [START_REF] Li | Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation[END_REF].

Han et al., 2010 reported a MNP-CMD conjugated to Octreotide, which is a synthetic somatostatin analogue that specifically targets somatostatin receptors, for MRI applications on pancreatic and colon cancer cells [START_REF] Han | Carboxymethyl -Dextran ) -Modified Magnetic Nanoparticles Conjugated to Octreotide for MRI Applications[END_REF]. Also, Li et al., 2011 reported a MNP-CMD able to conjugate covalently anti-BSA in their surface. After incubation with BSA, the antigen was efficiently dissociated and the regenerated antibody covered MNP-CMD was repeatedly used [START_REF] Li | Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation[END_REF].

In our study, we evaluated three previously reported protocols: Protocol 1 [START_REF] Han | Carboxymethyl -Dextran ) -Modified Magnetic Nanoparticles Conjugated to Octreotide for MRI Applications[END_REF], protocol 2 [START_REF] Makovec | The formation of magnetic carboxymethyl-dextrane-coated iron-oxide nanoparticles using precipitation from an aqueous solution[END_REF] and protocol 3 [START_REF] Li | Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation[END_REF], where CMD was successfully coated on the surface of the MNPs. However, in our results the process of MNP coating with CMD generated nanoparticles with low magnetism, and consequently they were not efficient to immobilize proteins on their surface (data not shown). The high reduction of magnetism could be explained because the CMD is a complex and large polymer, and probably it is generating an interference between the surface and the magnetic domains of the MNPs.

The Table III.1 shows the main visible characteristics of the MNP-CMD after the synthesis. Iron nanoparticles are characterized by having a blackish color. In our case, we obtained brown and black MNPs. In addition, the magnetism varied according to the state of the MNP, the magnetization was faster when the black MNP was in powder (+++) and the brown (oxidized) did not show magnetization. However, a medium magnetization (++)

was observed when the brown MNP was dispersed. Finally, no agglomeration of the nanoparticles was observed.

In general, the CMD option was discarded to conjugate biomolecules due to its instability in its magnetization, which could be due to the interference of the CMD exerted on its surface. Consequently, amino-silane groups were used to cover the surface of the MNPs.

-Condition N° 2: MNP coating using APTES at RT.

Silica is a popular election for the inorganic coating of MNPs. It is because the silanization process is not complex, is effective, has low cytotoxicity, inertia to redox reactions, stability in acidic conditions and a great number of different functional groups associated to commercial silanes are available [START_REF] Fields | Advances in Affinity Ligand-Functionalized Nanomaterials for Biomagnetic Separation[END_REF]. In general, the initial silanization is a very fast process, but the saturation progress is very slow, involving adsorption, chemical sorption, and chemical diffusion processes [START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF].

Jesse et al., 2015 reported a modified protocol to synthesize nanoparticles with APTES;

and conjugate specific antibodies covalently for the bio-separation of begomovirus [START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF].

In our results, the silanized MNP with APTES at RT, presented a high polydispersity (29.5%) in DLS measurements, this means that there was a heterogeneity of MNPs with different measures. The hydrodynamic diameter was elevated (285,2 nm ± 9,5 nm) compared to 25 nm (dH) reported by Jesse et al., 2015 (Figure III.1A).

The magnetic hysteresis is a characteristic where MNPs retain a remaining magnetism, although the magnetic field no longer exists. The hysteresis curve shows the behavior of the magnetism of a material to different levels of magnetic intensity (Oe) applied. At certain point, the magnetization is proportional (linear zone) until reaching the point of saturation induction. This means that although a greater magnetic force is induced to the material, it will no longer magnetize [START_REF] Ahmadzadeh | Magnetic analysis of commercial hematite, magnetite, and their mixtures[END_REF].

Our silanized MNPs showed a hysteresis of 10.87 Oe. This is because by subjecting the silanized MNPs to an alternating magnetic field, their domains were oriented according to the sense of the magnetic field. But when the intensity of the field decreased, most of the domains returned to their initial position. However, others did not reach it, possibly due to molecular friction between them. Therefore, these domains retained part of their forced orientation, persisting a remnant magnetism that manifests as a small level of magnetic The silane groups are activated by hydrolysis, subsequently a condensation between the Si-OH (silanol) and OH-(MNP surface) groups, is made by forming stable bonds on the surface. However, the different types of solvents in the silanization process could influence the formation of homogenous or heterogeneous layers of silane groups on the MNP surfaces [START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF]. This could have an impact on the immobilization of biomolecules on the surface of the nanoparticles. In this way, silanized MNPs with different solvents were identified and their effect on protein conjugation was evaluated.

In this case, the amine-silanization was made only with APTES, using as solvents water, ethanol/water and methanol/toluene. Characteristics of the nanoparticles with and without APTES were evaluated, such as the zeta potential values and the hydrodynamic diameter.

Amino-silanization of nanoparticles using water as solvent. Amino-silanization of nanoparticles using ethanol/water as solvent.

Unlike the nanoparticles silanized with APTES-water, in this case it can be observed that the nanoparticles obtained, with and without APTES, have a positive surface charge in both cases, being higher in the nanoparticles functionalized with APTES (Figure

III.4).
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Amino-silanization of nanoparticles using methanol/toluene as solvent. [START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF] reported that the highest equilibrium grafting density, data based on TGA, was reached using toluene/methanol as solvent in the silanization process (Liu et al., 2013). Determination of the ability of the amine-silanized MNPs to be functionalized by biomolecules on their surface.

Because the charge of the nanoparticles silanized with the system APTES-water had a net negative charge, the reactive amino groups would not be present on the surface.

Consequently, functionalization with proteins could only be generated through weak interactions and/or adsorption. In the case of nanoparticles silanized with the system APTES-ethanol/water and with the system APTES-methanol/toluene, it is observed positive surface charges in both cases, it means that there are amino groups on the surface, which are essential to generate the peptide bonds with the carboxyl groups of the proteins to be functionalized.

Table III.3 shows the amount of proteins (mg of BSA and IgG) immobilized on the surface of the silanized MNP, after 6h incubation. A higher percentage of bound BSA (10.65 %) is observed when methanol/toluene is used as solvent in the silanization process.

However, in the case of antibodies (IgG), only 5.26% was fixed on the MNP surface.

Despite of the promising characteristics of the silanized MNPs using the mixtures ethanol/water and methanol/toluene, these systems were not very efficient for the immobilization of biomolecules on their surface. Consequently, other conditions and protocols for the silanization of nanoparticles were evaluated. Although MNP is efficient to immobilize proteins on its surface (13.52 % of BSA and 46.15% of IgG) (Table III.4), the main disadvantage was the very small amount of MNPs produced. This could be due to the interference with ethylene glycol during the washing step of the nanoparticles. A protocol reported by [START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF] was used in the next section. MNP coating using TEOS/APTES in ethanol solvent is described. It was the most efficient method to produce modified nanoparticles capable of binding high amounts of proteins on their surface. Therefore, all experiments onwards will be performed with the MNPs described below.

III.1.2. Synthesis of MNP@Si@NH2 by co-precipitation method.

This section presents the best protocol of synthesis and coverage of MNP, for the immobilization of proteins on its surface. Using this protocol, a greater amount of MNP was produced (grames). As in the cases previously described, the magnetic nanoparticles were synthesized successfully following a modified co-precipitation method [START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF]. After the synthesis, to produce monodispersed particles, the MNPs were stabilized with amino-silane groups (TEOS/APTES in two steps) on the surface to avoid/reduce particle agglomeration (Figure III.8); which may occur during synthesis, drying or postsynthesis processing [START_REF] Smit | Polymer-coated magnetic nanoparticles and modified polymer nanofibers for the efficient capture of Mycobacterium tuberculosis ( Mtb ) by Marica Smit[END_REF]. In this way the repulsive forces between the particles increased.

The Table III.5 shows the amount of proteins conjugated on nanoparticle surfaces (MNP@Si@NH2). The values of linked BSA and IgG (13.88% and 44.75%,respectively) were similar to MNPs previously reported (table III.4). However, the advantage of this method is the amount of synthesized nanoparticles, because it can be measured in grams, unlike the previous one that only produced mg of MNPs. In addition, the synthesis and amino-silanization methodologies were easier and cheaper than the previous one, because ethylene glycol was not used.

Table III.5: Functionalization of biomolecules on the surface of the MNP@Si@NH2. 

MNP@Si

III.1.3. Physical-chemical characterization of coated magnetic nanoparticles.

To determine the physical-chemical properties of the MNP@Si@NH2 synthesized, different techniques of evaluation were used. The most important results of this characterization are described below: 220), ( 311), ( 400), ( 422), ( 511) and ( 440), respectively [START_REF] Wen | Preparation of monodisperse magnetite nanoparticles under mild conditions[END_REF]. Our diffraction peaks were similar to XRD pattern previously reported. XRD data shows similar peaks between bare MNP compared to MNP@Si@NH2. In addition, XRD of MNP@Si@NH2 showed a characteristic amorphous shoulder (2θ = 50.0°) associated to amorphous silica recovering the magnetite particles. The XRD patterns of magnetite and amine-silanized magnetite were similar, indicating that Si@NH2 groups has not effect on the crystallization process.

However, the broadening analysis of diffraction peaks for MNP@Si@NH2 and bare MNP

shows different nanometric grain size, 8 nm and 12 nm, respectively. This difference in size could be due to the stabilization of nanoparticles with amino-silane groups, generating a repulsive force, consequently a lower degree of aggregation. On the other hand, in the case of naked nanoparticles, there is an attraction between them that in time can produce an aggregation of the nanoparticles.

The magnetite XRD pattern was identified as F d-3 m spatial group with a = b = c = 0.837 nm, cell conditions. 
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The Mössbauer spectrum for MNP was fitted using only two crystalline iron site associated to Fe 2+ and Fe 3+ related to octahedral and tetrahedral iron sites [START_REF] Cabrera | Magnetic composites from minerals: study of the iron phases in clay and diatomite using Mössbauer spectroscopy, magnetic measurements and XRD[END_REF][START_REF] Wang | Room temperature Mössbauer characterization of ferrites with spinel structure[END_REF]. However, Mössbauer spectra of amine-silanized magnetite was fitted using three crystalline iron sites and a distribution of non-equivalent iron sites fitted by a hyperfine field distribution. The hyperfine conditions of three crystalline sites were identifies as Fe 2+ , Fe 3+ and interfacial iron sites. While, the distribution was associated to non-equivalent iron site with nanosized grain size supported by XRD analysis. Magnetism results from the movement and/or rotation of unpaired electrons in an atom.

The spin of an electron inside an atom, is equivalent to the force of the magnetic moment of the electron. These electrons are organized in increasing energy orbitals, and each orbital contains a maximum of 2 electrons with opposite spins. When an orbital is full, there is no net magnetic moment [START_REF] Warren | Synthesis , Characterization , and Functionalization of Magnetic Iron Nanoparticles for Enhanced Biological Applications[END_REF].

The magnetic properties of synthesized magnetite nanoparticles were analyzed measuring hysteresis loop up to 2T magnetic field at RT. The hysteresis loop for MNP and MNP@Si@NH2 are shown on Figure III.13. The saturation magnetization for MNP@Si@NH2 was 37.06 emu.g -1 lower than the value of 55.04 emu.g -1 observed for MNP. This reduction of magnetism in MNP@Si@NH2, can be attributed to the shield provided by the amine-silane layers on the surface of the nanoparticles. This generates an interference effect between the magnetic field and the magnetic domains of nanoparticles [START_REF] Cabrera | Magnetic composites from minerals: study of the iron phases in clay and diatomite using Mössbauer spectroscopy, magnetic measurements and XRD[END_REF].

In general, both nanoparticles exhibited ferromagnetic behavior. Additionally, a coercivity (Hc) of 280.9 Oe for MNP and 87.8 Oe for MNP@Si@NH2 were observed. The Hc value has a direct relationship with the grain size of nanoparticles. It is because, magnetite nanoparticles are strongly affected by thermal effect which decrease the magnetic moment due to missorientation of magnetic moments [START_REF] Wen | Preparation of monodisperse magnetite nanoparticles under mild conditions[END_REF], resulting in a larger grain size for MNPs compared to MNP@Si@NH2, as corroborated by XRD. spectral range (at about 640 and 590 cm-1 ). The spectrum of MNP@Si exhibits intense vibrational modes associated with the formation of the silica shell. Among them, the characteristic modes at 1100 and 800 cm -1 are attributed to the stretching vibrations of the Si-O-Si linkages (antisymmetric and symmetric stretching modes, respectively) and the band at 475 cm -1 is related to the Si-O-Si bending vibration. The spectrum of MNP@Si@NH2 is also dominated by the features related to the silica layer but presents additional vibrational modes in the 1600-1400cm -1 range. The observed bands can be assigned to amino groups vibrations (NH2 bending NH2 at 1600 cm -1 ) and to C-H vibrations in CH2 groups (CH2 at 1469 cm -1 ) and in CH3 groups (asymmetric bending CH3 at 1450 cm -1 ). These results confirm the presence of the silica shell at the surface of the MNPs, successfully functionalized with amino groups during the synthesis process [START_REF] Siurdyban | Immobilization of Cryptophane Derivatives onto γ-Fe2O3 Core-Shell Magnetic Nanoparticles[END_REF][START_REF] Smith Socrates | Infrared and Raman characteristic group frequencies[END_REF]. (MNP@Si, blue curve) and with TEOS/APTES (MNP@Si@NH2, red curve). It is observed that the peak of NH2 at 1600 cm -1 is a slight pronunciation, different from the blue curve (MNP silanized without NH2 groups). Despite, the amine-silanization had already been corroborated through the DRIFTS, an approximate quantification was achieved using TGA. Additionally, the analysis of mass loss as a function of temperature allowed us to determine that amino-silanes tend to evaporate at around 450 °C. 
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About the surface charge, MNP@Si@NH2 exhibited positive charge of around ᶎ:

+23.57 ± 2.87 mV (millivolt), important for an electrostatic stabilization of nanoparticles.

Instead, a naked MNP (magnetite) had a negative charge due to the -OH ions at the surface.

This favored the anisotropic dipolar attraction causing aggregation of particles to large clusters, resulting in the increase of the particle size [START_REF] Maximilien | Nanoparticles in Biomedical Applications[END_REF]. However, when MNPs are coated with suitable capping agent, a positive net surface charge is exhibited on amine-silanized nanoparticles. It indicates a transformation of -NH2 groups in -NH + 3, at neutral pH, generating an steric/electrostatic repulsion between the iron particles [START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF][START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF][START_REF] Vereda | Influence of a magnetic field on the formation of magnetite particles via two precipitation methods[END_REF].

Using Dynamic Light Scattering (DLS), the hydrodynamic diameter (dH) of magnetic nanoparticles was evaluated considering the accumulated number. In solution, the naked MNP showed a dH of 360.97 nm (87.61 %), and MNP@Si@NH2 a dH of 148.32 nm (55.41 %) (Figure III.17A and III.17 B). Compared with the results of TEM and XRD, an increase up to 10 times of the nanoparticle diameters was observed. It happened when they were in solution. To explain this phenomenon, we have two hypotheses. First, the aminosilane layers were formed in a disordered way, on the surface of the nanoparticles (d = 10.48 ± 2.56 nm), generating greater exposure of NH2 and OH functional groups.

Depending the pH variations in the solution, these functional groups tend to be protonated or deprotonated. It generates an electrostatic attraction between the amino-silanized nanoparticles. These interactions could generate clusters of silanized nanoparticles, increasing the hydrodynamic diameter. Second, the magnetic properties of the nanoparticles (55.04 emu.g -1 ) could have generated an aggregation of the nanoparticles before the amino-silanization. In this way, the core of the particle would be formed of a magnetite cluster, and on them the amino-silanization would have been carried out. 

III.2. EXPERIMENTAL SECTION (METHODOLOGY).

Different slightly modified protocols for the synthesis and coating of magnetic nanoparticles have been evaluated [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF][START_REF] Han | Carboxymethyl -Dextran ) -Modified Magnetic Nanoparticles Conjugated to Octreotide for MRI Applications[END_REF][START_REF] Huynh | Carboxymethylation of dextran in aqueous alcohol as the first step of the preparation of derivatized dextrans[END_REF][START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF][START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF][START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF][START_REF] Makovec | The formation of magnetic carboxymethyl-dextrane-coated iron-oxide nanoparticles using precipitation from an aqueous solution[END_REF]Zhang et al., 2013).

At the same time, different solvents (water, ethanol, ethanol/water and methanol/toluene), different coating (carboxymethyl-dextran, APTES, TEOS/APTES) and reaction temperatures were used. However, not all the modified nanoparticles obtained were able to successfully immobilize the proteins on their surface. The conditions evaluated are -Condition N° 1: MNP coating using CMD.

Due to the numerous studies reported in biomedicine, using CMD to coat MNP, this was considered as the first organic group of interest in our study. Below protocols for the synthesis and functionalization of MNP-CMD.

Protocol 1: Under nitrogen gas, 8.125 g of FeCl3 and 4.98 g of FeCl2.4H2O were solubilized in 100 ml of deionized water (H2O). Then 1.3 g of sodium citrate was added.

The mixture was vigorously stirred at 65 °C and ammonium hydroxide (volume of 17.5 ml of NH4OH) was added dropwise until pH 12. The mixture was stirred for 3 h at 70 °C and washed using H2O until neutral pH (approximately 5 times). Acidic water (adjusted to pH 3-4 with HCl) was added to the pellet. The reaction was sonicated for 30 min and stirred for 2 h at 25 °C. Then 0.2 gr of CMD was added in the mixture, and it was stirred over night at 25 °C. The MNP-CMD obtained was washed with H2O until pH 7.0. The nanoparticles were dried in the oven at 60 ° C. In this section the protocol of Han et al.

(2010) was slightly modified.

Note: The washes were performed by centrifugation. The pellet turned brown when the acidic water was added. The nanoparticles covered with CMD did not show to be magnetic when they were dry, but after diluting they acquired magnetism.

Protocol 2: Under nitrogen gas, 0.62 g of FeCl3, 0.38 g of FeCl2.4H2O and 550 mg of CMD were diluted in 50 ml of acidic water (pH 3-4, adjusted with HCl). The nanoparticles were evidenced when 10 ml of NH4OH (25%) was added. The reaction was stirred at 80 °C for 2 hours, sonicated for 30 min, and incubated at 80 °C for 3 h. Using a magnet, the nanoparticles were washed with deionized water, until neutral pH. The nanoparticles were dried in the oven at 60 ° C. In this section the protocol of [START_REF] Makovec | The formation of magnetic carboxymethyl-dextrane-coated iron-oxide nanoparticles using precipitation from an aqueous solution[END_REF] was slightly modified.

Protocol 3: Under nitrogen gas, 1.95 g of FeCl3 and 1.2 g of FeCl2.4H2O were solubilized in 50 ml of deionized water. The nanoparticles were precipitated using NH4OH (25%) dropwise until pH 11. The reaction was stirred at 80 °C for 3 hours, and black nanoparticles were washed with H2O until neutral pH. The nanoparticles were resuspended in acidic water (adjust with HCl), and 1g of CMD was added. The mixture was stirred at 45 °C for 20 min. The nanoparticles were isolated using a magnet and adjusted until pH 5-6 with NH4OH (25%). The pellet was washed with deionized water until neutral pH. MNP-CMD was sonicated and dried in the oven at 60 °C.

Functionalization of MNP-CMD surface with biomolecules.

Resuspended MNP-CMD (5 mg previously dispersed in MES), protein (BSA ~2.2 mg/ml or antibody 10µl/ml), EDC/NHS (5/10 mM for both cases) were mixed in a clean eppendorf tube. The reaction was incubated at room temperature, 15 rpm, overnight. The supernatants of the reactions were dialyzed with PBS at 4°C, and their concentrations were read at A280nm.

-Condition N°2: MNP coating using APTES at RT.

To synthesize MNP, 0.25 M FeCl2 and 0.5 M FeCl3 (Fe 2+ : Fe 3+ = 1: 2) were mixed in 20 ml of milliQ water, under N2 gas. The reaction was incubated at 30 °C for 1 h. Then, using NH4OH, the MNPs were precipitated at pH 12. At room temperature, the MNPs were washed to remove the hydroxide, until pH 7. Subsequently, the black pellet was sonicated and incubated in a shaker with 10 ml APTES (10%, pH 4 with glacial acetic acid) at RT for 16 hrs. Finally, the silanized MNP were washed with milliQ water until neutral pH. In this section the protocol of [START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF] was slightly modified.

-Condition N°3: MNP coating using APTES at 70°C in different solvents.

The following experiment was carried out according to methodology previously reported [START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF], but slightly modified.

For the synthesis of the NPM: Under nitrogen gas, 8.125 g of FeCl3 and 3.175 g of FeCl2 were solubilized in 100 ml of deionized water (H2O). The mixture was vigorously stirred for 30-60 min at 30 ° C, heated until 80 ° C and then, ammonia solution (volume of 17.5 ml of NH4OH) was added dropwise until pH 12. The reaction was stirred vigorously for 3-4h at 100 ° C.

supernatants of the reactions were dialyzed, and their concentrations were read in a Nanodrop and a Nanovue at A280nm.

-Condition N° 4: MNP coating using APTES/TEOS (two steps).

Under nitrogen gas, 8.125 g of FeCl3 and 4.98 g of FeCl2.4H2O were diluted in 100 ml of ethylene glycol. It was mixed vigorously for 30 min at RT and precipitated adding dropwise ammonia solution until pH 12, at 80 °C. The reaction was incubated for 1 h at 80 °C and 2 h at 140 °C under stirring. By centrifugation, the MNPs were washed with ethanol until pH 7. The reaction was diluted with 160 ml ethanol, 40 ml water, 10 ml NH4OH and 4 ml TEOS (dropwise), sonicated for 30 min, and incubated over night at 40 °C. After, the silane-MNPs, were sonicated for 20 min, and 6 ml of APTES was added. The reaction was incubated for 2 h at 60 °C and sonicated for 1 h. By centrifugation, the amine-silanized nanoparticles were washed with ethanol and water until pH 7.0. The black pellet was dried at 60 ° C.

Functionalization of MNP@TEOS@APTES surface with biomolecules.

5 mg of amine-silanized MNPs were resuspended with protein (BSA ~2.2 mg/ml or antibody 10µl/ml) and coupling agent EDC/NHS (5/10 mM for both cases). The reaction was mixed and incubated at RT, 15 rpm, overnight. The supernatants of the reactions were dialyzed with PBS at 4°C, and their concentrations were read at A280nm.

III.2.2. Synthesis of MNP@Si@NH2 by co-precipitation method.

Iron oxide magnetic nanoparticles coated with amine-silane groups (MNP@Si@NH2), were synthesized following a slightly modified co-precipitation protocol described by [START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF][START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF].

-Magnetite synthesis.

FeCl2•4H2O (2.0 g) and FeCl3 (3.24 g) were dissolved in hydrochloric acid solution (25 ml, 2M, HCl). Aqueous ammonium hydroxide (NH4OH, 26.78 ml, 28%) was added drop by drop until pH 12 with vigorous stirring (600 rpm) at room temperature, to produce black magnetic nanoparticles (MNP). The reaction mixture was additionally stirred for 30 min at room temperature. MNPs were washed with acid solution (2 times using 50 ml of 2M, HCl) and H2O (50 ml). The black pellets were then dispersed in ethanol (40 ml) and sonicated (40 min).

-Amine-silanization of MNP surface.

The amino-silanization of the surface of the magnetic nanoparticles was carried out in two steps, described below:

MNPs were coated with a first layer (silanization), following the next reaction:

total magnetic nanoparticles were vigorously stirred for 2 h at 40°C with aqueous NH4OH (28%, 1.6 ml), H2O (6 ml) and TEOS (1.5 ml, 6.72 mmoles). The reaction mixture was sonicated (1h) at room temperature, MNP@Si were washed (3 times with 50 ml of ethanol)

and resuspended in 40 ml of ethanol. The suspension was mixed for 12 h at 40 °C, washed with 1 M HCl (50 ml), H2O, 20% HNO3 (50 ml) and, finally, H2O until neutral pH.

After, the second amine-silanization layer was coated on magnetic nanoparticles surface, such as described below: the previously MNP@Si obtained, were resuspended in 60 ml of ethanol. After sonication (30 min) at room temperature, the suspension was mixed with APTES (6 ml, 25.64 mmoles) at 60°C for 12 h. Pellets of MNP@Si@NH2 were washed with ethanol (3 times with 100 ml) and acetone (3 times with 100 ml) and dried at 60°C in a stove.

Functionalization of MNP@Si@NH2 surface with biomolecules.

Protein (BSA ~2.2 mg/ml or antibody 10µl/ml), EDC/NHS (5/10 mM for both cases) and 5 mg of amine-silanized MNP, were mixed and incubated at RT, 15 rpm, overnight. The supernatants of the reactions were dialyzed with PBS at 4°C, and their concentrations were read at A280nm.

III.2.3. Characterization of synthesized magnetic nanoparticles.

Physical-chemical properties of synthesized magnetic nanoparticles were characterized using different methods. Each type of characterization of the nanoparticles was carried out as described below:

-X-ray diffraction.

X-ray powder diffraction (XRD) is a rapid analytical technique that allows to identify the phases of a crystalline material, reveal information about the chemical composition of the material, as well as provide informations about the average dimensions of the unit cells.

The identification of the phases is achieved by comparing the acquired data with those of the reference databases (Garcia-Granda and Montejo-bernardo, 2013).

The XRD patterns were measured at room temperature in D8 FOCUS X-ray Diffractometer (Bruker, Karlsruhe, Germany) using CuKα radiation (λ= 1.5406 Å). The analyses of diffraction pattern were made by refining crystalline structure using the Rietveld method performed by the Fullprof software.

-Transmission Electron Microscopy.

The transmission electron microscopy (TEM) is used to view superfine samples through which electrons can pass and generate a projection image. An electron source in the upper part of a TEM emits electrons that travel through the vacuum tube of the microscope. Instead of having a glass lens, the TEM uses an electromagnetic lens that focuses the electrons in a very thin beam. In such a way that an image of the electron density of the sample is generated [START_REF] Franken | Transmission Electron Microscopy as a Tool for the Characterization of Soft Materials: Application and Interpretation[END_REF].

Samples for TEM were prepared by suspending powder nanoparticles in ethanol and ultrasonication for 15 min. The suspension was evaluated using the GATAN TEM JEOL to 60kV and 120kv. Microphotographs were taken to determine the size and structure of the amino-silanized magnetic nanoparticles.

-Dynamic Light Scattering:

Dynamic light scattering (DLS) is a technique used to determine the size distribution of small particles in suspension or polymers in solution. Basically, the sample is illuminated by a laser beam and the fluctuations of the scattered light are detected at a scattering angle (θ = 90°) by a photon detector [START_REF] Nanocomposix | NanoComposix's Guide to Dynamic Light Scattering measurement and analysis[END_REF].

For DLS, the MNP@Si@NH2 were dispersed in water and measure in 90Plus Particle Size Analyzer (Brookhaven Instruments Corporation, New York, USA). To completely dilute the nanoparticles in the solution, they were sonicated for 15 minutes before the measurement.

-Diffuse reflectance infrared Fourier transform spectroscopy.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) allows spectra of powdered samples to be obtained with a minimum of sample preparation required.

Normally, the sample is placed on a flat surface inside a chamber with two windows, then an infrared beam is reflected and scattered on the surface of the sample. Emerging radiation leaves the sample in all directions, but with the appropriate optical settings it is directed towards the detector. The intensity of the infrared peaks is expressed in units of Kubelka-Munk, in which case the spectra are similar to the transmission spectra shown as absorbance (Mosiewicki et al., 2011).

DRIFTS was used to analyze the chemical modifications of the nanoparticles surface.

The measurements were conducted on a Thermo Scientific Nicolet 6700 spectrometer equipped with a diffuse reflection unit (Harrick Praying Mantis TM ). The spectra were recorded by averaging 200 scans at a resolution of 4 cm -1 in the 4000 to 400 cm -1 spectral range. All powder samples (at a concentration of 1 weight-%) were intermixed with calcinated KBr and finely ground. The pure KBr was used as background. The spectral intensities were converted to Kubelka-Munk units.

-Mössbauer Spectroscopy.

Mössbauer spectroscopy (MS) is a non-destructive technique based on the emission

and resonant absorption of gamma rays in solids. Currently, this technique allows to study the electronic structure, the binding properties, the molecular symmetry, the magnetic behavior and the phase transitions in the solid state, which constitutes the basis for identifying all types of materials, such as a "fingerprint" [START_REF] Gütlich | Mössbauer spectroscopyan indispensable tool in solid state research[END_REF].

MS was used to determine the iron oxidation state in nanoparticle core. Mössbauer spectra were recorded at RT using a conventional Mössbauer spectrometer in transmission geometry and employing a 25 mCi, 57 Co/Rh source. The spectra were analyzed using the least squares method assuming Lorentzian line shapes and a hyperfine field distribution.

-Thermogravimetric Analysis (TGA).

The TGA measures the amount and velocity (velocity) of change in the mass of a sample as a function of temperature or time in a controlled atmosphere. Basically, when a sample is heated, its mass changes (reduces), due to decomposition, reduction or evaporation. This allows to determine the thermal or oxidative stabilities of the materials, as well as their composition properties. In the case of Derived Thermogravimetry (DTG), the speed of changes in weight of the material when heating is compared with the temperature and allows to analyze the thermogram peaks of weight versus temperature [START_REF] Groenewoud | Thermogravimetry[END_REF].

To quantify the organic material conjugated on nanoparticle surfaces, TGA was carried out using Setaram Thermogravimetric Analyzer (LABSYS EVO DTA/DSC, Lyon, France). The sample weight ranged from 21.85 to 30.5 mg. Analysis was performed from 25 to 900 °C at a heating rate of 10°C/min, under argon atmosphere, with a gas flow rate of 16 mL/min. The loss mass of organic material was calculated using a derivative plot dm/dT (DTGA).

-Condition N° 3: MNP coating using APTES at 70°C using different solvents.

The amine-silanization was made only with APTES, using the solvents water, ethanol/water and methanol/toluene. Characteristics of the nanoparticles with and without APTES were evaluated, such as the zeta potential values and the hydrodynamic diameter.

Amino-silanization of nanoparticles using the water as solvent. Amino-silanization of nanoparticles using ethanol/water as solvent.

The nanoparticles obtained with and without APTES, have a positive surface Amino-silanization of nanoparticles using methanol/toluene as solvent. The Table III.2 summarizes the characteristics obtained from the silanized MNPs with different solvents. When the mixture methanol/toluene was used, the surface charge was higher (+22.15) compared to the other MNPs silanized with other solvents. In the case of the mixture ethanol/water the hydrodynamic diameter was lower, guaranteeing a greater dispersion in MNPs. On the other hand, the non-silanized nanoparticles with APTESethanol/water presented a positive surface charge (+7.83), indicating possible residues of NH4OH, used for the co-precipitation of the nanoparticles. Probably, the nanoparticles were not washed properly until reaching a neutral pH.

Determination of the ability of the amine-silanized MNPs to be functionalized by biomolecules on their surface.

Table III.3 shows the amount of proteins (mg of BSA and IgG) immobilized on the surface of the silanized MNP, after 6 h incubation. A higher percentage of bound BSA (10.65 %) is observed when methanol/toluene is used as solvent in the silanization process.

However, in the case of antibodies (IgG), only 5.26% was fixed on the MNP surface.

Despite of the promising characteristics of the silanized MNPs using the mixtures ethanol/water and methanol/toluene, these systems were not very efficient for the immobilization of biomolecules on their surface. Consequently, other conditions and protocols for the silanization of nanoparticles were evaluated.

-Condition N° 4: MNP coating using TEOS/APTES (two steps).

In this case the silanization was made using TEOS (first layer) and APTES (second layer. Table III. [START_REF] Wu | Comparison of antibody responses to seventeen antigens from Mycobacterium tuberculosis[END_REF] shows the functionalization of BSA and IgG on the surface of the aminesilanized MNP, 13.52 % and 46.15% , respectively.

A protocol reported by [START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF], MNP coating using TEOS/APTES in ethanol solvent, was used in the next section. It demonstrated to be most efficient to produce modified nanoparticles able to bind high amounts of proteins on their surface.

Therefore, all experiments onwards were performed with the MNPs described below.

III.3.2. Synthesis of MNP@Si@NH2 by co-precipitation method.

The Table III.5 shows the amount of proteins conjugated on nanoparticle surfaces (MNP@Si@NH2). The values of linked BSA and IgG (13.88% and 44.75%,respectively) were similar to MNPs previously reported (table III .4).

III.3.3. Physical-chemical characterization of coated magnetic nanoparticles.

To determine the physical-chemical properties of the MNP@Si@NH2 synthesized, different techniques of evaluation were used. The most important results of this characterization are described below:

The structural characterizations made by XRD (Figure III.9) showed different reflection planes corresponding to its Bragg angles, characteristic for magnetite (JCPD card N° 19-0629). According [START_REF] Wen | Preparation of monodisperse magnetite nanoparticles under mild conditions[END_REF] the XRD patterns of the magnetic particles have 2θ peaks at 18. 44°, 30.32°, 35.75°, 43.32°, 53.89°, 57.34° and 62.96°, which are attributed to the crystal planes of magnetite at (111), ( 220), ( 311), ( 400), ( 422), ( 511) and ( 440), respectively [START_REF] Wen | Preparation of monodisperse magnetite nanoparticles under mild conditions[END_REF]. The broadening analysis of diffraction peaks for MNP@Si@NH2 and bare MNP shows different nanometric grain size, 8 nm and 12 nm, respectively. The Mössbauer spectrum for MNP was fitted using only two crystalline iron site associated to Fe 2+ and Fe 3+ related to octahedral and tetrahedral iron sites [START_REF] Cabrera | Magnetic composites from minerals: study of the iron phases in clay and diatomite using Mössbauer spectroscopy, magnetic measurements and XRD[END_REF][START_REF] Wang | Room temperature Mössbauer characterization of ferrites with spinel structure[END_REF]. However, Mössbauer spectra of amine-silanized magnetite was fitted using three crystalline iron sites and a distribution of non-equivalent iron sites fitted by a hyperfine field distribution. The hyperfine conditions of three crystalline sites were identifies as Fe 2+ , Fe 3+ and interfacial iron sites. While, the distribution was associated to non-equivalent iron site with nanosized grain size supported by XRD analysis. Figure III.11 shows the hyperfine field distribution used to analyze MNP@Si@NH2 Mössbauer spectra.

Using the TEM technique was observed a nanoparticle size distribution of 6.5-15 nm, with an average particle size of approximately 10.48 ± 2.56 nm.

Additionally, nanoparticles with structures similarly to spheres were observed (Figure III.12). The magnetic properties of synthesized magnetite nanoparticles were analyzed measuring hysteresis loop up to 2T magnetic field at RT. The hysteresis loop for MNP and MNP@Si@NH2 are shows on Figure III.13. The saturation magnetization for MNP@Si@NH2 was 37.06 emu.g -1 lower than the value of 55.04 emu.g -1 observed for MNP.

In general, both nanoparticles exhibited ferromagnetic behavior. Additionally, a coercivity (Hc) of 280.9 Oe for MNP and 87.8 Oe for MNP@Si@NH2 were observed.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

measurements were performed to investigate the salinization and the functionalization by amino groups (APTES) of the nanoparticles surface. The infrared spectra were recorded for the bare magnetite nanoparticles (MNP), silanized nanoparticles (MNP@Si) and amino-functionalized nanoparticles (MNP@Si@NH2) and are reported in the About the surface charge, MNP@Si@NH2 exhibited positive charge of around ᶎ: +23.57 ± 2.87 mV, important for an electrostatic stabilization of nanoparticles.

Using DLS, the hydrodynamic diameter (dH) of magnetic nanoparticles was evaluated considering the accumulated number. In solution, the naked MNP showed a dH of 360.97 nm (87.61 %), and MNP@Si@NH2 a dH of 148.32 nm -Condition N° 1: MNP coating using CMD.

In our study, we evaluated three previously reported protocols: Protocol 1 [START_REF] Han | Carboxymethyl -Dextran ) -Modified Magnetic Nanoparticles Conjugated to Octreotide for MRI Applications[END_REF], protocol 2 [START_REF] Makovec | The formation of magnetic carboxymethyl-dextrane-coated iron-oxide nanoparticles using precipitation from an aqueous solution[END_REF] and protocol 3 [START_REF] Li | Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation[END_REF], where CMD was successfully coated on the surface of the MNPs. However, in our results the process of MNP coating with CMD generated nanoparticles with low magnetism, and consequently they were not efficient to immobilize proteins on their surface (data not shown).

After the synthesis, the naked MNPs must be covered for avoid degradation, aggregation and oxidation, especially with metals such as iron. A shell layer allows to increase the chemical stability and integrity of the MNP [START_REF] Fields | Advances in Affinity Ligand-Functionalized Nanomaterials for Biomagnetic Separation[END_REF]. Before choosing the amino groups for the coating of the MNPs, the CMD was evaluated, because this polymer was used in previous studies in biomedicine.

The CMD is a polysaccharide commonly used due their negative charged carboxylic groups and their hydrophilicity, avoiding the agglomeration of MNP-CMD [START_REF] Li | Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation[END_REF]. [START_REF] Han | Carboxymethyl -Dextran ) -Modified Magnetic Nanoparticles Conjugated to Octreotide for MRI Applications[END_REF] reported a MNP-CMD conjugated to Octreotide, which is a synthetic somatostatin analogue that specifically targets somatostatin receptors, for MRI applications into pancreatic and colon cancer cells [START_REF] Han | Carboxymethyl -Dextran ) -Modified Magnetic Nanoparticles Conjugated to Octreotide for MRI Applications[END_REF]. Also, [START_REF] Li | Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation[END_REF] reported a MNP-CMD able to conjugated covalently anti-BSA in their surface. After incubation with BSA, the antigen was efficiently dissociated and the regenerated antibody covered MNP-CMD was repeatedly used [START_REF] Li | Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation Carboxymethylated Dextran-Coated Magnetic Iron Oxide Nanoparticles for Regenerable Bioseparation[END_REF].

In our results the process of MNP coating with CMD generated nanoparticles with low magnetism, this could be explained because the CMD is a complex and large polymer, and probably it is generating an interference between the surface and the core domains of the MNPs. In general, the CMD option was discarded to conjugate biomolecules due to its instability in its magnetization, which could be due to the interference of the CMD exerted on its surface. Consequently, amino-silane groups were used to cover the surface of the MNPs.

-Condition N° 2: MNP coating using APTES at RT.

Silica is a popular election for the inorganic coating of MNPs. It is because the silanization process is not complex, is effective, has low cytotoxicity, inertia to redox reactions, stability in acidic conditions and there are available a great different functional groups associated to commercial silanes [START_REF] Fields | Advances in Affinity Ligand-Functionalized Nanomaterials for Biomagnetic Separation[END_REF]. In general, the initial silanization is a very fast process, but the saturation progress is very slow, involving adsorption, chemical sorption, and chemical diffusion processes [START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF].

Jesse et al., 2016 reported a modified protocol to synthesize nanoparticles with APTES;

and conjugate specific antibodies covalently for the bio-separation of begomovirus [START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF]. This protocol was followed because it presents a similar strategy to the one proposed in this study.

In our results, the silanized MNP with APTES at RT, presented a high polydispersity (29.5%) in DLS measures, this means that there was an heterogeneity of MNPs with different measures. The hydrodynamic diameter was elevated (285,2 nm ± 9,5 nm) compared with 25 nm (dH) reported by Jesse et al., 2015 (Figure III.1A).

The magnetic hysteresis is a characteristic where MNPs retain a remaining magnetism, although the magnetic field no longer exists. The hysteresis curve shows the behavior of the magnetism of a material, to different levels of magnetic intensity (Oe) applied. At certain point, the magnetization is proportional (linear zone) until reaching the point of saturation induction. This means that although a greater magnetic force is induced to the material, it will no longer magnetize [START_REF] Ahmadzadeh | Magnetic analysis of commercial hematite, magnetite, and their mixtures[END_REF].

Our silanized MNPs showed a hysteresis of 10.87 Oe. This is because by subjecting the silanized MNPs to an alternating magnetic field, their domains were oriented according to the sense of the magnetic field. But when the intensity of the field decreased, most of the domains returned to their initial position. However, others did not reach it, possibly due to molecular friction between them. Therefore, these domains retained part of their forced orientation, persisting a remnant magnetism that manifests as a small level of magnetic induction (Figure

III.1 C)
The positive zeta potential demonstrated an correct silanization of the MNP surface

(Figure III.1 B).
However, previous studies reported that a high temperature for the silanization process, can improve an homogeneuos monolayer structure of the amine-silane groups on MNP surfaces.

-Condition N° 3: MNP coating using APTES at 70°C using different solvents.

The silane groups are activated by hydrolysis, subsequently a condensation between the Si-OH (silanol) and OH-(MNP surface) groups, is produced by forming stable bonds on the surface. However, the different types of solvents in the silanization process could influence the formation of homogenous or heterogeneous layers of silane groups on the MNP surfaces [START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF]. This could have an impact on the immobilization of biomolecules on the surface of the nanoparticles. In this way, silanized MNPs with different solvents were identified and their effect on protein conjugation was evaluated.

Amino-silanization of nanoparticles using the water as solvent. Amino-silanization of nanoparticles using ethanol/water as solvent.

Unlike the nanoparticles silanized with APTES-water, in this case it can be observed that the nanoparticles obtained, with and without APTES, have a positive surface charge in both cases, being higher in the nanoparticles synthesized with APTES (Figure

III.4).

Also, Figure III.5 shows that the size of the nanoparticles with APTES is smaller than that of the nanoparticles synthesized without APTES. This would be explained by the repulsion charges of the nanoparticles, generating a dispersion of MNPs.

Amino-silanization of nanoparticles using methanol/toluene as solvent. [START_REF] Liu | Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles[END_REF] reported that the highest equilibrium grafting density, data based on TGA, was reached using toluene/methanol as solvent in the silanization process (Liu et al., 2013). Determination of the ability of the amine-silanized MNPs to be functionalized by biomolecules on their surface.

Because the charge of the nanoparticles silanized with the system APTES-water had a net negative charge, the reactive amino groups would not be present on the surface.

Consequently, functionalization with proteins could only be generated through weak interactions and/or absorption. In the case of nanoparticles silanized with the system APTES-ethanol/water and with the system APTES-methanol/toluene, it is observed positive surface charges in both cases, it means that there are amino groups on the surface, which are essential to generate the peptide bonds with the carboxyl groups of the proteins to be functionalized. However, the silanized MNPs using the mixtures ethanol/water and methanol/toluene, were not very efficient for the immobilization of biomolecules on their surface.

-Condition N° 4: MNP coating using TEOS/APTES (two steps).

Although MNP were efficient to immobilize proteins on its surface (13.52 % of BSA and 46.15% of IgG) (Table III.4), the main disadvantage was the very small amount of MNPs produced. This could be due to the interference with ethylene glycol during the washing step of the nanoparticles.

III.4.2. Synthesis of MNP@Si@NH2 by co-precipitation method.

This section presents the best protocol of synthesis and coverage of MNP, for the immobilization of proteins on its surface. Using this protocol, a greater amount of MNP was produced (grames). As in the cases previously described, the magnetic nanoparticles were synthesized successfully following a modified co-precipitation method [START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF]. After the synthesis, to produce monodispersed particles, the MNPs were stabilized with amino-silane groups (TEOS/APTES in two steps) on the surface to avoid/reduce particle agglomeration (Figure III.8); which may occur during synthesis, drying or postsynthesis processing [START_REF] Smit | Polymer-coated magnetic nanoparticles and modified polymer nanofibers for the efficient capture of Mycobacterium tuberculosis ( Mtb ) by Marica Smit[END_REF]. In this way the repulsive forces between the particles increased.

The advantage of this method is the amount of synthesized nanoparticles, because it can be measured in grams, unlike the previous one that only produced mg of MNPs. In addition, the synthesis and amino-silanization methodologies were easier and cheaper than the previous one, because ethylene glycol was not used.

III.4.3. Physical-chemical characterization of coated magnetic nanoparticles.

Our diffraction peaks were similar to XRD pattern previously reported. XRD data shows similar peaks between bare MNP compared to MNP@Si@NH2. In addition, XRD of MNP@Si@NH2 showed a characteristic amorphous shoulder (2θ = 50.0°) associated to amorphous silica recovering the magnetite particles. The XRD patterns of magnetite and amine-silanized magnetite were similar, indicating that Si@NH2 groups has not effect on the crystallization process. However, the broadening analysis of diffraction peaks for MNP@Si@NH2 and bare MNP shows different nanometric grain size, 8 nm and 12 nm, respectively. This difference in size could be due to the stabilization of nanoparticles with amino-silane groups, generating a repulsive force, consequently a lower degree of aggregation. On the other hand, in the case of naked nanoparticles, there is an attraction between them that in time can produce an aggregation of the nanoparticles.

Mössbauer spectra provided important information on the characteristics of the magnetic states for iron nuclei located in different regions in the nanoparticles. The diameter of MNPs (10.48 ± 2.56 nm), measured by TEM, was similar to that calculated through XRD (8 nm).

Magnetism results from the movement and/or rotation of unpaired electrons in an atom. The spin of an electron inside an atom, is equivalent to the force of the magnetic moment of the electron. These electrons are organized in increasing energy orbitals, and each orbital contains a maximum of 2 electrons with opposite spins. When an orbital is full, there is no net magnetic moment [START_REF] Warren | Synthesis , Characterization , and Functionalization of Magnetic Iron Nanoparticles for Enhanced Biological Applications[END_REF].

The saturation magnetization for MNP@Si@NH2 was lower than for MNP. This reduction of magnetism in MNP@Si@NH2, can be attributed to the shield provided by the amine-silane layers on the surface of the nanoparticles. This generates an interference effect between the magnetic field and the magnetic domains of nanoparticles [START_REF] Cabrera | Magnetic composites from minerals: study of the iron phases in clay and diatomite using Mössbauer spectroscopy, magnetic measurements and XRD[END_REF].

The Hc value has a direct relationship with the grain size of nanoparticles. It is because, magnetite nanoparticles are strongly affected by thermal effect which decrease the magnetic moment due to missorientation of magnetic moments [START_REF] Wen | Preparation of monodisperse magnetite nanoparticles under mild conditions[END_REF].

Resulting in a larger grain size for MNPs compared to MNP@Si@NH2, as corroborated by XRD.

The DRIFTS spectrum of magnetite nanoparticles MNP shows absorption bands related to the stretching vibrations Fe-O located in the 500-700 cm -1 spectral range (at about 640 and 590 cm-1 ). The spectrum of MNP@Si exhibits intense vibrational modes associated with the formation of the silica shell. Among them, the characteristic modes at 1100 and 800 cm -1 are attributed to the stretching vibrations of the Si-O-Si linkages (antisymmetric and symmetric stretching modes, respectively) and the band at 475 cm -1 is related to the Si-O-Si bending vibration. The spectrum of MNP@Si@NH2 is also dominated by the features related to the silica layer but presents additional vibrational modes in the 1600-1400cm -1 range. The observed bands can be assigned to amino groups vibrations (NH2 bending NH2 at 1600 cm -1 ) and to C-H vibrations in CH2 groups (CH2 at 1469 cm -1 ) and in CH3 groups (asymmetric bending CH3 at 1450 cm -1 ). These results confirm the presence of the silica shell at the surface of the MNPs, successfully functionalized with amino groups during the synthesis process [START_REF] Siurdyban | Immobilization of Cryptophane Derivatives onto γ-Fe2O3 Core-Shell Magnetic Nanoparticles[END_REF][START_REF] Smith Socrates | Infrared and Raman characteristic group frequencies[END_REF]. Figure III.15 shows the amplified NH2 peak for nanoparticles silanized with TEOS (MNP@Si, blue curve) and with TEOS/APTES (MNP@Si@NH2, red curve).

It is observed that the peak of NH2 at 1600 cm -1 is a slight pronunciation, different from the blue curve (MNP silanized without NH2 groups).

Thermogravimetric plots show the first loss of mass, attributed to water desorption, happens at temperatures lower than 150°C. At higher temperatures, amine-silanes MNP showed a loss of mass of 1.79 % (0.546 mg) at 435 °C, corresponding the loss of the Si@NH2 layer. Despite, the amine-silanization had already been corroborated through the DRIFTS, an approximate quantification was achieved using TGA. Additionally, the analysis of mass loss as a function of temperature allowed us to determine that aminosilanes tend to evaporate at around 450 °C.

About the surface charge, a naked MNP (magnetite) had a negative charge due to the -OH ions at the surface. This favored the anisotropic dipolar attraction causing aggregation of particles to large clusters, resulting in the increase of the particle size [START_REF] Maximilien | Nanoparticles in Biomedical Applications[END_REF]. However, when MNPs are coated with suitable capping agent, a positive net surface charge is exhibited on amine-silanized nanoparticles. It indicates a transformation of -NH2 groups in -NH3, at neutral pH, generating an steric/electrostatic repulsion between the iron particles [START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF][START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF][START_REF] Vereda | Influence of a magnetic field on the formation of magnetite particles via two precipitation methods[END_REF].

Compared with the results of TEM and XRD, increase up to 10 times of the nanoparticle diameters was observed in the DLS. It happened when they were in solution.

To explain this phenomenon, we have two hypotheses. First, the amino-silane layers were formed in a disordered way, on the surface of the nanoparticles (d = 10.48 ± 2.56 nm).

Generating greater exposure of NH2 and OH functional groups. Depending the pH variations in the solution, these functional groups tend to be protonated or deprotonated. It generates an electrostatic attraction between the amino-silanized nanoparticles. These interactions could generate clusters of silanized nanoparticles, increasing the hydrodynamic diameter. Second, the magnetic properties of the nanoparticles (55.04 emu.g -1 ) could have generated an aggregation of the nanoparticles before the aminosilanization. In this way, the core of the particle would be formed of a magnetite cluster, and on them the amino-silanization would have been carried out.

III.5. CONCLUSSION.

MNPs were successfully synthesized using the coprecipitation method. The XRD, Mössbauer spectroscopy, zeta potential, TEM and FTIR showed appropriate characteristics to functionalize biomolecules on the nanoparticle surface. A diffraction crystal diameter of ~12.5 nm (10.48 ± 2.56 nm), superficial net charge of ᶎ: +23.57 ± 2.87 mV, a magnetization saturation of 37.06 emu.g -1 and a spherical structure were observed in the silanized MNPs. For the functionalization of nanoparticle surfaces with proteins, active ester method (coupling agent EDC/NHS) were used for peptide bond formation.

Chapter IV: Biorecognition of antigens from Mycobacterium tuberculosis using a sandwich ELISA associated with magnetic nanoparticles.

Chapter IV Biorecognition of antigens from Mycobacterium tuberculosis using a sandwich ELISA associated with magnetic nanoparticles.

Abstract:

Introduction: This chapter details the standardization of protein immobilization (bovine serum albumin and polyclonal antibodies) using the coupling agent EDC/NHS on selected MNP@Si@NH2. Also, the chapter describe the development of a sandwich ELISA associated with functionalized magnetic nanoparticles to capture and detect MTB antigens; using recombinant proteins, negative and positive sputum pools from confirmed patients

Methodology: Parameters such as the incubation time, the initial amount of protein, and the concentration of EDC/NHS were standardized for an efficient bio-functionalization of nanoparticles with proteins. Using the nanoparticles conjugated with antibodies, a sandwich ELISA associated with magnetic nanoparticles (sELISA-MNP@Si@ab) was developed. The detection of the recombinant and native antigens of MTB were evaluated.

Results: An effective functionalization of the proteins on the surface of silanized MNPs was achieved with low concentrations of EDC/NHS, at 22 h of incubation. About sELISA-MNP@Si@ab, native ESAT6 and CFP10 antigens were better discriminated in sputum pooles from patients with TB (fold value ~ 1.8). The conventional sELISA reported in this study took about 2 days to give a result.

Discussion:

The sELISA-MNP@Si@ab assay is a relatively fast method that can be performed in less than 4 h. Another advantage of sELISA-MNP@Si@ab is that the introduction of functionalized nanoparticles with specific antibodies allowed a better detection of native sputum MTB antigens. The demonstration of the sELISA-MNP@Si@ab feasibility was carried out on biological samples stored for a long period before analysis. This factor could have affected the integrity of the MTB proteins and consequently influenced the sensibility of measurements. Nevertheless, it was possible to discriminate the positive samples from the negative ones.

Conclusion:

The use of MNP@Si@ab improved the detection of MTB antigens in biological samples. Our results are encouraging, but the essay requires additional evaluations such as determining cross-reactions with sputum samples from patients with other infections, performing the test with fresh sputum of TB patients, and determining the sensitivity and specificity of the method.

NOTE:

This chapter has been divided into 4 subchapters: narrative description (IV.1), experimental section (methodology, IV.2), results (IV.3) and discussion (IV.4). The structure of narrative description -experimental section is a format widely used in the domain of chemical sciences, while the structure of methodology -results -discussion is a standard format in the area of biology. In this chapter, the narrative description shows merged results and discussion. The experimental section describes the materials and methods used in this chapter. The results and discussion sections have the same content as the previously described narrative description, but they are separated. This means that reading the narrative description -experimental section is the equivalent of reading experimental section -results -discussion.

Despite the redundancy of information between narrative section (IV.1) and resultsdiscussion (IV.3 and IV.4), this format is justified for easy understanding for chemists (narrative section -experimental section) and biologists (experimental sectionresults -discussion).

IV.1. NARRATIVE DESCRIPTION.

IV.1.1. Standardization of the immobilization of proteins on MNP@Si@NH2 surface.

IV.1.1.1. Conjugation of Albumin on magnetic nanoparticles surfaces.

The parameters considered for an efficient bio-functionalization of nanoparticles with proteins, were: the incubation time, the initial amount of protein in the incubation, and the concentration of EDC/NHS, which can vary according to the initial amount of protein to conjugate.

The amount of protein immobilized on nanoparticle surface was calculated following the next equation:

initial massfinal mass = mass of immobilized proteins (µg) (Eq. 1).

To express the value of the immobilized protein in percentage (%), the following equation was used: X% = [(mass of immobilized protein) *(100)]/(initial mass of protein) (Eq. 2).

The reaction buffers evaluated to conjugate BSA on nanoparticles surfaces, were PBS pH 7.4, Tris-HCl and buffer phosphate. However, the amounts of conjugated BSA on the MNP@Si@NH2 surface, were similar in each case: 23.02, 22.32 and 23.05%, respectively (Figure IV.1). Thus, the other reactions were made with PBS. [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF] reported that in a reaction where there are high concentrations of salts, an increase of ionic strength occurs. This generates a reduction of the electrostatic interactions between the BSA and the nanoparticles, decreasing the immobilization of the proteins on the surface [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF]. In our work, since functionalization reactions did not show significant variations when using different buffer types; it can be inferred that the salts present in the PBS did not interfere in the reaction. It is because the amount of NaCl was 0.14 M, an amount that would have no effect on the deactivation of some active sites of the nanoparticles. About the magnetic nanoparticles amount required to conjugate BSA on MNP@Si@NH2 surfaces, it is observed that more less 20% of the total BSA is conjugated to the MNP surface (10 mg). Theoretically, 22.56 μg of BSA saturate 1 mg of nanoparticles synthesized in this study (Appendix 2.1 and 2.2, pages 294 and 295, respectively).

The calculations were made using the magnetite unit cell parameters reported by [START_REF] Alveolar Kokate | One pot synthesis of magnetite-silica nanocomposites: Applications as tags, entrapment matrix and in water purification[END_REF][START_REF] Alveolar Kokate | One pot synthesis of magnetite-silica nanocomposites: Applications as tags, entrapment matrix and in water purification[END_REF]. Our results showed that there is a high percentage of conjugated BSA when a high MNP amount is used in the reaction. However, the mass of conjugated BSA per mg of nanoparticles (μg linked BSA/mg MNP@Si@NH2) is increased when a small amount of magnetic nanoparticles is used (Figure IV.2). It means that, apart from MNP surface saturation with BSA, there are other interactions between proteins (ionic, electrostatic and hydrogen bonds), which favored the increase of conjugated BSA. So, for convenience, we consider between 1 -5 mg of nanoparticles for bio-functionalization.

Figure IV.2:

Amount of MNP@Si@NH2 for functionalization by BSA.

In the case of the BSA amount to saturates the magnetic nanoparticle surface, a direct relationship is observed between the amount of initial protein and the amount of protein conjugated to nanoparticles. Around 76.25±2.05 μg of BSA saturated 1 mg of MNP@Si@NH2, when 1 mg (15.04 nmoles) of BSA was used as initial amount (Figure

IV.3).

Previously, [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF] reported that the amount of BSA immobilized increases with increasing the initial value of BSA, until saturating the surface of the nanoparticles. The saturation would be directly related to the number of amino groups of the MNPs and to the activated sites of the BSA.

% linked BSA -µg linked BSA/mg MNP@Si@NH2. About the activation reaction, using the coupling agent EDC/NHS, is better to follow two-step reactions performed in a non-amine or carboxylated buffer. EDC reaction is better performed at pH 4.7-6.0, and the NHS-activated molecules with primary amines is most efficient at pH 7-8. Finally, the NHS-ester reactions are usually performed in PBS at pH 7.2-7.5 [START_REF] Grabarek | Zero-length crosslinking procedure with the use of active esters[END_REF].

About the most efficient coupling agent concentration, a low amount of BSA is conjugated when a high EDC/NHS concentration is used in the reaction. Additionally, it has been determined that 1/0.5 and 0. In general, a high amount of EDC/NHS reduces the amount of proteins bound on the surface of the nanoparticles. It is because an excess of EDC/NHS contributes to the polymerization of the proteins, due to high number of active sites generated by the coupling agent. This phenomenon, previously described by [START_REF] Bartczak | Preparation of Peptide-Functionalized Gold Nanoparticles Using One Pot EDC/Sulfo-NHS Coupling[END_REF], reduces the number of activated sites of binding to the amino groups of the nanoparticles.

Additionally, a BSA molecule contains 100 free carboxyl groups (Saroff et al., 1953), indicating a high exposure of COOH. For this, is not necessary to use a high amount of EDC/NHS in the reaction.

Thermogravetric and Dynamic Light Scattering analysis of MNP@Si@BSA

To corroborate the amount of BSA bound to the surface of the nanoparticles, measured by spectrometry, a TGA assay was additionally performed. For this, the samples were heated at elevated temperatures, until the organic layer evaporated, and the mass loss, corresponding to the evaporated BSA, was measured.

Using TGA, 21.85 -30.5 mg of nanoparticles were evaluated from 25 to 600 ° C. attributed to water desorption (150°C). The released water percentage was 3% of MNP@Si@BSA mass. In drying condition (after 150 °C), the relative loss of mass of organic material of MNP@Si@BSA (330 °C and 498 °C) was 5.35 %. A percentage of 1.53 % (0.348 mg) corresponded specifically to the loss of mass of BSA, and 3.82 % would correspond to Si@NH2 layer. Showing a high density of BSA in the MNP surface.

Thermogravimetric plots

Interesting, these BSA mass reduction (0.348 mg) was in accordance with the values obtained with UV-Vis spectrophotometer (loss of mass of 0.364 mg for BSA).

Additionally, the analysis of mass loss as a function of temperature allowed us to determine that around 330°C, BSA tends to evaporate; while amino-silanes are lost at around 450 °C. This temperature difference may be due to the physical-chemical properties of the compounds, or to the greater heat exposure of BSA. On the other hand, nanoparticles conjugated with BSA had a larger hydrodynamic diameter (dH) than the nanoparticles that were only amine-silanized.

A B

MNP@Si@BSA showed a dH of 394.24 nm (52.16 %), while MNP@Si@NH2, haved a dH of 148.32 nm (55.41 %) (Figure IV.6 A and Figure IV.6 B). In summarize, the size of nanoparticles conjugated with BSA incremented drastically (dH: 394.24) compared to bare amine-silanized nanoparticles (dH: 148.32 nm). We hypothesized an aggregation of the conjugated proteins, due to the polymeric nature of BSA. It can cause an approximation between nanoparticles, increasing their size [START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF]. Additionally, EDC/NHS coupling agent could favor this aggregation when the activated protein was incubated with the nanoparticles [START_REF] Bartczak | Preparation of Peptide-Functionalized Gold Nanoparticles Using One Pot EDC/Sulfo-NHS Coupling[END_REF]. MNP@Si@NH2 (dH: 148.32 nm; accumulated number: 55.41 %), B) MNP@Si@BSA (dH: 394.24 nm; accumulated number: 52.16 %). Figure IV.7 shows that using PBS buffer during bio-functionalization reaction effectively contributed to the immobilization of casein, both on MNP@Si@NH2 and in naked MNP (52.39% and 20.73%, respectively). It was calculated following Eq. 2.

In the first case, the presence of amino groups contributes to a greater amount of protein being bound to the surface of the nanoparticles MNP@Si@NH2. On the second case, the immobilization of casein on the non-modified MNPs is probably due to a weak adsorption reaction and/or electrostatic interactions between the protein and the hydroxyl groups (OH) on the MNP surface [START_REF] Roque | Antibody immobilization on magnetic particles[END_REF]. These results show that PBS is the best reaction buffer for protein conjugation. In general, an antibody (IgG) has two regions: one variable (Fab or antigen-binding fragment) and another constant (Fc or crystallizable fragment). Fab is rich in amine groups (-NH3 + ), while Fc has a large number of carboxyl groups (COO -). Thus, the COOH groups of antibody Fc region were activated using EDC/NHS as coupling agent. The reaction of activated carboxyl groups with the amine groups of silanizated nanoparticles, generated covalent (peptide) bonds. In this way, it is ensured that most of the functionalized antibodies display freely the Fab regions, favoring a greater interaction with the antigens [START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF][START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF].

Functionalization was performed following the conditions evaluated with BSA. The About the parameters for an efficient immobilization of polyclonal antibodies on nanoparticle surface, we considered as determining factors: the incubation time, the initial amount of protein, and the concentration of the coupling agent EDC/NHS, which can vary according to the initial amount of protein to conjugate. The most important results are described below:

-Time reaction for protein immobilization.

The reaction time is a very important factor, for proteins such as BSA, it has been observed that a time of 4 hours is sufficient to saturate the nanoparticles [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF]. However, in the case of antibodies the time was longer for nanoparticle saturation. As previously described, [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF] reported a direct relationship between the initial amount of BSA in the reaction and the amount of BSA conjugated to the nanoparticles. This phenomenon has also been observed with antibodies. This means that by increasing the initial value of IgG, the amount of immobilized IgG will also be increased until the surface of the nanoparticles is saturated. The saturation would be directly related to the number of amino groups of the MNPs and with the activated sites of the antibody [START_REF] Conde | Revisiting 30 years of biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedicine[END_REF].

-Efficient coupling agent concentration.

Similar to BSA, the activation reaction in two-steps using EDC/NHS, in a non-amine or carboxylated buffer, were the best conditions. This means, activation of the carboxylic groups of the protein in the first step, and subsequently conjugation of the activated proteins with MNPs in the second step. Among the different concentrations of EDC/NHS, so much variation was not observed. The results showed that with all EDC/NHS concentrations evaluated, more than 50% of anti-Hsp16.3 (serum) was immobilized on magnetic nanoparticle surface. In general, anti-Hsp16.3 is efficiently conjugated (62.5%) when low concentrations of EDC/NHS (0.5/1 μmoles) are used in the reaction (Figure IV.11).

Similar to BSA, a high amount of EDC/NHS reduces the amount of proteins bound on the surface of the nanoparticles. But this reduction was not very high in our experiments. [START_REF] Bartczak | Preparation of Peptide-Functionalized Gold Nanoparticles Using One Pot EDC/Sulfo-NHS Coupling[END_REF] reported the contribution of the EDC/NHS excess in the protein polymerization, due to high number of active sites generated by the coupling agent.

This could reduce the number of binding activated sites of IgG to the amino groups of the nanoparticles.

An IgG has around 12636 free COOH groups [START_REF] Huang | Functionality of immunoglobulin g and immunoglobulin M antibody Physisorbed on cellulosic Films[END_REF]. It means that there is a high exposure of carboxyl groups, allowing the use of low EDC/NHS concentration in the reactions. According to the results obtained from our previous experiments, it has been observed that the antibodies used directly from sera were immobilized adequately on the surface of the nanoparticles. To corroborate the above data, an experiment using purified and non-purified anti-Hsp16.3 was carried to evaluate if there is a difference in protein immobilization. The antibodies used for the reaction were: 1) non-purified serum, 2)

serum proteins (IgG) purified by precipitation of salts (precipitated), and 3) serum IgG purified by HPLC (purified).

The type of antibody (non-purified, precipitated and purified) used in the reaction,

Figure IV

.12 corroborated that when more antibody is used, the amount of conjugated antibody also increases. Additionally, although the amount of conjugated anti-Hsp16.3 is lower in the case of precipitated and purified antibodies, the fold of ELISA tests in the three assays were very similar (around 3.8). This means that precipitated and purified antibodies, conjugated on nanoparticles, can efficiently detect antigens despite being in low amounts.

However, the antibody purification process demands an additional cost and generates a loss in the antibody concentrations. In our case, the results show that it is possible to work with non-purified anti-Hsp16.3 and obtain the same results such as purified antibodies. For this reason, in the subsequent tests, the non-purified polyclonal antibodies were immobilized directly.

Figure IV

.12: Type of antibody (non-purified, precipitated and purified) to functionalize nanoparticle surface with anti-Hsp16.3.

Thermogravetric and Dynamic Light Scattering analysis of MNP@Si@anti-Hsp16.3.

For thermogravimetry analysis, bare nanoparticles, nanoparticles functionalized only with amino-silanes and MNP@Si@anti-Hsp16.3 were used. Similar to BSA, thermogravimetric plots (Figure IV.13) shows the first loss of mass (< 150°C) attributed to water desorption. In a drying condition (˃150 °C), the relative loss of mass of organic material of MNP@Si@anti-Hsp16.3 (320°C and 457 °C) was 3.50 %; where 0.92 % (0.201 mg) corresponded specifically to anti-Hsp16.3 loss of mass and 2.58 % corresponds to Si@NH2.

In summary, the amount of immobilized antibody (0.282 mg) on MNP@Si@anti-Hsp16.3 surface, previously measured by spectrophotometry, was corroborated using TGA (mass loss of 0.201 mg). These results indicate that the methods of immobilization and indirect quantification of proteins immobilized on nanoparticle surface, are efficient. IV.1.2. Immobilization of antibodies on modified magnetic nanoparticle surface.

Immobilization of antibodies on the nanoparticle surface was performed as described above for anti-Hsp16.3

A B

Table IV.1 shows the amount of protein immobilized on MNP@Si@NH2, and the values of the hydrodynamic diameters of the nanoparticles conjugated with the antibodies.

The dH of MNP@Si@NH2 (without antibodies) is 148.32 nm. However, the range values of dH for MNP@Si@ab is 119.61-370.93 nm. This difference of up to 2.5 times of increase in the dH of the nanoparticles conjugated with the antibodies would be due to an aggregation of the nanoparticles. This phenomenon could have occurred during the process of immobilization of antibodies on the surface of the amino-silanized nanoparticles, through physical-chemical interactions. Further, the table shows the theorical amount of antibodies capable of saturating 2.5 mg of MNP@Si@NH2 according to its hydrodynamic diameter (calculated in Appendix 2.3 and 2.4, pages 295 and 296, respectively). In all cases, the experimental amount of antibodies immobilized on the surface of the nanoparticles exceeded the theoretical value. We hypothesized that this phenomenon would be due to a protein multilayer formation on the MNP surface. Because an antibody contains both carboxyl and amine groups, during the EDC/NHS activation reaction used for the surface bio-functionalization, the interactions between these functional groups may lead to the formation of covalently interlinked antibodies that then conjugate to the MNP@Si@NH2 surface [START_REF] Smith | Optimization of antibody-conjugated magnetic nanoparticles for target preconcentration and immunoassays[END_REF]. *** Amount of antibody immobilized in 5 μl of nanoparticles. This volume of MNP@Si@ab was used in sELISA-MNP@Si@ab, to detect recombinant and native M. tuberculosis antigens.

The Figure IV.14 shows the hydrodynamic diameter of the majority of the population of nanoparticles functionalized with the anti-38kDa antibody. It is observed that more than 50% of nanoparticles (accumulated number: 70.24%) have a dH of 348.77nm. However, there is also a very small population of nanoparticles of greater size, indicating larger aggregations in the solution. Unlike the previous case, a greater homogeneity in the nanoparticle population functionalized with anti-MTC28 is observed. Most of the population has a dH of 344.23 in the 84.61% of MNP@Si@anti-MTC28. Similarly, the population of MNP conjugated with anti-Ag85B, anti-MPT64 and anti-Moex did not have diameters very dispersed in the solution. The dH observed were: 370.93 nm, 355.02 nm and 338.52 nm, respectively. This would indicate that more complex aggregates would not have formed in the reaction.

In the case of nanoparticles immobilized with anti-ESAT and and anti-CFP10, two populations of nanoparticles are clearly observed. But the largest MNP@Si@ab population is indicated in the Figure IV.14 with dH of 119.61 and 149.27 nm, respectively. These hydrodynamic diameters were lower than the dH of the nanoparticles conjugated with the other antibodies. This could be explained by a better dispersion of the complexes (sonication). The second population is also significant, indicating that despite the dispersion of the nanoparticles, there is an equal aggregation of these in the solution.

Finally, the nanoparticles conjugated with anti-Hsp16.3, also presented a high dH (358.62 nm), within a homogeneous population (50.6 %). IV.1.3. Detection of recombinant antigen from MTB using sandwich ELISA associated with magnetic nanoparticles.

Using the nanoparticles previously conjugated with antibodies, a sandwich ELISA associated with magnetic nanoparticles (sELISA-MNP@Si@ab) was developed (described in Experimental section). The detection of the recombinant antigens of MTB was evaluated using the antibodies produced in rabbits and mice (previously described in chapter II) in the sELISA-MNP@Si@ab assay. µg/well). In the case of r38kDa, rMoeX and rAg85B proteins were successfully detected up to values ≤ 0.15 ng/μl (0.015 µg/well); while in the case of the rMPT64 and rMTC28

proteins, the detection limit was raised to 0.31 ng/μl (0.031 µg/well). The rCFP10 and rESAT6 proteins required up to 1.25 ng/μl (0.125 µg/well) to give the positive response.

In the ELISA sandwich tests associated with MNP@Si@ab, the minimum recombinant antigen amount detected in the assays were 10 ng/well (0. respectively. In the case of the immunodetection of rESAT6, the fold values (sample/negative ratio = average sample OD/ average negative OD) observed are very low.

It could due to protein degradation, because ESAT6 was a soluble protein that precipitated slightly over time. Using an ELISA sandwich associated with MNP@Si@anti-ESAT6 was possible to detect 125 ng/well (12.5 ng/µl) of rESAT6. At the same way, rCFP10 detection using an sELISA-MNP@Si@anti-CFP10 showed low fold values, and 125 ng/well (12.5 ng/µl) of rCFP10 was the minimum amount detected. Finally, a sMNP@Si@anti-MTC28 detected 31 ng/well (0.31 µng/l) of rMTC28. Similarly, to ESAT6 and CFP10, the fold values were low. In addition, Figure IV.17 illustrates a comparison between the conventional sELISA and the sELISA-MNP@Si@ab.

Unlike the sELISA reported in chapter II, this test was performed in parallel with the sELISAs associated with the nanoparticles. Therefore, the quality of the antigens and antibodies were the same, as the reagents used. The folds in this case are smaller than those previously reported (chapter II), but these data are comparable with the folds of the sELISA-MNP@Si@ab. The variation of the results could be due to the quality of the antigens or antibodies used.

In the case of rMTC28, rMPT64, rMoeX and rCFP10 proteins, it can be observed that a conventional sELISA was enough to detect recombinant M. tuberculosis antigens; but for rCFP10, r38kDa, and rAg85B proteins, the use of MNP@Si@ab improved the detection of these recombinant antigens. µg/well for the other proteins) from MTB using conventional sELISA vs sELISA-MNP@Si@ab.

IV.1.4. Detection of MTB native antigen using sandwich ELISA associated with magnetic nanoparticles.

Detection of native antigens of sputum pools from positive and negative TB patients, using sELISA-MNP@Si@ab, was evaluated. Sputum samples characteristics is described in experimental section.

It is important to consider that sputum samples from TB patients used in this study,

were collected approximately 12 months before being evaluated in the test. But despite this, it was possible to discriminate the native antigens of MTB.

In general, the processing of sputum samples is crucial to maximize the optimal exposition of epitopes of natives MTB antigens. Many bacteria and proteins from M.

tuberculosis are sequestered in the viscous and mucosal complexes formed by different proteins in the sputum of the patient. To detect native MTB in this kind of biological samples is complicated, special pre-treatment is needed to disintegrate the protein aggregation. In this sense, an adequate processing of the sputum sample will allow the sample to become fluid, and thus easy to manipulate. Currently, the N-Acetyl-L-Cysteine (NALC) -sodium hydroxide (NaOH) method is used to decontaminate sputum samples from patients suspected of TB, prior to culture [START_REF] Ferroni | Value of the Chlorhexidine Decontamination Method for Recovery of Nontuberculous Mycobacteria from Sputum Samples of Patients with Cystic Fibrosis[END_REF]. In our case, this method is not convenient because NaOH is a strong alkali, and it can denature our interest proteins. Pereira [START_REF] Arias-Bouda | Development of antigen detection assay for diagnosis of tuberculosis using sputum samples[END_REF] found that treatment of the purified culture filtrate of M. tuberculosis with 0.25 M sodium hydroxide in combination with 15 mM NALC reduces by 50% the detection of LAM (Pereira [START_REF] Arias-Bouda | Development of antigen detection assay for diagnosis of tuberculosis using sputum samples[END_REF]. Due to sputum samples will be used to directly TB diagnosis, it is important to keep the markers of the bacteria in the sample. Another option is a pretreatment using NALC-proteinase K method, nonetheless this chemical could affect the antigen-antibody recognition.

Therefore, we use a simple mechanical homogenization to dilute the viscosity of the complex and release the highest amount of MTB antigens, without affect the protein structure. are obtained by using 100 ul of treated samples from patients with TB. However, when the sandwich ELISA associated with magnetic nanoparticles was made with the recombinant proteins, a lower fold was observed for both cases. This could confirm that rESAT and rCFP10 were in the degradation process, so they were not very useful to standardize the method.

In the case of native 38kDa protein detection, different fold values for each sputum volume/well were observed: 1.46 (50 µl), 1.4 (25 µl), 1.26 (12.5 µl). and 1.0 (6.25 µl). For Finally, the results obtained were compared between the methods of sELISA and sELISA-MNP@Si@ab, after processing the sputum pools of patients with TB.

The results showed that the detection of native antigens in real biological samples was much more efficient when magnetic nanoparticles were introduced in the assay. On the other hand, sELISA-MNP@Si@ab was able to detect all the native MTB proteins from the sputum samples of patients, especially the antigens ESAT6 and CFP10 with a fold ≥1.8. Although this discrimination value is not very high, it should also be considered that sputum samples were kept for more than 12 months. Therefore, many antigens may have been degraded over time, although the samples were stored at -20 ° C.

Therefore, consider fresh sputum samples is important.

The difference in detection efficiency between both methods could have been due to the best exposition of the antibodies conjugated with the nanoparticles, favoring the capture of the antigens from samples. In conventional sELISAs, the antibodies are randomly fixed at the base of the wells, making less efficient the specific antigen-antibody recognition.

This is particularly true for sputum, where mucosal complexes are capable of sequestering the proteins of interest.

The introduction of magnetic nanoparticles in the diagnostic test, allows to expose optimally the antibodies that are on the surface of the nanoparticles, and thus capture a greater amount of antigen in the sample. In addition, the use of magnetic nanoparticles could facilitate the control of the total amount of antibodies introduced in a well and, therefore, guarantee the best reproducibility. In summary, the sELISA-MNP@Si@ab essay is a relatively fast method that can be performed in less than 4 h. The conventional sELISA reported in this study took about 2 days to give a result. Besides, another advantage of sELISA-MNP@Si@ab is that the introduction of functionalized nanoparticles with specific antibodies allowed a better detection of native sputum MTB antigens. The demonstration of the sELISA-MNP@Si@ab feasibility was carried out on biological samples stored for a long period before analysis. This factor could have affected the integrity of the MTB proteins and consequently influenced the sensibility of measurements. Nevertheless, it was possible to discriminate the positive samples from the negative ones.

IV.2. EXPERIMENTAL SECTION (METHODOLOGY).

-Chemicals and Biological materials.

For the experiments, polyclonal antibodies produced in rabbits and mice (previously described) were used, as well as magnetic nanoparticles (MNP@Si@NH2) synthesized and characterized in the previous chapter. N-(3-Dimethylaminopropyl) -N'-ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) were used as the coupling agent.

Bovine Albumin Serum (BSA), EDC and NHS were bought from Sigma-Aldrich, Saint-Quentin-Fallavier, IV.2.1. Standardization of BSA immobilization on MNP@Si@NH2 surface.

Briefly, the surface functionalization was carried out in two steps. The typical procedure was as follows: First, BSA and EDC/NHS coupling agents, in a final volume reaction of 1ml, were mixed on a rotating wheel for 1 h at room temperature. Second, MNP@Si@NH2, 500 μL of PBS and 500 μL of activated BSA solution were incubated at room temperature overnight, rotating at 15 rpm. BSA (µg) activated only with EDC/NHS, without MNPs, was considered as a negative control (initial value of the protein, V0).

Subsequently, in all cases the supernatant was separated using a magnet and dialyzed in Spectrum™ Spectra/Por™ 4 RC Dialysis Membrane Tubing 12,000 to 14,000 Dalton MWCO (Fisher Scientific, Madrid, Spain) against 1x PBS pH 7.4, at 4°C overnight.

Dialyzed protein concentrations were read at A280nm in UV-Vis spectrophotometer NanoVue Plus™ (Biochrom, Massachusetts, USA).

The amount of linked protein on the nanoparticle surface, was calculated as follows:

subtracting the values (µg) of the dialyzed protein incubated without nanoparticles (V0) minus the dialyzed protein after incubation (Vf). It should be noted that, despite the initial amounts of BSA were exactly measured on an analytical balance, during the incubation and dialysis process, a little quantity of protein was lost. To determine precisely the amount of linked protein on MNP surface, the calculations were done using following equations: The standardization of parameters for an efficient functionalization of MNP@Si@NH2 surface with proteins, is described below.

Linked
-Evaluation of the best type of buffer.

Due to the influence of the salts on the immobilization of proteins on the surface of nanoparticles, different buffers were evaluated [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF]. 10 mM Tris-HCl, PBS (10 mM phosphate buffer, 2.7 mM potassium chloride, 140 mM sodium chloride, pH 7.4) and 10mM Buffer Phosphate, pH 7.4 were evaluated. To determine this parameter, 1 mg of BSA (15.04 nmol), 5 mg MNP@Si@NH2 and 1/0.5 μmol of EDC/NHS were reacted in 1 ml of buffer in experimental conditions as described above.

-Determination of nanoparticles amount.

10, 5, 2.5 and 1 mg of magnetic nanoparticles were incubated with 2.5 of mg BSA (37.59 nmol) with 5/10 μmol of EDC/NHS, in PBS.

-Saturation of the nanoparticle surface.

Different amounts of BSA 250 µg (3.76 nmol), 500 µg (7.52 nmol), 1000 µg (15.04 nmol), 1500 µg (22.56 nmol) and 2000 µg (30.08 nmol) conjugated with 1 mg of magnetic nanoparticles were used, in the presence of 2/2.2 μmol of EDC/NHS, in PBS.

-Evaluation of the most efficient coupling agent concentration.

Different amounts of EDC/NHS were evaluated: 0.5/1, 5/10, 50/100, 1/0.5, 10/5 and 100/50 μmol. For the reaction, 5 mg of MNP@Si@NH2 and 2.5 mg of BSA (37.59 nmol)

were used in PBS.

In addition, the thermogravimetry analysis (TGA) and Dynamic light scattering (DLS)

were made to quantify the organic material conjugated on nanoparticle surface and determine the hydrodynamic diameter of conjugated nanoparticles. Using TGA was possible to corroborate the BSA immobilization on MNP@Si@NH2 surface. The physical method was carried out in a Setaram Thermogravimetric Analyzer (LABSYS EVO DTA/DSC, Lyon, France). Analysis was performed from 25 to 600 °C at a heating rate of 10°C/min, under argon atmosphere, with a gas flow rate of 16 mL/min. The loss of mass of organic material was calculated using a derivative plot dm/dT (DTGA). The DLS was measure in 90Plus Particle Size Analyzer (Brookhaven Instruments Corporation, New York, USA).

IV.2.2. Standardization of polyclonal antibody immobilization on MNP@Si@NH2

surface.

To determine the type of buffer to be used in the reaction, the casein protein (2 mg/ml) was immobilized on the surface of the modified nanoparticles (2 mg/ml) using 1x PBS (10mM phosphate buffer, 2.7 mM potassium chloride, 140 mM sodium chloride, pH 7.4), buffer MES 0.1 M and 60 mM buffer phosphate. It was observed that the best reaction buffer was PBS 1x pH 7.4, immobilizing up to 52.39 % of casein. In this sense, in the following experiments PBS 1x will be used in the reactions.

Similar to BSA, the immobilization of proteins on magnetic nanoparticle surface, was carried out in two steps:

First, anti-IgG and EDC/NHS coupling agents (final volume reaction of 1ml) were mixed and incubated for 1 h, RT on rotating.

Second, washed, sonicated and resuspended MNP@Si@NH2 (PBS 1x, 500 μL) were mixed and incubated with activated protein solution (from the first step), at RT, overnight, 15 rpm on rotating. As a negative control, protein (µg) activated only with EDC/NHS, without MNPs, was considered.

After IgG conjugation on magnetic nanoparticle surface, the supernatants were dialyzed in Spectrum™ Spectra/Por™ 4 RC Dialysis Membrane Tubing 12,000 to 14,000

Dalton MWCO (Fisher Scientific, Madrid, Spain) against PBS, at 4°C overnight. Dialyzed protein concentrations were read at A280nm in UV-Vis spectrophotometer NanoVue Plus™ (Biochrom, Massachusetts, USA). Using this method was possible to quantify the non-conjugated proteins on magnetic nanoparticles. In the case of the negative control (proteins without nanoparticles), this indicated the initial amount of protein that was used for the immobilization reaction. In this way, the amount of immobilized protein on the nanoparticle surface was calculated subtracting the initial value of protein minus the nonconjugated proteins.

For the standardization of antibodies on the surface of the MNP@Si@NH2, anti-Hsp16.3 antibodies were used as reference.

-Determination of the optimal incubation time. 0, 0.5, 1, 2, 4, 6 and 22 h were evaluated. The reaction incubated was: 10 μL (272 μg or 1.81 nmol) of anti-Hsp16.3 sera mixed with 5/10 μmol of EDC/NHS and 25 mg of MNP@Si@NH2. As a main result it was observed that in 22 h a greater amount of protein was immobilized on the nanoparticles, therefore, the other reactions were carried out in this incubation time.

-Saturation of the magnetic nanoparticle surface.

2 (300 μg), 6 (900 μg), 8 (1200 μg) and 10 (1500 μg) nmol of anti-Hsp16.3 (sera) were reacted with 1 mg of magnetic nanoparticles, using 5/10 μmol of EDC/NHS. This experiment showed that a large amount of protein is not required to saturate 1 mg of nanoparticles, therefore low amounts of protein were used in the following experiments.

non-purified serum, 300 µg (2.0 nmol) of precipitated serum proteins by salts, and 250 µg (1.67 nmol) of purified antibodies by affinity chromatography, were conjugated to 2 mg of magnetic nanoparticles. Supernatants were dialyzed and measured at A280nm. The nanoparticles functionalized with antibodies (MNP@Si@anti-Hsp16.3) were washed with PBS and dispersed in 200 µl of buffer. The most important result of this experiment was that the unpurified anti-hsp16.3 serum was immobilized on the nanoparticles in greater quantity than the rest, so it was decided to work with unpurified sera for the other antibodies.

Finally, the TGA was made to quantify the organic material conjugated on nanoparticle surface. This allowed to corroborate the immobilization of the antibodies on the surface of the nanoparticles. The physical method was carried out in a in the same machine where MNP conjugated with BSA was evaluated, and under the same conditions.

IV.2.3. Immobilization of polyclonal antibodies on MNP@Si@NH2 surface.

The immobilization of polyclonal antibodies is described below, considering the previous standardization carried out on the anti-Hsp16.3 antibody (sera).

In general, MNP@Si@NH2 were dispersed in 1x PBS by sonication for 20 minutes.

Specific antibodies, produced in rabbits and diluted in sera (initial amount), were incubated with EDC/NHS at room temperature for 1h. Subsequently, the previous reaction was mixed with dispersed nanoparticles, rotating at 15 rpm, overnight. Supernatants from the reactions were separated and dialyzed in dialysis membrane (12,000 to 14,000 Dalton)

against PBS, at 4 °C, overnight. The amount of protein recovered after dialysis (final amount) was determined by absorbance reading at A280nm. The amount of protein immobilized on nanoparticle surface was calculated following the next equation:

initial massfinal mass= amount of immobilized proteins (µg) (Eq. 1).

To express the value of the immobilized protein in percentage (%), the following equation was used: X% = [(amount of immobilized protein) *(100)]/(initial amount of protein) (Eq. 2).

Finally, the bio-functionnalized nanoparticles MNP@Si@ab were washed with buffer and resuspended in a volume of 200 μl PBS (final concentration of nanoparticles was 12.5 mg/ml). For the assays of sELISA associated with nanoparticles, 5 μl of MNP@Si@ab were used for each well.

According of the antibody characteristics, different concentrations of nanoparticles and EDC/NHS were used in the reaction (Table IV.2). To determine the size of the MNP@Si@ab, their hydrodynamic diameters were evaluated using Dinamic Light Scatering. For DLS, the MNP@Si@ab were dispersed in water and measured in the same conditions as the MNP conjugated with BSA.

The theoretical amount of antibodies that can saturate 1 mg of nanoparticles was calculated considering dH data. Additionally, certain parameters were assumed for the calculations: a nanoparticle has the shape of a sphere, the internal structure of the nanoparticle is composed of Fe3O4, the nanoparticles are coated homogeneously by aminesilane groups forming a monolayer; and a molecule of hydrated IgG has a structure similar to an ellipsoid (a=13.7 nm, b=8.4 nm, stokes radius= 6.4 nm) [START_REF] Karlsson | Electronic Speckle Pattern Interferometry : A Tool for Determining Diffusion and Partition Coefficients for Proteins in Gels[END_REF].

Table IV.2: Immobilization of antibodies on 2.5 mg of amine-silanized magnetic nanoparticle surface (MNP@Si@NH2), using EDC/NHS as coupling reagents. M. tuberculosis was used for their recognition (except for rHsp16.3, where 0.5 µg/well was used). A sandwich complex was formed with polyclonal antibodies produced in mice, overnight at 4 °C. Dilutions of rabbits sera were 1/250 to 1/1600, and for mice sera were 1/50 to 1/400 (Table IV.3). The complex formation was recognized by 1/1500 dilution of goat anti-mouse IgG (H+L) secondary antibody, HRP (Thermo Fisher Scientific, Rockford, USA) incubated for 1h at 37 °C, and revealed with OPD substrate. The reaction was stopped with 0.5 M HCl and OD was read at a wavelength of 450 nm. On the other hand, a sandwich ELISA assay associated with magnetic nanoparticles (sELISA-MNP@Si@ab) was evaluated. Polyclonal antibodies previously immobilized in magnetic nanoparticle surfaces (5 µl) were incubated with recombinant antigens (1.0 -0.006 µg/well) from M. tuberculosis for 1 h at 37°C. Then, using a magnet, the MNP@Si@ab-ag were washed (3 times) with PBS 1x pH 7.4. The immune-complex formed by functionalized nanoparticles and captured antigens, was detected by corresponding polyclonal antibodies produced in mice (1/100). This reaction was incubated 1h at 37°C. Subsequently, the nanoparticles were again washed. Finally, to recognize the final sandwich immune complex built on the surface of magnetic nanoparticles, the 1/1500 dilution of goat anti-mouse IgG (H+L) secondary antibody tagged with HRP and OPD were IV.3. RESULTS.

Antibodies

IV.3.1. Standardization of proteins on MNP@Si@NH2 surfaces.

IV.3.1.1. Conjugation of Albumin on magnetic nanoparticles surfaces.

The amount of protein immobilized on nanoparticle surface was calculated following the next equation:

initial massfinal mass = mass of immobilized proteins (µg) (Eq. 1).

To express the value of the immobilized protein in percentage (%), the following equation was used: X% = [(mass of immobilized protein) *(100)]/(initial mass of protein) (Eq. 2).

The reaction buffers evaluated to conjugate BSA on nanoparticles surfaces, were PBS pH 7.4, Tris-HCl and buffer phosphate. However, the amounts of conjugated BSA on the MNP@Si@NH2 surface, were similar in each case: 23.02, 22.32 and 23.05%, respectively (Figure IV.1). Thus, the other reactions were made with PBS.

About the magnetic nanoparticles amount required to conjugate BSA on MNP@Si@NH2 surfaces, it is observed that less than 20% of the total BSA is conjugated to the MNP surface (10 mg). Theoretically, 22.56 μg of BSA saturate 1 mg of nanoparticles synthesized in this study (Appendix 2.1 and 2.2, pages 294 and 295, respectively).

The calculations were made using the magnetite unit cell parameters reported by [START_REF] Alveolar Kokate | One pot synthesis of magnetite-silica nanocomposites: Applications as tags, entrapment matrix and in water purification[END_REF][START_REF] Alveolar Kokate | One pot synthesis of magnetite-silica nanocomposites: Applications as tags, entrapment matrix and in water purification[END_REF].

Our results showed that there is a high percentage of conjugated BSA when a high MNP amount is used in the reaction. However, the mass of conjugated BSA per mg of nanoparticles (μg linked BSA/mg MNP@Si@NH2) is increased when a small amount of magnetic nanoparticles is used (Figure IV.2). So, for convenience between 1 -5 mg of nanoparticles for bio-functionalization we considered.

In the case of the BSA amount to saturates the magnetic nanoparticle surface, around 76.25±2.05 μg of BSA saturated 1 mg of MNP@Si@NH2, when 1 mg (15.04 

Thermogravetric and Dynamic Light Scattering analysis of MNP@Si@BSA

To corroborate the amount of BSA bound to the surface of the nanoparticles, measured by spectrometry, a TGA assay was additionally performed. For this, the samples were heated at elevated temperatures, until the organic layer evaporated, and the mass loss corresponding to the evaporated BSA was measured.

Using TGA, 21.85 -30.5 mg of nanoparticles were evaluated from 25 to 600 ° C. attributed to water desorption (150°C). The released water percentage was 3% of MNP@Si@BSA mass. In drying condition (after 150 °C), the relative loss of mass of organic material of MNP@Si@BSA (330 °C and 498 °C) was 5.35 %. Additionally, the analysis of mass loss as a function of temperature allowed us to determine that around 330°C, BSA tends to evaporate; while amino-silanes are lost at around 450 °C.

Thermogravimetric plots

About the DLS measures, MNP@Si@BSA showed a dH of 394.24 nm (52.16 %), while MNP@Si@NH2, haved a dH of 148.32 nm (55.41 %) ( Figure IV.7 shows that using PBS buffer during bio-functionalization reaction effectively contributed to the immobilization of casein, both in MNP@Si@NH2 and in naked MNP (52.39% and 20.73%, respectively). It was calculated following Eq. 2. These results corroborate that PBS is the best reaction buffer, as previously described for BSA conjugation. -Time reaction for protein immobilization.

Figure IV

.9 shows that the amount of antibodies conjugated on the surface of the MNPs increases over time, reaching 69.85% after 22h of incubation. However, between 4 and 6 h of incubation is observed the beginning of the plateau in the curve. It means that at this time the saturation of the nanoparticles would be starting. For practical purpose, we consider an incubation of 22 h for the all reactions.

-Saturation of magnetic nanoparticle surface.

Figure IV

.10 shows a curve that reaches an equilibrium when 135 ± 2 μg of anti-Hsp16.3 saturated 1 mg of amine-silanized nanoparticles. It happens when 1.2 mg (8 nmoles) of anti-Hsp16.3 serum is used in the initial incubation. However, it is important to consider that the half of the reaction is used to functionalize the nanoparticles (second step).

Therefore, only 600 μg (4 nmoles) of anti-Hsp16.3 were really used for the conjugation of IgG on the surface of the nanoparticles.

-Efficient coupling agent concentration.

Similar to BSA, the activation reaction in two-steps using EDC/NHS, in a non-amine or carboxylated buffer, were the best conditions. The results showed that with all EDC/NHS concentrations evaluated, more than 50% of anti-Hsp16.3 (sera) was immobilized on magnetic nanoparticle surface. In general, anti-Hsp16. According to the results obtained from our previous experiments, it has been observed that the antibodies used directly from sera were immobilized adequately on the surface of the nanoparticles. To corroborate the above data, an experiment using purified and non-purified anti-Hsp16.3 was carried to evaluate if there is a difference in protein immobilization. The antibodies used for the reaction were: 1) non-purified serum, 2) serum proteins (IgG) purified by precipitation of salts (precipitated), and 3) serum IgG purified by HPLC (purified).

The type of antibody (non-purified, precipitated and purified) used in the reaction,

Figure IV

.12 corroborated that when more antibody is used, the amount of conjugated antibody also increases. Additionally, although the amount of conjugated anti-Hsp16.3 is lower in the case of precipitated and purified antibodies, the fold of ELISA tests in the three assays were very similar (around 3.8). This means that precipitated and purified antibodies, conjugated on nanoparticles, can efficiently detect antigens despite being in low amounts.

However, the antibody purification process demands an additional cost and generates a loss in the antibody concentrations. In our case, the results show that it is possible to work with non-purified anti-Hsp16.3 and obtain the same results such as purified antibodies. For this reason, in the subsequent tests, the polyclonal antibodies were immobilized directly from the sera.

population of MNP conjugated with anti-Ag85B, anti-MPT64 and anti-Moex did not have diameters very dispersed in the solution. The dH observed were: 370.93 nm, 355.02 nm and 338.52 nm, respectively.

In the case of nanoparticles immobilized with anti-ESAT and and anti-CFP10, two populations of nanoparticles are clearly observed. But the largest MNP@Si@ab population is indicated in the Figure IV.14 with dH of 119.61 and 149.27 nm, respectively. These hydrodynamic diameters were lower than the dH of the nanoparticles conjugated with the other antibodies. This could be explained by a better dispersion of the complexes (sonication). The second population is also significant, indicating that despite the dispersion of the nanoparticles, there is an equal aggregation of these in the solution.

Finally, the nanoparticles conjugated with anti-Hsp16.3, also presented a high dH (358.62 nm), within a homogeneous population (50.6 %).

IV.3.3. Detection of recombinant antigen from MTB using sandwich

ELISA associated with magnetic nanoparticles.

Using the nanoparticles previously conjugated with antibodies, a sandwich ELISA associated with magnetic nanoparticles (sELISA-MNP@Si@ab) was developed (described in Experimental section). The detection of the recombinant antigens of MTB was evaluated, using the antibodies produced in rabbits and mice (previously described in chapter II) in the sELISA-MNP@Si@ab assay. obtained after a sandwich ELISA associated with magnetic nanoparticles. The protein rHsp16.3 was detected up to value 0.08 ng/μl (0.008 µg/well). In the case of r38kDa, rMoeX and rAg85B proteins were successfully detected up to values ≤ 0.15 ng/μl (0.015 µg/well); while in the case of the rMPT64 and rMTC28 proteins, the detection limit was raised to 0.31 ng/μl (0.031 µg/well). The rCFP10 and rESAT6 proteins required up to 1.25 ng/μl (0.125 µg/well) to give the positive response.

In the ELISA sandwich tests associated with MNP@Si@ab, the minimum recombinant antigen amount detected in the assays were 10 ng/well (0. In the case of the immunodetection of rESAT6, the fold values (sample/negative ratio = average positive OD/ average negative OD) observed are very low. It could due to protein degradation, because ESAT6 was a soluble protein that precipitated slightly over time.

Using an ELISA sandwich associated with MNP@Si@anti-ESAT6 was possible to detect 125 ng/well (12.5 ng/µl) of rESAT6. At the same way, rCFP10 detection using an sELISA-MNP@Si@anti-CFP10 showed low fold values, and 125 ng/well (12.5 ng/µl) of rCFP10 was the minimum amount detected.

Finally, a sMNP@Si@anti-MTC28 detected 31 ng/well (0.31 µng/l) of rMTC28.

Similarly, to ESAT6 and CFP10, the fold values were low.

In addition, Figure IV.17 illustrates a comparison between the conventional sELISA and the sELISA-MNP@Si@ab. In the case of rMTC28, rMPT64, rMoeX and rCFP10 proteins, it can be observed that a conventional sELISA was sufficient to detect recombinant M. tuberculosis antigens; but for rCFP10, r38kDa, and rAg85B proteins, the use of MNP@Si@ab improved the detection of these recombinant antigens. Unlike the sELISA reported in chapter II, this test was performed in parallel with the sELISAs associated with the nanoparticles. Therefore, the quality of the antigens and antibodies were the same, as the reagents used. The folds in this case are smaller than those previously reported (chapter II), but these data are comparable with the folds of the sELISA-MNP@Si@ab. The variation of the results could be due to the quality of the antigens or antibodies used.

IV.3.4. Detection of MTB native antigen using sandwich ELISA associated with magnetic nanoparticles.

Detection of native antigens from sputum pooles of positive and negative TB patients, using sELISA-MNP@Si@ab, was evaluated. Sputum samples characteristics is described in experimental section.

It is important to consider that sputum samples from TB patients used in this study,

were collected approximately 12 months before being evaluated in the test. But despite this, it was possible to discriminate the native antigens of MTB. It is observed that for the detection of native proteins ESAT6 and CFP10, better results are obtained by using 100 ul of treated samples from patients with TB. However, when the sandwich ELISA associated with magnetic nanoparticles was made with the recombinant proteins, a lower fold was observed for both cases. This could confirm that rESAT and rCFP10 were in the degradation process, so they were not very useful to standardize the method.

In the case of native 38kDa protein detection, different fold values for each sputum volume/well were observed: 1.46 (50 µl), 1.4 (25 µl), 1.26 (12.5 µl). and 1.0 (6.25 µl). For native MPT64 detection, a dilution of 1/2 (50 µl of treated sample/well) presented a better result in the assay. The fold values obtained according the sputum volume/well were: 1.41 (50 µl), 1.4 (25 µl), 1.38 (12.5 µl). and 1.1 (6.25 µl). About native MoeX detection, FOLDs calculated were: 1.4 (100 µl), 1.36 (50 µl), 1.24 (25 µl) and 1.1 (12.5 µl). In the case of native Ag85B detection, the FOLDs observed were: 1.47 (50 µl), 1.38 (25 µl), 1.27 (12.5 µl). and 1.1 (6.25 µl). Finally, for native Hsp16.3 detection from sputum samples. It was better using 50 µl of treated sample/well. The Folds values, varied according the sputum volume/well: 1.32 (50 µl), 1.2 (25 µl) and 1.16 (12.5 µl).

Finally, the results obtained were compared between the methods of sELISA and sELISA-MNP@Si@ab, after processing the sputum pools of patients with TB. About the parameters for an efficient bio-functionalization of nanoparticles with proteins, we considered as determining factors: the incubation time, the initial amount of protein in the incubation, and the concentration of EDC/NHS, which can vary according to the initial amount of protein to conjugate. [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF] reported that in a reaction where there are high concentrations of salts, an increase of ionic strength occurs. This generates a reduction of the electrostatic interactions between the BSA and the nanoparticles, decreasing the immobilization of the proteins on the surface [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF]. In our work, since functionalization reactions did not show significant variations when using different buffer types; it can be inferred that the salts present in the PBS did not interfere in the reaction. It is because the amount of NaCl was 0.14 M, an amount that would have no effect on the deactivation of some active sites of the nanoparticles.

We observed that the mass of conjugated BSA per mg of nanoparticles is increased when a small amount of magnetic nanoparticles is used. It means that, apart from MNP surface saturation with BSA, there are other interactions between proteins (ionic, electrostatic and hydrogen bonds), which favored the increase of conjugated BSA.

In the case of the BSA amount to saturates the magnetic nanoparticle surface, a direct relationship is observed between the amount of initial protein and the amount of protein conjugated to nanoparticles. Previously, [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF] reported that the amount of BSA immobilized increases with increasing the initial value of BSA, until saturating the surface of the nanoparticles. The saturation would be directly related to the number of amino groups of the MNPs and to the activated sites of the BSA.

About the activation reaction, using the coupling agent EDC/NHS, is better to follow two-step reactions performed in a non-amine or carboxylated buffer. EDC reaction is better performed at pH 4.7-6.0, and the NHS-activated molecules with primary amines is most efficient at pH 7-8. Finally, the NHS-ester reactions are usually performed in PBS at pH 7.2-7.5 [START_REF] Grabarek | Zero-length crosslinking procedure with the use of active esters[END_REF].

About the most efficient coupling agent concentration, a high amount of EDC/NHS reduces the amount of proteins bound on the surface of the nanoparticles. It is because an excess of EDC/NHS contributes to the polymerization of the proteins, due to high number of active sites generated by the coupling agent. This phenomenon, previously described by [START_REF] Bartczak | Preparation of Peptide-Functionalized Gold Nanoparticles Using One Pot EDC/Sulfo-NHS Coupling[END_REF], reduces the number of activated sites of binding to the amino groups of the nanoparticles. Additionally, a BSA molecule contains 100 free carboxyl groups (Saroff et al., 1953), indicating a high exposure of COOH. For this, is not necessary to use a high amount of EDC/NHS in the reaction.

Thermogravetric and Dynamic Light Scattering analysis of MNP@Si@BSA

In the thermogravimetric plots, a percentage of 1.53 % (0.348 mg) corresponded specifically to the loss of mass of BSA, and 3.82 % would correspond to Si@NH2 layer. covalent (peptide) bonds. In this way, it is ensured that most of the functionalized antibodies display freely the Fab regions, favoring a greater interaction with the antigens [START_REF] Jesse | Preparation, characterization and application of antibody-conjugated magnetic nanoparticles in the purification of begomovirus[END_REF][START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF]. Different parameters for an efficient immobilization of polyclonal antibodies on nanoparticle surface were considered.

-Time reaction for protein immobilization.

The reaction time is a very important factor, for proteins such as BSA, it has been observed that a time of 4 hours is sufficient to saturate the nanoparticles [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF]. However, in the case of antibodies the time was longer (22 h) for nanoparticle saturation.

-Saturation of magnetic nanoparticle surface.

Similar to BSA, a direct relationship is observed between the amount of initial protein and the amount of IgG conjugated to nanoparticles.

As previously described, [START_REF] Bordbar | Characterization of Modified Magnetite Nanoparticles for Albumin Immobilization[END_REF] reported a direct relationship between the initial amount of BSA in the reaction and the amount of BSA conjugated to the nanoparticles. This phenomenon has also been observed with antibodies. This means that by increasing the initial value of IgG, the amount of immobilized IgG will also be increased until the surface of the nanoparticles is saturated. The saturation would be directly related to the number of amino groups of the MNPs and with the activated sites of the anti-Hsp16.3.

-Efficient coupling agent concentration.

Activation reaction in two-steps using EDC/NHS, in a non-amine or carboxylated buffer, were the best conditions. This means, activation of the carboxylic groups of the protein in the first step, and subsequently conjugation of the activated proteins with MNPs in the second step. Among the different concentrations of EDC/NHS, so much variation was not observed.

Similar to BSA, a high amount of EDC/NHS reduces the amount of proteins bound on the surface of the nanoparticles. But this reduction was not dramatically in our experiments. [START_REF] Bartczak | Preparation of Peptide-Functionalized Gold Nanoparticles Using One Pot EDC/Sulfo-NHS Coupling[END_REF] reported the contribution of the EDC/NHS excess in the protein polymerization, due to high number of active sites generated by the coupling agent.

This could reduce the number of binding activated sites of IgG to the amino groups of the nanoparticles.

An IgG has around 12636 free COOH groups [START_REF] Huang | Functionality of immunoglobulin g and immunoglobulin M antibody Physisorbed on cellulosic Films[END_REF]. It means that there is a high exposure of carboxyl groups, allowing the use of low EDC/NHS concentration in the reactions.

About the type of antibody, non-purified and purified antibodies, conjugated on nanoparticles, detected efficiently the antigens.

Thermogravetric and Dynamic Light Scattering analysis of MNP@Si@anti-Hsp16.3.

For thermogravimetry analysis, the amount of immobilized antibody (0.282 mg) on MNP@Si@anti-Hsp16.3 surface, previously measured by spectrophotometry, was corroborated using TGA (mass loss of 0.201 mg). These results indicate that the methods of immobilization and indirect quantification of proteins immobilized on nanoparticle surface, wereefficient.

IV.4.2. Immobilization of antibodies on modified magnetic nanoparticle surface.

The range values of dH for MNP@Si@ab was 119.61-370.93 nm. The difference of up to 2.5 times of increase in the dH of the nanoparticles conjugated with the antibodies would be due to an aggregation of the nanoparticles. This phenomenon could have occurred during the process of immobilization of antibodies on the surface of the amino-silanized nanoparticles, through physical-chemical interactions.

On the other hand, the amount of protein fixed on the surface of the MNPs is much greater than the calculated value. We hypothesized that this phenomenon would be due to a protein multilayer formation on the MNP surface. Because an antibody contains both carboxyl and amine groups, during the EDC/NHS activation reaction used for the surface bio-functionalization, the interactions between these functional groups may lead to the formation of covalently interlinked antibodies that then conjugate to the MNP@Si@NH2 surface [START_REF] Smith | Optimization of antibody-conjugated magnetic nanoparticles for target preconcentration and immunoassays[END_REF].

On the other hand, the diameter of the antibody-associated nanoparticles was high, indicating an aggregation between them.

IV.4.3. Detection of MTB native antigen using sandwich ELISA associated with magnetic nanoparticles.

In general, the processing of sputum samples is crucial to maximize the optimal exposition of epitopes of natives MTB antigens. Many bacteria and proteins from M.

tuberculosis are sequestered in the viscous and mucosal complexes formed by different proteins in the sputum of the patient. To detect native MTB in this kind of biological samples is complicated, special pre-treatment is needed to disintegrate the protein aggregation. In this sense, an adequate processing of the sputum sample will allow the sample to become fluid, and thus easy to manipulate. Currently, the N-Acetyl-L-Cysteine (NALC) -sodium hydroxide (NaOH) method is used to decontaminate sputum samples from patients suspected of TB, prior to culture [START_REF] Ferroni | Value of the Chlorhexidine Decontamination Method for Recovery of Nontuberculous Mycobacteria from Sputum Samples of Patients with Cystic Fibrosis[END_REF]. In our case, this method is not convenient because NaOH is a strong alkali, and it can denature our interest proteins. Pereira [START_REF] Arias-Bouda | Development of antigen detection assay for diagnosis of tuberculosis using sputum samples[END_REF] found that treatment of the purified culture filtrate of M. tuberculosis with 0.25 M sodium hydroxide in combination with 15 mM NALC reduces by 50% the detection of LAM (Pereira [START_REF] Arias-Bouda | Development of antigen detection assay for diagnosis of tuberculosis using sputum samples[END_REF]. Due to sputum samples will be used to directly TB diagnosis, it is important to keep the markers of the bacteria in the sample. Another option is a pretreatment using NALC-proteinase K method, nonetheless this chemical could affect the antigen-antibody recognition.

could facilitate the control of the total amount of antibodies introduced in a well and, therefore, guarantee the best reproducibility.

IV.5. CONCLUSSION.

The sELISA-MNP@Si@ab essay is a relatively fast method that can be performed in less than 4 h. The conventional sELISA reported in this study took about 2 days to give a result. Besides, another advantage of sELISA-MNP@Si@ab is that the introduction of functionalized nanoparticles with specific antibodies allowed a better detection of native sputum MTB antigens. The demonstration of the sELISA-MNP@Si@ab feasibility was carried out on biological samples stored for a long period before analysis. This factor could have affected the integrity of the MTB proteins and consequently influenced the sensibility of measurements. Nevertheless, it was possible to discriminate the positive samples from the negative ones.

General conclusion and Perspectives.

General conclusion and Perspectives.

Conclusion.

Tuberculosis is a serious problem in worldwide public health, because hundreds of thousands of people die annually due to this disease. Different diagnostic strategies have been developed, but many of them are often expensive or difficult to implement in areas of low economic resources. Consequently, until now, methods that have limitations in the rapid diagnosis of TB continue to be used. Therefore, development of fast, efficient and low-cost methods remains a challenge.

In this study, a sandwich ELISA assay associated with magnetic nanoparticles has been successfully developed to detect native antigens from sputum from TB patients. For this purpose, a multidisciplinary study was carried out, whose objectives were reached in the different chapters described.

In the biological domain, recombinant MTB antigens from MTB (rESAT6, rCFP10, rMPT64, rMTC28, rMoeX, r38kDa, rAg85B and rHsp16.3) were successfully cloned and expressed into the E. coli bacterial system. These proteins proved to be highly immunogenic, since they efficiently activated the production of polyclonal antibodies in the experimental animal models of New Zeland rabbits and BALB/C mice. Likewise, high values of FOLD were observed when evaluating the production of antibodies in the ELISA assays.

In the chemistry domain, magnetic nanoparticles were successfully synthesized through the co-precipitation method. Different parameters were evaluated for the synthesis, and it was observed that although many of the nanoparticles produced have adequate physical characteristics, some did not have sufficient capacity to adequately conjugate proteins on their surface. The nanoparticles that proved to be efficient to immobilize proteins were completely characterized. It was observed a spherical shape and the chemical bonds Fe-O-Fe, Si-O-Si and N-H on nanoparticle surfaces. This result corroborated an adequate functionalization of the nanoparticles with the amine-silane groups. About the magnetic properties, it was observed that the covering polymer (Si@NH2) slightly reduced the magnetic properties of nanoparticles, which has been previously reported in other studies. The mass of Si@NH2 present on the surface of the MNPs was corroborated and quantified using TGA. Using XRD and TEM, the nanometric scale size of the aminosilanized nanoparticles was verified, however when it was resuspended in water, an aggregation of the nanoparticles was observed, and this was corroborated by DLS.

Integrating the biological and chemical results, proteins (BSA and IgG) were successfully immobilized on nanoparticle surface. Parameters for the bio-functionalization of the magnetic nanoparticles with BSA and IgG were efficiently carried out, where the incubation time and EDC/NHS concentration were important parameters for an effective immobilization of proteins on MNP@Si@NH2 surface. Also, the conjugation of proteins was corroborated by different methods (spectrophotometry and TGA). The antibodyconjugated nanoparticles (MNP@Si@ab) were effectively integrated in a colorimetric immunoassay ELISA. So, a sandwich ELISA associated with MNP@Si@ab was successfully developed to detect antigens from MTB. Both recombinant and native antigens were evaluated in a conventional sandwich ELISA (sELISA) and in sandwich ELISA tests associated to magnetic nanoparticles. According our results, the introduction of MNP@Si@ab improved the detection of native MTB antigens in sputum samples of TB patients. The ESAT6 and CFP10 proteins were better discriminated, obtaining a fold of ~ 1.8.

Although the synthesis of the magnetic nanoparticles (MNP) was carried out under nitrogen gas, a slight oxidation of the nanoparticles was observed. So, it is recommended to work in a glovebox with constant nitrogen gas flow, to guarantee that the environmental oxygen does not react with the iron oxide of the nanoparticles.

On the other hand, a nanometric size of the nanoparticles (corroborated by TEM and XDR) has been determined. However, the aggregation of MNPs was observed when nanoparticles were resuspended in water; so that other organic and/or inorganic layers could be evaluated to cover the nanoparticle surface. In this way to reduce the aggregation of nanoparticles. In our study, dextran, TEOS and TEOS/APTES were used; and it was observed that the last functionalized organic layer improved the protein immobilization.

Although, MNP@Si@NH2 was aggregated, it does not decrease their efficiency to immobilized proteins (BSA and antibodies) on their surface. The antigen epitopes were exposed and recognized for the antibodies. But in our assays, the discrimination values between a positive and a negative samples for TB were relatively low. This could be due to the age of the sample, because it was collected a year ago. Therefore, it is recommended to use fresh samples from TB patients. 
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  10 million cases of TB (1.6 million deaths, including 0.3 million among co-infections associated with HIV), and 558,000 new cases with resistance to rifampicin in multidrugresistant TB (WHO, 2018). Early diagnosis and treatment are necessary pillars to reduce the TB burden worlwide. Inadequate strategies to strengthen these pillars can increase TB transmission and severity of illness (Figure I.1).
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 1 Figure I.1: Pathophysiology of TB (WHO, 2017) (Luo et al., 2018).

  . The treatment of tuberculosis is difficult and requires long treatment with various antibiotics, where rifampicin and isoniazid are the most used (Figure I.2) (Figure from National Institute of Allergy and Infectious Diseases).
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 2 Figure I.2: Mycobacterium tuberculosis and the more used antibiotics against this bacterium. (Figure from National Institute of Allergy and Infectious Diseases).
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 3 Figure I.3: TB infection (Pai et al., 2016).

  Health Organization, 2018, an estimation of 23% of the world's population (1.7 billion people) have a latent TB infection, and they can develop an active TB in a part of their lifetime (Figure I.4) (WHO, 2018). In 2017, approximately 10.0 million people (range, 9.0-11.1 million) developed TB, which caused an estimated 1.3 million deaths (range, 1.2-1.4 million) among HIV-negative people and 300 000 deaths
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 4 Figure I.4: Worlwide TB incidence, 2017 (WHO, 2018).
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 5 Figure I.5: Resistant TB incidence around the world, 2017 (WHO, 2018).
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 6 Figure I.6: Behavior of TB in the different diagnostic methods, from infection by Mycobacterium tuberculosis to active tuberculosis (pulmonary) disease (Pai et al., 2016).
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 8 Figure I.8: MTC28 structure. A, MTC28 showing the characteristic β sandwich pattern (A1) and 180° rotation (A2). B, MTC28 topology. C, Surface electrostatic potential of MTC28 showing a positively charged V-shaped. D, Comparison of MTC28 (green) with
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 9 Figure I.9: Dodecameric structure of the Hsp16.3 from Mycobacterium tuberculosis (extracted from kennaway et al., 2005)
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 10 Figure I.10: Structure of Ag85B from MTB, with trehalose. The protein present αhelices, β-strands, coil and turn regions (extracted from Anderson et al., 2001).
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 11 Figure I.11: MPT64 antigen from MTB. MPT64 structure rotated 90°. Representation of β-strands (numbers) and α-helices (letters), proceeding from N to C terminus (Extracted from Wang et al., 2007).
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 12 Figure I.12: Topology of CFP10/ESAT6 complex. The structure shows two helixturn-helix hairpins formed by CFP10 and ESAT6 (extracted from Kaufman et al., 2005).
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 13 Figure I.13: Coercivity-size relations of small particles (extracted from Akbarzadeh et al., 2012).

Figure I. 14 :

 14 Figure I.14: Magnetization behavior of ferromagnetic and superparamagnetic MNPs under an external magnetic field. Ds: superparamagnetism threshold, and Dc: critical size threshold (extracted from Akbarzadeh et al., 2012).

  supersaturation. Subsequently, the formed nuclei grow uniformly by diffusion of the solute from the solution to the surface. According to the model presented by LaMer and Dinegar, particles with a uniform size distribution are obtained, if the nucleation and growth process are separated (Figure I.15) (LaMer and Dinegar, 1950).

Figure I. 15 :

 15 Figure I.15: LaMer and Dinegar model of particles nucleation and growth (LaMer and Dinegar, 1950).

Figure I. 17 :

 17 Figure I.17: Zeta potential of magnetic nanoparticles surface.

Figure I. 18 :

 18 Figure I.18: Possible reaction routes of amine-silanization using APTES on magnetic nanoparticle surfaces (extracted from Liu et al., 2013).

Figure I. 19 :

 19 Figure I.19: Applications of drug-loaded MNP in tumor tissue(Yallapu et al., 

Figure I. 20 :

 20 Figure I.20: Magnetic resonance angiography in mice before and several times

Figure I. 21 :

 21 Figure I.21: Bio-separation of biomolecules using magnetic nanoparticles (Hira and Kyo-seon, 2017).

MPT64.

  The strategy is based on the immobilization of a specific single stranded (ss) DNAtype aptamer, capable to detect anti-MPT64, on MNP surfaces (diameter: 13 nm). After, a solution containing anti-MPT64 was incubated with MNP-aptamer. The anti-MPT64 hijacks the specific DNA aptamer, exposing the Fe3O4 core of MNPs, which can oxidize a peroxidase substrate (ABTS + H2O2). The reactions were measured at 417 nm UV-vis absorbance (Figure I.22). In general, because the aptamer covered the core surface of the MNP, the oxidation of the substrate was reduced (weak color signal). But when the MNPaptamer was incubated with the antibody, by competition the anti-MPT64 entrained the aptamer leaving the surface of the MNP naked. Consequently, this allowed a greater oxidation of the peroxidase substrate (strong color signal)[START_REF] Cheon | Colorimetric Detection of MPT64 Antibody Based on an Aptamer Adsorbed Magnetic Nanoparticles for Diagnosis of Tuberculosis[END_REF].

Figure I. 22 :

 22 Figure I.22: Schematic illustration of the colorimetric detection of antiMPT64 based on an aptamer adsorbed MNPs. ABTS: 2,2′-azino-bis(3-ethylbenzo-thiazoline-6sulfonic acid. (extracted from Cheon et al., 2019).

Figure I. 23 :

 23 Figure I.23: Detection of MTB using MNP. TB positive sample: GMNP-AFB complex (corded and agglomerated) (A). TB negative sample: Dispersed brown GMNP (B) (extracted from Bhusal et al 2019).

Figure I. 24 :

 24 Figure I.24: Magnetophoretic immunoassay for TB diagnosis. Preparation of two different probes: Au NPs were conjugated with anti-CFP10[G2] while Au cluster on MMPs were conjugated with anti-CFP10[G3] (A). Antigen detection strategy: CFP10 was detected for both probes, forming a plasmonic sandwich immunocomplex. Using a magnet, the structures are captured. In CFP10 absence, no interactions occur between the two probes, therefore only MMP probes are removed (B). Measurement of remnant Au NP probes: Concentration of the colorimetric gold nanoparticles-anti-CFP10[G2] present in the supernatant is quantified using UV-Vis spectrophotometry (C) (extracted from Kim et al., 2017).

Figure I. 25 :

 25 Figure I.25: Development of an ELISA assay associated with magnetic nanoparticles (MNPs) to detect Mycobacterium tuberculosis (MTB) antigens from sputum samples of patients with TB. The nanoparticles are functionalized with specific antibodies, which will capture MTB antigens. Using a magnet, the detected antigens will be concentrated, which

Figure II. 1

 1 Figure II.1 shows the amplified DNA with specific primers (Table II.6) in a PCR,

Figure II. 1 :

 1 Figure II.1: Electrophoresis on 1.2% agarose gel of coding DNA sequences. Lane 1: Ag85B (994 nt), 2: MTC28 (950 nt), 3: MPT64 (701 nt), 4: MoeX (1010 nt), 5: Hsp16.3 (446 nt), 6: 38 kDa (1139 nt), 7: ESAT6 (302 nt), 8: blank. Molecular weight marker 1 kb (Invitrogen). The shadows in the lower part of the lanes could be attributed to an excess of nucleotides.In all cases an adequate digestion of the coding sequences and the plasmids is

Figure II. 2 :

 2 Figure II.2: Electrophoresis of digested DNA product and plasmids observed on a 1.2% agarose gel. 1: MoeX, 2: MPT64, 3: MTC28, 4: Hsp16.3, 5: 38 kDa, 6: Ag85B, 7: pET28a (NcoI/XhoI), 8: pET28a (NcoI/HindIII), 9: pET28a undigested, 10: pGEX4T1 (BamHI/EcoRI), 11: pGEX4T1 (EcoRI), 12: pGEX4T1 (EcoRI/XhoI). Molecular weight marker 1 kb (Invitrogen).

  Figure II.3 shows that all 6 clones selected for screening, pET28a-Hsp16.3 (5565 bp) (Appendix 1.1, page 269), presented a slight size difference (~196 bp) comparing to the plasmid pET28a alone (5369 bp). This is observed in the electrophoresis on 1.2% agarose gels (lanes 1-3 vs lane 4, and lanes 6-8 vs lane 5, Figure II.3).

Figure II. 3 :

 3 Figure II.3: Electrophoresis on 1.2% agarose gel showing pET28a (+) plasmid with inserted Hsp16.3 sequence. lanes 1-3 and 6-8: clones pET28a-Hsp16.3; lanes 4,5: plasmid pET28a (+), M: Molecular weight marker 1 kb (Invitrogen).

Figure II. 4 :

 4 Figure II.4: SDS-PAGE (15%) of proteins. rHsp16.3 expression in the E. coli BL21 (DE3) (A) and E. coli BL21 (DE3) pLysS (B) systems at 37 °C for 16 h. NI: Not Induced, I: induced, FS: Soluble Fraction, FI: Insoluble Fraction and M: Molecular weight marker in kDa (Dual color BioRad).

Figure II. 5 :

 5 Figure II.5: SDS-PAGE (15%) of proteins, showing the purification of soluble fraction of rHsp16.3 by affinity chromatography. The protein elutes between 300-500 mM

Figure II. 6 :

 6 Figure II.6: SDS-PAGE (15%) of proteins, showing the purification of insoluble fraction of rHsp16.3 by affinity chromatography. The protein elutes in 100 mM Imidazole. M: Molecular weight marker in kDa (Dual color BioRad). In red narrow is indicated the band of rHsp16.3.

Figure II. 7

 7 Figure II.7 shows the amino acid (aa) sequence and the dodecameric structure of

Figure II. 7 :

 7 Figure II.7: Structure and sequence of the Hsp16.3 protein. Dodecameric structure of the small heat shock protein Acr1 from Mycobacterium tuberculosis, crystal structure of the complete protein (A). Monomer rHsp16.3 modeled by homology with (3w1z.1, Heat shock protein 16.0 from Schizosaccharomyces pombe) (https://swissmodel. expasy.org/interactive/qawtYd/templates/) (B). Amino acid sequence of the protein, in red the additional amino acids added to the protein (C).

Figure II. 8 .

 8 It indicates a successfully insertion of MPT64 coding sequence into the pET28a (+) plasmid. Also, in silico was observed that the sequence of MPT64 was correctly ligated between the restriction sites NcoI and XhoI, corresponding to a total size of 714 pb including the nucleotides of 6xHis tag (Appendix 1.5, page 272).

Figure II. 8 :

 8 Figure II.8: Electrophoresis of DNA on 1.2% agarose gel, showing pET28a (+) plasmid with inserted MPT64 sequence. Lanes 1-3: clones pET28a-MPT64; lane 4: pET28a (+) plasmid, M: molecular weight marker 1 kb (Invitrogen).

  coli BL21 (DE3) pLysS and in E. coli BL21 DE3 systems (Figure II.9). The parameters considered were 0.5 mM IPTG, at 37 °C, for 16 h of induction. A reduced production of the recombinant protein was observed, and it was found only in the insoluble fraction, as previously reported.

Figure II. 9 :

 9 Figure II.9: SDS-PAGE (15%) of proteins after the expression of rMPT64 at 37 °C for 16 h (indicated with red arrows). Expression in E. coli BL21 (DE3) pLysS system (A); Expression in E. coli BL21 (DE3) (B and C). The recombinant protein MPT64 is found and slightly observed in the insoluble fraction (Figure C). NI: Not Induced, I: Induced, FS:

Figure II. 10 :

 10 Figure II.10: SDS-PAGE (15%) of fractions purified by affinity chromatography of rMPT64 expressed in E. coli BL21 (DE3) pLysS system. The protein is eluted at 100 mM Imidazole. M: Molecular weight marker in kDa (Dual color BioRad).

Figure II. 11 :

 11 Figure II.11: Structure and sequence of the MPT64 protein. Structure of MPT64 modeled by homology with 2hhi.1, antigen MPT64 from Mycobacterium tuberculosis (https://swissmodel.expasy.org/interactive/qawtYd/templates/) (A). Amino acid sequence of the rMPT64, in red the additional amino acids added to the protein (B).

Figure II. 12 :

 12 Figure II.12: Electrophoresis on 1.2% agarose gel of pET28a-MTC28 and pET28a (+) plasmids. Lanes 1-3 and 6-7: clones pET28a-MTC28; lanes 4,5: plasmids pET28a (+), lane 8: a clone with the plasmid without MTC28 inserted; M: Molecular weight marker 1

  Figure II.13: SDS-PAGE (15%) of rMTC28 expressed in E. coli BL21 (DE3) system (IPTG: 0.6mM) (indicated with red arrows). The rMTC28 is observed in the insoluble fraction. NI: Non-induced, I: induced, FS: Soluble Fraction, FI: Insoluble Fraction and M: Molecular weight marker in kDa (Dual color BioRad).

Figure II. 14 :

 14 Figure II.14: SDS-PAGE (15%) of fractions purified by affinity chromatography of rMTC28 expressed in E. coli BL21 (DE3) system. The protein is eluted at 100 mM Imidazole. M: Molecular weight marker in kDa (Dual color BioRad).

  Figure II.15: Structure and sequence of rMTC28 protein. Structure of MTC28 modeled by homology with 4ol4.1, crystal structure of secreted proline rich antigen MTC28 (Rv0040c) from Mycobacterium tuberculosis (https://swissmodel.expasy.org/ interactive/qawtYd/templates/) (A). The amino acid sequence of the protein, in red the additional amino acids added to the protein (B).

Figure

  Figure II.16 shows that only clones 1 and 3 (6229 bp, Appendix 1.13, page 279) are longer

Figure II. 16 :

 16 Figure II.16: DNA electrophoresis on 1.2% agarose gel of pET28a-MoeX and pET28a (+) plasmids. Lanes 1 and 3: clones pET28a-MoeX; lane 2: a clone with the plasmid without MoeX inserted; lane 4: plasmid pET28a(+); lane 5: MoeX amplicon; M: Molecular weight marker 1 kb (Invitrogen).

A

  Figure II.17: SDS-PAGE (15%) of the expression of rMoeX at 37 °C for 16 h, in E. coli BL21 (DE3) pLysS system (A) and in E. coli Lemo 21 (B). The recombinant protein MoeX is observed in the insoluble fraction (indicated with red arrows). NI: Non-Induced, I: Induced, FS: Soluble Fraction, FI: Insoluble Fraction and M: Molecular weight marker in kDa (Dual color BioRad).

Figure 19 .Figure II. 19 :

 1919 Figure II.18: SDS-PAGE (15%) of fractions purified by affinity chromatography of rMoex expressed in the E. coli Lemo21 (A) and E. coli BL21 (DE3) pLysS (B) systems. In the first case, the protein is eluted in a small amount at 100 mM Imidazole, while in the second, a greater amount of protein eluted between 100-300 mM of Imidazole is observed. M: Molecular weight marker in kDa (Dual color BioRad).

  (+). The clones pET28a-38kDa (6358 bp) (lanes 1-3) show a size difference (989 pb) comparing to plasmid without insert (5369 bp) (lane 4), indicating the insertion of coding DNA sequence of 38 kDa into the plasmid (Figure II.20) (Appendix 1.17, page 283). In the alignment (Appendix 1.18, page 285) the clones 1 and 2 are identical to the theoretical 38kDa sequence, so it corroborates that the cloning of this gene was successful.

Figure

  Figure II.20: DNA electrophoresis on 1.2% agarose gel of pET28a-38kDa and pET28a (+) plasmids. A. Lanes 1-3: clones pET28a-38kDa; lane 4: plasmid pET28a (+); Lane 5: 38kDa amplicon; M: Molecular weight marker 1 kb (Invitrogen).

  fraction and solubilized with urea (Figure II.21). A higher amount of r38 kDa (collected fractions N° 1-2 and 13) expressed in E. coli BL21 (DE3) pLysS was purified by affinity chromatography, compared to the other collected fractions (Figure II.22).

Figure

  Figure II.21: SDS-PAGE (15%) of r38kDa expressed in E. coli BL21 (DE3) system (A and B) at 37 °C for 16 h. The recombinant protein 38kDa (indicated with red arrows) is observed in the insoluble fraction. NI: Non-Induced, I: Induced, FS: Soluble Fraction, FI: Insoluble Fraction and M: Molecular weight marker in kDa (Dual color BioRad).

Figure

  Figure II.22: SDS-PAGE (15%) of purified fractions of r38kDa, expressed in the E. coli BL21 (DE3) (A) and E. coli BL21 (DE3) pLysS (B) systems. In the first case, the protein elutes in a small amount at 100 mM Imidazole, while in the second, a greater amount of protein eluted between 80-300 mM of Imidazole is observed. M: Molecular weight marker in kDa (Dual color BioRad).

  Ag85B was successfully inserted in the plasmid. The clones pET28a-Ag85B (6229 bp) (lanes 1 and 2) were longer than the plasmid without insert (5369bp) (lane 4) (Figure II.24). Additionally, it is observed in silico that the Ag85B sequence is correctly ligated A B between the restriction sites NcoI and HindIII (Appendix 1.21, page 287). Appendix 1.22, page 288, shows that the clones 1 and 2 are identical to the theoretical Ag85B sequence, corroborating a successful insertion f Arg85B in the plasmid.

Figure II. 24 :

 24 Figure II.24: DNA electrophoresis on 1.2% agarose gel of pET28a-Ag85B and pET28a (+) plasmids. Lanes 1-2: clones pET28a-Ag85B; lane 3: a clone with the plasmid without Ag85B inserted; lane 4: plasmid pET28a(+); lane 5: Ag85B amplicon; M: Molecular weight marker 1 kb (Invitrogen).

Figure

  Figure II.25: SDS-PAGE (15%) of rAg85B at 37 °C for 16 h (indicated in red narrows). NI: Not Induced, I: induced, FS: Soluble Fraction, FI: Insoluble Fraction and M: Molecular weight marker in kDa (Dual color BioRad). A and B: Expression in E. coli BL21 (DE3), showing that the recombinant protein Ag85B is in the insoluble fraction.

Figure II. 26 :

 26 Figure II.26: SDS-PAGE (15%) of fractions purified by affinity chromatography of rAg85B, expressed in the E. coli BL21 (DE3) (A) and E. coli BL21 (DE3) pLysS (B) systems. In the first case, rAg85B elutes with non-specific proteins at 100-300 mM Imidazole, while in the second case, a greater amount of protein eluting between 80-300 mM of Imidazole is observed. M: Molecular weight marker in kDa (Dual color BioRad).

  Figure II.27: Structure and sequence of Ag85B protein. Structure modeled by homology with 1f0n.1, crystal structures of the Mycobacterium tuberculosis 30 kDa major secretory protein (Antigen 85B), to mycolyl transferase (https://swissmodel.expasy.org/ interactive/qawtYd/templates/) (A). Amino acid sequence of rAg85B is shown, in red the additional amino acids added to the protein (B). Ribbon diagram of trehalose-bound Ag85B, trehalose is indicated in yellow (extracted from Anderson et al., 2001).

  our study the protein was cloned in a Phusion plasmid pGEX4T1 in order to improve the solubilization of the protein. In the DNA electrophoresis on 1.2 % agarose gel is observed that clones pGEX4T1-ESAT6 have a longer length than pGEX4T1 without insert (Figure II.28). Therefore, the ESAT6 coding sequence was successful inserted into the plasmid pGEX4T1. Besides, in silico cloning is observed that ESAT6 sequence is correctly ligated between the BamHI and EcoRI restriction sites (Appendix 1.25, page 290), corresponding to a total size of 1002 bp including the GST (Glutathione S Transferase) tag. A slight size difference (282 bp) between pGEX4T1-ESAT6 (5251 bp) and pGEX4T1 plasmid (4969 bp) is observed.

Figure II. 28 :

 28 Figure II.28: DNA electrophoresis on 1.2% agarose gel of pGEX4T1-ESAT6 and pGEX4T1 plasmids. Lanes 1, 4-6: clones pGEX4T1-ESAT6; lane 2: a clone with the plasmid without ESAT6 inserted; lane 3: a clone with apparently two copies of ESAT6 inserted; lane7: plasmid pGEX4T1; lane 8: ESAT6 amplicon; M: Molecular weight marker 1 kb (Invitrogen).

Figure

  Figure II.29.

Figure II. 30 :

 30 Figure II.30: Structure of the rESAT6, and sequence of the rESAT6-GST protein. ESAT6 structure was modeled by homology with 1wa8.1, solution structure of the CFP10-ESAT6 complex, major virulence determinants of pathogenic mycobacteria (https://swissmodel .expasy.org/interactive/qawtYd/templates/) (A). Amino acid sequence of the rESAT6-GST protein is shown, in red the additional amino acids added to the protein, in purple the GST sequence, in green the cutting site for the enzyme thrombin and in black the amino acid sequence of ESAT6 (B).

(

  Figure II.31: SDS-PAGE (15%) of fractions purified by affinity chromatography of rCFP10, expressed in E. coli BL21 (DE3) pLysS system. The protein is eluted at 100 mM Imidazole. M: Molecular weight marker in kDa (Dual color BioRad).

Figure II. 32 :

 32 Figure II.32: Structure and sequence of the rCFP10 protein. Structure of CFP10 modeled by homology with a structure of the CFP10-ESAT6 complex from Mycobacterium tuberculosis (3fav.2) (A) (https://swissmodel.expasy.org/interactive/qawtYd/templates/). Also, the amino acid sequence of the protein is shown, in red the additional amino acids added to the protein (B).

Figure II. 33 :

 33 Figure II.33: Evaluation of rabbit (A) and mouse (B) polyclonal anti-Hsp16.3 production over time (1° dose: 1 day, 2° dose: 14 days, 3° dose: 21 days), using an ELISA test. OD: Absorbance 492 nm.

  of 9.2 (Figure II.34).

Figure II. 34 :

 34 Figure II.34: Evaluation of rabbit (A) and mouse (B) polyclonal anti-MPT64 production over time (1° dose: 1 day, 2° dose: 14 days, 3° dose: 21 days), using an ELISA test. OD: Absorbance 492 nm.

  Figure II.35: Evaluation of rabbit (A) and mouse (B) polyclonal anti-MTC28 production over time (1° dose: 1 day, 2° dose: 14 days, 3° dose: 21 days), using an ELISA test. OD: Absorbance 492 nm.

4

  Figure II.36: Evaluation of rabbit (A) and mouse (B) polyclonal anti-MoeX production over time (1° dose: 1 day, 2° dose: 14 days, 3° dose: 21 days), using an ELISA test. OD: Absorbance 492 nm.

(

  Figure II.37: Evaluation of rabbit (A) and mouse (B) polyclonal anti-38kDa production over time (1° dose: 1 day, 2° dose: 14 days, 3° dose: 21 days), using an ELISA test. OD: Absorbance 492 nm.

  Figure II.38: Evaluation of rabbit (A) and mouse (B) polyclonal anti-Ag85B production over time (1° dose: 1 day, 2° dose: 14 days, 3° dose: 21 days), using an ELISA test. OD: Absorbance 492 nm.

  Figure II.39: Evaluation of rabbit (A) and mouse (B) polyclonal anti-ESAT6 production over time (1° dose: 1 day, 2° dose: 14 days), using an ELISA test. OD: Absorbance 492 nm.

Figure II. 40 :

 40 Figure II.40: Evaluation of rabbit (A) and mouse (B) polyclonal anti-CFP10 production over time (1° dose: 1 day, 2° dose: 14 days), using an ELISA test. OD: Absorbance 492 nm.

Figure II. 41 :

 41 Figure II.41: Evaluation of the anti-Hsp16.3 antibody titre produced in rabbit (A) and mice (B). The orange curve indicates the OD values of the pre-immune serum (negative), while the blue curve shows the OD values of the serum immunized. In red, the highest fold (14.80) is observed in a dilution of 1/3200 (rabbit) and a fold of 16.00 in the 1/100 dilution (mice).

Figure II. 42 :

 42 Figure II.42: Evaluation of the dilution of anti-MPT64 antibody produced in rabbit (A) and mice (B). The orange curve indicates the OD values of the pre-immune serum (negative), while the blue curve shows the OD values of the serum immunized. In red, the highest fold (4.5) is observed in a dilution of 1/12800 (rabbit) and a fold of 10.34 in the 1/100 dilution (mice).

  important. In the Figure II.42 a fold of 4.50 is observed in a dilution of 1/12800 for anti-MPT64 produced in rabbit and a fold of 10.34 in the 1/100 dilution for anti-MPT64 mice serum.

  detect the recombinant antigen (Figure II.43). A fold of 9.33 is observed in a dilution of 1/400 in rabbit serum and a fold of 10.20 in the 1/50 dilution in mice.

Figure II. 43 :

 43 Figure II.43: Evaluation of the anti-MTC28 antibody dilution in rabbit (A) and mice sera (B). The orange curve indicates the OD values of the pre-immune serum (negative), while the blue curve shows the OD values of the serum immunized. In red, the highest fold (9.33) is observed in a dilution of 1/400 (rabbit) and a fold of 10.20 in the 1/50 dilution (mice).

  Figure II.44 shows that anti-MoeX produced in rabbit has a fold of 8.00 in a sera

Figure II. 44 :

 44 Figure II.44: ELISA using lyophilized anti-MoeX polyclonal sera extracted from rabbits (A) and mice (B). The orange curve indicates the OD values of the pre-immune serum (negative), while the blue curve shows the OD values of the serum immunized. In rabbit a fold of 8.00 (1/12800) and in mice 9.20 (1/50) is observed.

Figure II. 45 :

 45 Figure II.45: ELISA using lyophilized anti-38kDa polyclonal sera extracted from rabbits (A) and mice (B). The orange curve indicates the OD values of the pre-immune serum (negative), while the blue curve shows the OD values of the serum immunized. In rabbit a fold of 10.17 (1/1600) and in mice 10.60 (1/200) is observed.

  Figure II.45 shows a fold of 10.17 for 1/1600 dilution of sera obtained from immunized rabbit, and a fold of 10.60 for 1/200 dilution from mice sera.Evaluation of anti-rAg85B titers.

Figure II. 46 :

 46 Figure II.46: ELISA using lyophilized anti-Ag85B polyclonal sera extracted from rabbits and mice. The orange curve indicates the OD values of the pre-immune serum (negative), while the blue curve shows the OD values of the serum immunized. In rabbit a fold of 2.68 (1/200) and in mice 12.80 (1/100) is observed.

  Figure II.46 shows a fold of 2.68 in a dilution of 1/200 for anti-Ag85B produced in rabbit, and a fold of 12.80 for a dilution 1/100 in mice sera.

Figure

  Figure II.47 shows a fold of 10.80 in anti-ESAT6 dilution of 1/400 (mice). Data

Figure

  Figure II.47: ELISA using lyophilized anti-ESAT6 polyclonal sera extracted from mice. The orange curve indicates the OD values of the pre-immune serum (negative), while the blue curve shows the OD values of the serum immunized. A fold of 10.80 (1/400) is observed.

  Figure II.48: ELISA using lyophilized anti-CFP10 polyclonal sera extracted from rabbits (A) and mice (B). The orange curve indicates the OD values of the pre-immune serum (negative), while the blue curve shows the OD values of the serum immunized. In rabbit a fold of 11.57 (1/200) and in mice 14.33 (1/100) is observed.

3: 1 (

 1 150 ng coding DNA: 50 ng plasmid). A volume of 5 μL of plasmid ligated with the coding sequence was used to transform competent E. coli Novablue TM cells (Novagen R , Madison, USA) by heat shock: 30 min on ice, 1 min at 42 °C, 2 min on ice. To reconstitute the bacterial cell wall, 500 μL of Luria-Bertani (LB) liquid medium was added, and incubated for 3 h at 37 °C. The pellet obtained by centrifugation was resuspended in 100 μL LB. Using the drigalsky loop, 50 μL of the bacterial suspension was seeded in a solid medium supplemented with antibiotics. Transformed bacterial clones containing the pET28a plasmid were selected by kanamycin resistance (40 μg/mL) while the clones with pGEX4T1 plasmid by Carbanicilin resistance (100 μg/mL), in LB agar cultured at 37 °C for 16 h.-Verification of the correct insertion of the MTB coding sequences in the selected plasmids.Six clones of each plate of transformed clones were seeded in 6 quadrants of an LB plate supplemented with antibiotics. Plasmid DNA was extracted using alkaline-lysis method. A well-loaded bacterial was resuspended in 150 μL of elution buffer (buffer I or cell suspension solution: 50 mM glucose, 10 mM EDTA, 25 mM Tris pH 7.5), then 200 μL of lysis buffer (buffer II or lysis buffer: 0.2 N NaOH, 1% SDS w/v) was added.

  as in the evaluation of antibodies production over time, indirect ELISAs were used to measure antibody titers (rHsp16.3, rMTP64, rMoeX and rCFP10) elicited during immunization: 1 μg/ well of antigen was coated in an ELISA plate (16 h at 4 °C), washed and blocked with 120 μL of milk 5% (Difco) at 32 °C for 3 h. Both the pre-immune serum and the serum obtained after the final puncture were incubated in the titre of 1/100 -1/12800, 16 h at 4 °C. Subsequently, the immunocomplexes were incubated with anti-IgG labeled with HRP (1/5000) for 3 h at 37 °C. It was revealed with OPD and the reaction was stopped with 0.5 M HCl (Figure II.49).

Figure II. 49 :

 49 Figure II.49: Indirect ELISA used to evaluate of the titer of polyclonal antibodies produced in rabbits and mice.

Figure II. 50 :

 50 Figure II.50: sandwich ELISA used to evaluate of the titer of polyclonal antibodies

Figure II. 1

 1 Figure II.1 shows the amplified DNA with specific primers (Table II.6) in a PCR,

Figure II. 3

 3 Figure II.3 shows that all 6 clones selected for screening, pET28a-Hsp16.3 (5565 bp)

Figure II. 7

 7 Figure II.7 shows the sequence and the dodecameric structure of rHsp16.3 produced.

Figure II. 8 .

 8 It indicates a successful insertion of MPT64 coding sequence into the pET28a (+) plasmid. Also, in silico is observed that the sequence of MPT64 is correctly ligated between the restriction sites NcoI and XhoI, corresponding to a total size of 714 pb including the nucleotides of 6xHis tag (Appendix 1.5, page 272). The sequencing corroborated the previous results, variation or mutation in the sequence were not observed (Appendix 1.6, page 273).MPT64 protein (26 kDa) was expressed in E. coli BL21 (DE3) pLysS and in E. coli BL21 DE3 systems (Figure II.9). The parameters considered were 0.5 mM IPTG, at 37 °C, for 16 h of induction. A reduced production of the recombinant protein was observed, and it was found only in the insoluble fraction, as previously reported.The rMPT64 expressed in the E. coli BL21 (DE3) system was purified from insoluble fraction using purification buffers with40, 60, 80, 100, 200, 300 and 500 mM Imidazol. The protein rMPT64 eluted at 100 mM Imidazole (Figure II.10), and it was not refolded. The amino acid sequence and the modeled structure of rMPT64 is observed in Figure II.11. Phylogenetic analysis shows a high specificity of MPT64 protein for the MTB complex (Appendix 1.7 and 1.8, pages 274 and 275, respectively).

  expressions) at 37 °C, for 16 h of induction. An SDS-PAGE of the induced and non-induced culture shows the expression of the rMTC28 protein (Figure II.13). After, rMTC28 was purified from insoluble fraction, the purified protein is observed in the fraction N° 23 (Figure II.14) The amino acid sequence and the structure of rMTC28 is observed in Figure II.15. r38kDa protein (39.4 kDa) was successfully expressed in E. coli BL21 (DE3) pLysS and in E. coli BL21 (DE3). In both systems, the parameters were: 0.8 mM IPTG at 37 °C for 16 h of induction. However, the protein was found in the insoluble fraction and solubilized with urea (Figure II.21). A higher amount of r38 kDa (collected fractions N° 1-2 and 13) expressed in E. coli BL21 (DE3) pLysS was purified (Figure II.22). The expressed r38kDa was purified only from the insoluble fraction at 80 -300mM Imidazole solutions. The amino acid sequence and the modeled r38 kDa protein like to extracellular phosphate ABC transport receptor are described in Figure II.23.

  rAg85B was cloned in pET28a. The coding DNA sequence of Ag85B was successfully inserted in the plasmid. The clones pET28a-Ag85B (6229 bp) (lanes 1 and 2) were longer than the plasmid without insert (5369 bp) (lane 4) (Figure II.24). Additionally, it is observed in silico that the Ag85B sequence is correctly ligated between the restriction sites NcoI and HindIII (Appendix 1.21, page 287). Appendix 1.22, page 288, shows that the clones 1 and 2 are identical to the theoretical Ag85B sequence, corroborating a successful insertion f Arg85B in the plasmid.

  Imidazole. The purification was improved when a buffers battery with more dilute imidazole was used:20, 40, 60, 80, 100, 200, 300 and 500 mM of Imidazole (Figure II.26). The amino acid sequence and the modeled structure of rAg85B (Figure II.27).

  have a longer length than pGEX4T1 without insert (Figure II.28). Therefore, the ESAT6 coding sequence was successful inserted into the plasmid pGEX4T1. Besides, in silico cloning is observed that ESAT6 sequence is correctly ligated between the BamHI and EcoRI restriction sites (Appendix 1.25, page 290), corresponding to a total size of 1002 bp including the GST (Glutathione S Transferase) tag. A slightly size difference (282 bp) between pGEX4T1-ESAT6 (5251 bp) and pGEX4T1 plasmid (4969 bp) is observed.In the alignment (Appendix 1.26, page 291), the clone 6 is identical to the theoretical ESAT6 sequence, except for one variation at the beginning and at the end of the sequence.The protein rESAT6-GST (37.7 kDa) was expressed successfully in E. coli BL21 (DE3) pLysS and in E. coli BL21 (DE3). The expression parameters were: 0.65 mM IPTG, at 37 °C and at RT. The RT favored the expression of the soluble fraction of the protein, for 16 h of induction. A fraction of the protein was soluble, and another fraction was insoluble. For the purification an affinity chromatography was performed using the soluble fraction in a column packed with a resin coated with Glutathione. The expressed and purified rESAT6 is observed in Figure II.29. The amino acid sequence and the modeled structure of rESAT6 are showed in Figure II.30. Phylogenetic analysis shows a high specificity of ESAT6 protein for the MTB (Appendix 1.27 and 1.28, pages 291 and 292, respectively).

  The gene was inserted between NcoI and BamHI (Appendix 1.29, page 292). The protein rCFP10 (11.6 kDa, PI: 5.59) was successfully expressed in E. coli BL21 (DE3) pLysS at 0.5 mM IPTG at 37 °C for 4 h of induction. The protein was found in the soluble fraction (Figure II.31). Phylogenetic analysis, using the amino acid sequence of the MTB CFP10 protein, as well as the sequences of other mycobacteria, showed that the CFP10 protein was MTB specific (Appendix 1.30 and 1.31, both in page 293). The amino acid sequence and the modeled structure of rCFP10 are showed in Figure II.32.

(

  In the case of anti-rMTC28 titers, a high dilution of the serum was observed to detect the recombinant antigen (Figure II.43). A fold of 9.33 is observed in a dilution of 1/400 in rabbit serum and a fold of 10.20 in the 1/50 dilution in mice.

Figure II. 44

 44 Figure II.44 shows that anti-MoeX produced in rabbit has a fold of 8.00 in a sera

Figure II. 46

 46 Figure II.46 shows a fold of 2.68 in a dilution of 1/200 for anti-Ag85B produced in

Figure II. 11 .

 11 Figure II.11. It is corresponded to MPT64 previously reported for MTB.

  extracellular phosphate transporter justifies the function of 38kDa. It is corroborated with the modeled r38 kDa protein (Figure II.23) like to extracellular phosphate ABC transport receptor.

  ESAT6 and CFP10 are the most important virulence factors and they are recognized over 70% of TB patients(Skjot et al., 2000).[START_REF] Mahmoudi | Cloning, expression and purification of Mycobacterium tuberculosis ESAT-6 and CFP-10 antigens. Iran[END_REF] reported cloning and expression protocols for ESAT6 and CFP10. Both proteins were cloned in the vector pET32 a (+) and transformed into E. coli BL21 DE3. The expression parameters were: 1mM IPTG, at 37 °C for 4 h of time induction.

the

  Figure II.30 and Figure II.32 the modeled structures of the rESAT6 and rCFP10 proteins are shown.

  The positive zeta potential demonstrated a correct silanization of the MNP surface (Figure III.1 B). However, previous studies reported that a high temperature for the silanization process, can improve an homogeneous monolayer structure of the amine-silane groups on MNP surfaces.

Figure III. 1 :

 1 Figure III.1: Characterization of nanoparticles synthesized with the aqueous solvent at room temperature. Silanized MNPs have a hydrodynamic diameter of 285.2 nm (A), a positive surface charge, indicating the amine groups of the surface (B) and a hysteresis of 10.87 Oe (C).

Figure III. 2

 2 Figure III.2 shows nanoparticles with and without APTES in water as solvent

Figure III. 2 :

 2 Figure III.2: Potential zeta of MNP (A) and amine-silanized MNP (B) using water as solvent.

  Figure III.5: Hydrodynamic diameter of MNP (A) and amine-silanized MNP (B) using ethanol/water as solvent.

Figure III. 6

 6 Figure III.6 shows a negative charge on the surface of nanoparticles without

Figure III. 7

 7 Figure III.7 indicates a similar hydrodynamic diameter between both

Figure III. 6 :

 6 Figure III.6: Potential zeta of MNP (A) and amine-silanized MNP (B) using methanol/toluene as solvent.

Figure III. 8 :

 8 Figure III.8: Stabilization of NMPs. First silanization of the surface using TEOS (A) and the second amine-silanization using APTES (B).

  The structural characterizations made by X-Ray Diffraction (XRD) (Figure III.9) showed different reflection planes corresponding to its Bragg angles, characteristic for magnetite (JCPD card N° 19-0629). According Wen et al. the XRD patterns of the magnetic particles have 2θ peaks at 18.44°, 30.32°, 35.75°, 43.32°, 53.89°, 57.34° and A B 62.96°, which are attributed to the crystal planes of magnetite at (111), (

Figure III. 9 :

 9 Figure III.9: XRD data showing peaks of bare MNP compared to MNP@Si@NH2 following the crystallographic pattern of magnetite (JCPD card N° 19-0629).

Figure III. 10 :

 10 Figure III.10: Mossbauer pattern of MNP (A) and MNP@Si@NH2 (B).

Figure

  III.11 shows the hyperfine field distribution used to analyze MNP@Si@NH2 Mössbauer spectra.

Figure III. 11 :

 11 Figure III.11: Hyperfine field for MNP@Si@NH2.

Figure III. 12 :

 12 Figure III.12: TEM images of amine-silanized magnetic nanoparticles synthetized by coprecipitation method.

Figure III. 13 :

 13 Figure III.13: Magnetic properties of bare MNP (55.04 emu.g -1 ), and aminesilanized MNP (37.06 emu.g -1 ).

Figure III. 14 :

 14 Figure III.14: DRIFTS spectra of MNP and MNP@Si@NH2 were obtained to confirm the synthesis of amine-silanes nanoparticles. The black box shows the NH2 at 1600 cm -1 spectral peak.

Figure

  Figure III.15 shows the amplified NH2 peak for nanoparticles silanized with TEOS

Figure III. 15 :

 15 Figure III.15: DRIFTS spectra of MNP@Si and MNP@Si@NH2 showing N-H bond confirming amine-silanization of nanoparticles.

Figure III. 16 :

 16 Figure III.16: Thermogravimetry of amine-silanized magnetic nanoparticles. A) TGA for magnetic nanoparticles (MNP) (black) and coated MNPs with amine silane groups (red). B) DTGA corresponding to naked and conjugated nanoparticles.

Figure III. 17 :

 17 Figure III.17: Hydrodynamic diameter of functionalized magnetic nanoparticles. A) MNP (dH: 360.97 nm; accumulated number: 87.61 %), B) MNP@Si@NH2 (dH: 148.32 nm; accumulated number: 55.41 %).

  All chemical used were reagent grade. Ferrous chloride (FeCl2), Ferrous chloride tetrahydrate (FeCl2•4H2O), ferric chloride (FeCl3), tetraethyl orthosilicate (TEOS), (3aminopropyl) triethoxysilane (APTES), Carboxymethyl-dextran sodium salt (CMD, 10-20kDa), Bovine Serum Albumin (BSA) and sodium citrate (Na3C6H5O7) were bought from Sigma-Aldrich,Saint-Quentin-Fallavier, France. Hydrochloric acid (HCl) and ammonium hydroxide (NH4OH, 28%) were purchased from Merck and nitric acid from Fisher Scientific India Pvt. Ltd. The antibody (IgG) used was obtained from a rabbit immunized with recombinant antigen (Hsp16.3), described in the previous chapter. Ultrapure Milli-Q water (H2O) used in this study, was produced in Ultra-pure water purification unit for laboratory (Millipore, Massachusetts, USA). Chemical reactions were made under nitrogen gas. All glassware materials used for the synthesis of iron oxide nanoparticles, were washed with aqua regia solution freshly prepared.

Figure III. 2

 2 Figure III.2 shows nanoparticles with and without APTES in water as solvent

  Figure III.5 shows the hydrodynamic diameters of the nanoparticles with APTES

Figure III. 6

 6 Figure III.6 shows a negative charge on the surface of nanoparticles without

  The magnetite XRD pattern was identified as F d-3 m spatial group with a = b = c = 0.837 nm, cell conditions. Mössbauer spectra of magnetite nanoparticles and amine-silanized magnetite are shown on Figure III.10A and III.10B, respectively.

  Figure III.14 and III.15. Using TGA (Figure III.16A and III.16B), 21.85 -30.5 mg of nanoparticles were evaluated from 25 to 600 ° C. According to the type of the molecules coated on the surface of the MNPs, different percentages of mass loss were obtained.

1 .

 1 Evaluation of conditions for the coating of magnetic nanoparticles.

Figure III. 2

 2 Figure III.2 shows nanoparticles with and without APTES in water as solvent

Figure III. 6

 6 Figure III.6 shows a negative charge on the surface of nanoparticles without

Figure IV. 1 :

 1 Figure IV.1: Evaluation of buffer types to functionalize nanoparticle surfaces with BSA.

Figure IV. 3 :

 3 Figure IV.3: Saturation of the silanized magnetic nanoparticle surface using BSA.

  5/1 μmoles of EDC/NHS are the most efficient concentrations to functionalize MNP surface by BSA (131 and 119.4 μg linked BSA/ mg of MNP@Si@NH2) (Figure IV.4).

Figure IV. 4 :

 4 Figure IV.4: Evaluation of EDC/NHS concentration to functionalize nanoparticle surface by BSA.

  (Figure IV.5 A and Figure IV.5 B) show the first loss of mass,

Figure IV. 5 :

 5 Figure IV.5: Biofunctionalization of magnetic nanoparticles using BSA. A) DTGA corresponding to naked and conjugated nanoparticles. MNP@Si@BSA shows two successive loss of mass rate after water desorption. B) TGA for MNP (Fe3O4) (black), coated MNPs with amine silane groups (red), and MNP conjugated with BSA (blue).

Figure IV. 6 :

 6 Figure IV.6: Hydrodynamic diameter of functionalized magnetic nanoparticles. A)

Figure IV. 7 :

 7 Figure IV.7: Types of reaction buffers used to functionalize modified magnetic nanoparticles with casein.

Figure IV. 8

 8 Figure IV.8 summarizes the process of immobilization of antibodies on the nanoparticles

Figure IV. 8 :

 8 Figure IV.8: Activation of the carboxyl groups of the antibodies using EDC/NHS and functionalization of the nanoparticles with the activated antibodies.

Figure IV. 9

 9 Figure IV.9 shows that the amount of antibodies conjugated on the surface of the

Figure IV. 9 :

 9 Figure IV.9: Evaluation of incubation time to functionalize nanoparticle surface with anti-Hsp16.3.

Figure IV. 10 :

 10 Figure IV.10: Saturation of the silanized magnetic nanoparticle surface using anti-Hsp16.3.

Figure IV. 11 :

 11 Figure IV.11: EDC/NHS concentration to functionalize nanoparticle surface with anti-Hsp16.3.

Figure IV. 13 :

 13 Figure IV.13: Thermogravimetry analysis of functionalized nanoparticles. A) DTGA corresponding to naked and conjugated nanoparticles. MNP@Si@anti-Hsp16.3 shows two successive mass loss rate after water desorption. B) TGA for MNP (Fe3O4) (black), coated MNPs with amine silane groups (red), and MNP conjugated with anti-Hsp16.3 (green).

Figure IV. 14 :

 14 Figure IV.14: Hydrodynamic diameters of functionalized MNP@Si@ab.

  Figure IV.15 and Figure IV.16 show the curves (antigen quantity in well vs fold values) obtained after a sandwich ELISA associated with magnetic nanoparticles. The protein rHsp16.3 was detected up to value 0.08 ng/μl (0.008

Figure IV. 15 :

 15 Figure IV.15: Immunodetection of recombinant antigens rAg85B, r38kDa, rMoeX and rHsp16.3 from M. tuberculosis using sELISA-MNP@Si@ab. In black numbers is indicated the amount of recombinant antigens used in the experiment, and in red the fold in each case. The black arrow shows the minimum amount of recombinant antigen recognized for the assay.

Figure IV. 16 :

 16 Figure IV.16: Immunodetection of recombinant antigens rMPT64, rESAT, rCFP10 and rMTC28 from M. tuberculosis using sELISA-MNP@Si@ab. In black numbers is indicated the amount of recombinant antigens used in the experiment, and in red the fold in each case. The black arrow shows the minimum amount of recombinant antigen recognized for the assay.

Figure IV. 17 :

 17 Figure IV.17: Detection of recombinant antigens (0.5 µg/well for rHsp16.3 and 1

Figure IV. 18 -

 18 Figure IV.18 -Figure IV.19 shows an sELISA-MNP@Si@ab assay of seven target

  native MPT64 detection, a dilution of 1/2 (50 µl of treated sample/well) presented a better result in the assay. The fold values obtained according the sputum volume/well were: 1.41 (50 µl),1.4 (25 µl), 1.38 (12.5 µl). and 1.1 (6.25 µl). About native MoeX detection, FOLDs calculated were: 1.4 (100 µl), 1.36 (50 µl), 1.24 (25 µl) and 1.1 (12.5 µl). In the case of native Ag85B detection, the FOLDs observed were: 1.47 (50 µl),1.38 (25 µl), 1.27 (12.5 µl). and 1.1 (6.25 µl). Finally, for native Hsp16.3 detection from sputum samples. It was better using 50 µl of treated sample/well. The Fold values varied according the sputum volume/well: 1.32 (50 µl), 1.2 (25 µl) and1.16 (12.5 µl).

Figure IV. 18 :

 18 Figure IV.18: Sandwich ELISA associated with MNP@Si@anti-ab to detect the native protein from M. tuberculosis, in a pool of positive TB sputum samples. In red the fold value, and in green the volume of sputum /well. FOLD = average sample OD/ average negative OD.

Figure IV. 19 :

 19 Figure IV.19: Detection of the native Hsp16.3 from M. tuberculosis using a sELISA-MNP@Si@ab in a pool of positive TB sputum samples. In red the fold value, and in green the volume of sputum /well. FOLD = average sample OD/ average negative OD.

Figure

  Figure IV.20 shows that the conventional sELISA was not able to detect MPT64,

Figure IV. 20 :

 20 Figure IV.20: Comparisons between sELISA and sELISA-modified MNPs to detect native antigens from MTB.

  protein per mg of MNP = (V0 -Vf)/(N° mg of MNP), and % linked protein = [(V0 -Vf)/ V0] *100.

  nmoles) of BSA was used as initial amount (Figure IV.3). About the most efficient coupling agent concentration, a low amount of BSA is conjugated when a high EDC/NHS concentration is used in the reaction. Additionally, it has been determined that 1/0.5 and 0.5/1 μmoles of EDC/NHS are the most efficient concentrations to functionalize MNP surface by BSA (131 and 119.4 μg linked BSA/ mg of MNP@Si@NH2) (Figure IV.4).

  (Figure IV.5 A and Figure IV.5 B) show the first loss of mass,

Figure

  In summarize, the size of nanoparticles conjugated with BSA incremented drastically (dH: 394.24) compared with bare amine-silanized nanoparticles (dH: 148.32 nm).

Functionalization

  of polyclonal antibodies was performed following the conditions evaluated with BSA. The Figure IV.8 summarizes the process of immobilization of antibodies on the nanoparticles surface. About the parameters for an efficient immobilization of polyclonal antibodies on nanoparticle surface, we considered as determining factors: the incubation time, the initial amount of protein, and the concentration of the coupling agent EDC/NHS, which can vary according to the initial amount of protein to conjugate. The most important results are described below:

  3 is efficiently conjugated (62.5%) when low concentrations of EDC/NHS (0.5/1 μmoles) are used in the reaction (Figure IV.11).

Figure IV. 15 Figure

 15 Figure IV.15 Figure IV.16 show the curves (antigen quantity in well vs fold values)

Figure

  Figure IV.18 -Figure IV.19 shows an sELISA-MNP@Si@ab assay of seven target

Figure IV. 20 1 .

 201 shows that the conventional sELISA was not able to detect MPT64, 38kDa, Ag85B or MoeX. Also, the detection of ESAT6, CFP10, Hsp16.3 and MTC28 was very low (fold values <1.23). Conjugation of Albumin on magnetic nanoparticles surfaces.

Appendix 1 . 2 :

 12 ***************************************************************************************** Alignment of clones pET28a-Hsp16.3 obtained by sequencing (Macrogen), with the theoretical sequence Hsp16.3 (purple) (Accession number: Rv2031c), using CLUSTAL multiple sequence alignment in MUSCLE 3.8 (http://www.ebi.ac.uk/Tools/msa/muscle/).

  ***************************************** ************* ****************************************************** ****************************************************************** *******************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************: *.*:******:***.*:* :** ***:**::*:*.*:.*.***:* **:********* *********:*::* :.*****:**** ***::*.***:*-----------------------------------------------Mycobacterium_ulcerans_WP_011738 FRVATPTAAGHTP---------------------------------------Mycobacterium_kansasii_WP_075544 FRV-------------------------------------------------Mycobacterium_gastris_WP_0364150 FRV-------------------------------------------------Mycobacterium_szulgai FRV-------------------------------------------------Mycobacterium_kubicae_WP_0850744 FRVTA-----------------------------------------------Mycobacterium_riyadhense_WP_0852 FGVAAPAAGARSPARVTAPTAPAQVPATPSHPAPLALPGQQP----------Mycobacterium_shinjukuense_WP_08 FRV----------------------------------------------************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************* *******************Alignment of the sequences of clones pET28a-MoeX obtained by sequencing (Macrogen) with the theoretical MoeX sequence (blue), using CLUSTAL multiple sequence alignment by MUSCLE 3.8 (http://www.ebi.ac.uk/Tools/msa/muscle/).

Appendix 1 . 26 :

 126 ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ 38_kDa_pET28_clona_1 GATTTCCAGCCTCGAGCACCACCACCACCACCACTGAG 38_kDa_pET28_clona_2 GATTTCCAGCCTCGAGCACCACCACCACCACCACTGAG 38kDa GATTTCCAGCCTCGAG----------------------**************** Appendix 1.18: Alignment of the sequences of clones pET28a-38kDa obtained by sequencing (Macrogen) with the theoretical 38kDa sequence (green), using CLUSTAL multiple sequence alignment by MUSCLE 3.8 (http://www.ebi.ac.uk/Tools/msa/muscle/). **.*******:.***:***:******:********************************************:****:************:***:*****.********.*******************************************************Alignment of the sequences of clones pGEX4T1-ESAT6 obtained by sequencing (Macrogen) with the theoretical ESAT6 sequence, using CLUSTAL multiple sequence alignment by MUSCLE 3.8 (http://www.ebi.ac.uk/Tools/msa/muscle/). Alignment of ESAT6 from MTB with other sequences of Mycobacteria (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
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Table II . 1 :

 II1 MTB selected proteins used in this study.

	Protein Detection	Assay*	Sensitivity and	Ref.
				specificity	
	Hsp16.3 Antibody	ELISA,	63.33% and 88.04% (Zhang et al., 2015)
	MPT64 Antibody	ELISA,	80.5% and 74%	(Wu et al., 2010)
		Antibody	Colorimetric	Not reported	(Cheon et al., 2019)
			biosensing system,		
		Antigen DNA	ELISA, PCR	100% and 100% 74% and 100%	(Ji et al., 2014) (Sethi et al., 2012)
	MTC28 Antibody	ELISA,	72.4% and 71.4%	(Wu et al., 2010)
	MoeX	Antigen	ELISA MoexX/MoeA	Not reported	(Pollock et al.,
		Antigen	Mass spectrometry	Not reported	2013)
					(López-Hernández
					et al., 2016)
	38 kDa Antibody	ELISA,	79.5% and 74%	(Wu et al., 2010)
		Antibody	Piezoelectric	Not reported	(Marín et al., 2015)
			Immunosensors,		
		Antibody	ELISA ESAT-	77.6% and 84.3%	(Zhang et al., 2013)
			6/14KD/38KD		
	Ag85B	Antigen	AuNRs/SiQDs	Not reported	(Kim et al., 2017)
		Antibody	ELISA,	72.9% and 72.9%,	(Wu et al., 2010)
		Antibody	ELISA	63.33% and 80.43%	(Zhang et al., 2015)
	ESAT6	Antigen	IEB,	Not reported	(Diouani et al.,
		Antigen	Au-IDE/CFP10-ESAT6	Not reported	2017)
			aptamer/DNA-AuNPs		(He et al., 2016)
			MSPQC,		
		Antibody	ELISA.	82.9% and 64.1%	(Wu et al., 2010)
	CFP10	Antigen	DND MALDI-TOF	97.4% and 100%	(Soo et al., 2015)
		Antigen	MS,	Not reported	(Hong et al., 2011)
		Antibody	SPR spectroscopy,	65.2% and 79.2%	(Wu et al., 2010)
			ELISA		
	*Assay:				

Table II . 2 :

 II2 Conditions for the expression and purification of recombinant proteins.

	Protein	Bacterial	IPTG	T (°C) Fraction	Induction	Imidazol
		system	(mM)			time	(mM)
	rHSP16.3 E. coli BL21	0.5	RT	soluble	16 h	300-500
		DE3 pLysS	0.5	37 °C	insoluble	16 h	100
	rMPT64 E. coli BL21	0.5	37 °C	insoluble	16 h	100
		DE3					
	rMTC28 E. coli BL21	0.6	37 °C	insoluble	16 h	100
		DE3					
	rMoeX	E. coli BL21	0.65	37 °C	insoluble	16 h	100-300
		DE3 pLysS					
	r38 kDa	E. coli BL21	0.8	37 °C	insoluble	16 h	80-300
		DE3 pLysS					
	rAg85B	E. coli BL21	0.65	37 °C	insoluble	16 h	80-300
		DE3 pLysS					
	rESAT6	E. coli BL21	0.65	RT	soluble	16 h	-
		DE3					
	rCFP10	E. coli BL21	0.5	37 °C	soluble	4 h	100
		DE3 pLysS					

II.1.3. Polyclonal anti-MTB antibodies production.

  

Table II

 II 

		Rabbits sera		Mice sera	
	Immunization	N° of Doses	Folds	N° of Doses Folds
	protein				
	rHsp16.3	0, 1°, 2°, 3°	8.25/ 6.75/ 6.50	0, 1°, 2°, 3°	9.25/ 13.25/ 12.50
	rMPT64	0, 1°, 2°, 3°	0.94/ 3.13/ 3.00	0, 1°, 2°, 3°	2.40/ 9.20/ 9.20
	rMTC28	0, 1°, 2°, 3°	10.25/ 8.63/ 8.75	0, 1°, 2°, 3°	6.50/ 15.5/ 14.5
	rMoeX	0, 1°, 2°, 3°	4.09/ 5.73/ 5.73	0, 1°, 2°	6.20/ 10.40
	r38kDa	0, 1°, 2°, 3°	9.60/ 9.20/ 9.00	0, 1°, 2°, 3°	11.00/ 8.75/ 11.50
	rAg85B	0, 1°, 2°, 3°	1.41/ 1.74/ 2.59	0, 1°, 2°, 3°	6.20/ 9.80/ 7.40
	rESAT6	0, 1°, 2°	3.80/ 13.80	0, 1°, 2°	1.25/ 2.25
	rCFP10	0, 1°, 2°	2.00/ 11.00	0, 1°, 2°	3.25/ 10.75

.3: Summary of the folds obtained during the evaluation of polyclonal antibody production in both rabbits and mice. ELISA protocol (2 days): 1µg antigen/well, 1/250 sera dilution, 1/5000 anti IgG HRP (KPL).

Evaluation of antibody production over time.

Absorbance 450 nm (OD) Absorbance 450 nm (OD) Sera dilution Sera dilution

  

Zhang et al., 2015, reported 

A B

Table II . 4 :

 II4 Optimized conditions for the evaluation of the titer of antibodies produced in rabbits and mice immunized with the recombinant M. tuberculosis antigens.ELISA test performed in a protocol of 2 days.

	Protein	Antigen/	Blocking	anti-IgG HRP	Rabbit	FOLD Mouse	FOLD
		well	solution		serum		serum	
	rHsp16.3	1 µg	Milk	1/5000 KPL	1/ 3200	14.80 1/ 100	16.00
	rMPT64	1 µg	Milk	1/5000 KPL	1/12800	4.50	1/ 100	10.34
	rMTC28	0.25 µg	Casein	1/1500 Thermo	1/400	9.33	1/50	10.20
	rMoeX*	1 µg and 0.25 µg	Milk and casein	1/5000 KPL and 1/1500 Thermo	1/12800	8.00	1/50	9.20
	r38kDa	0.25 µg	Casein	1/1500 Thermo	1/1600	10.17	1/200	10.60
	rAg85B	0.25 µg	Casein	1/1500 Thermo	1/200	2.68	1/100	12.80
	rESAT6	0.25 µg	Casein	1/1500 Thermo	-	-	1/400	10.80
	rCFP10	1 µg	Milk	1/5000 KPL	1/200	11.57	1/100	14.33

*1 µg, milk and 1/5000 anti-IgG HRP KPL for ELISA using rabbit serum and 0.25 µg, casein and 1/1500 anti-IgG HRP Thermo for ELISA using mouse serum.

Table II . 5 :

 II5 Summary of the optimized experimental conditions for the antibodies dilution standardization in sandwich ELISA tests.

	Protein Rabbit	blocking Mouse	Antigen/	Anti-IgG HRP	FOLD time
		serum		serum	well			
	rHsp16.3 1/400	casein	1/1600 100 ng	1/1500 Thermo	3.26	2 days
	rMPT64 1/1600	milk	1/200	250 ng 1/5000 KPL	6.25	2 days
	rMTC28 1/800	casein	1/400	250 ng	1/1500 Thermo	3.60	2 days
	rMoeX	1/800	casein	1/800	100 ng	1/1500 Thermo	5.00	2 days
	r38kDa	1/3200 milk	1/200	250 ng	1/5000 KPL	2.28	2 days
	rAg85B 1/3200 milk	1/200	250 ng	1/5000 KPL	6.39	2 days
	rESAT6 1/800	milk	1/200	250 ng	1/5000 KPL	1.77	2 days
	rCFP10 1/3200 milk	1/400	250 ng	1/5000 KPL	1.93	2 days

Table II . 6 :

 II6 Sequences of the designed primers (5 '→ 3') to clone and express the recombinant proteins of MTB, in the E. coli system. Underlined the restriction enzymes sequences. Lithuania) by a conventional PCR reaction (1.25 µM _F, 1.25 µM _R, 150 ng ADN in a final volume of 200 µl). The cycling PCR program profile was: 98 °C for 10 seconds for initial activation; 30 cycles of 98 °C for 1 second, 60 °C for 5 seconds, 72 °C for 15 seconds;

	Primer name 5'→ 3'	Restriction	Fragme
			enzymes	nt (pb)
	MTC28_F	TTTCCATGGGGATGATCCAGATCGCGCGCACCT	NcoI	950
	MTC28_R	TTTCTCGAGGCGCGGCGGGACTGGTGTCA	XhoI	
	MPT64_F	TTTCCATGGTGCGCATCAAGATCTICATGCTGG	NcoI	701
	MPT64_R	TTTCTCGAGGGCCAGCATCGAGTCGATCGCGGAA	XhoI	
	MoeX_F	TTTCCATGGGGATGATCATAGAGCTGATGCGCCGGGTGG	NcoI	1010
	MoeX_R	TTTCTCGAGCGCACACGGGAACAACGCGGCCTCTT	XhoI	
	38kDa_F	TTTCCATGGTGAAAATTCGTTTGCATACGCTGTTGG	NcoI	1139
	38kDa_R	TTTCTCGAGGCTGGAAATCGTCGCGATCAA	XhoI	
	Ag85B_F	TACCATGGGCATGACAGACGTGAGCCGAAA	NcoI	994
	Ag85B_R	CGCAAGCTTGCCGGCGCCTAACGAAC	HindIII	
	CFP10_F	TTTCCATGGCAGAGATGAAGACCGATGCCGCTAC	NcoI	321
		CC		
	CFP10_R	TTTGGATCCTCAGTGATGGTGGTGATGATGGAAG	BamHI	
		CCCATTTGCGAGGACAGCGCCT		
	ESAT6_F	TAAGGATCCATGACAGAGCAGGAGTG	BamHI	302
	ESAT6_R	GCGAATTCTGCGAACATCCCAGTG	EcoRI	
	Hsp16.3_F	TTTCCATGGCCACCACCCTTCCCGTTCAGCGCC	NcoI	446
	Hsp16.3_R	TTTCTCGAGGTTGGTGGACCGGATCTGAATGTG	XhoI	
	-Construction of the recombinant plasmids.		nl/cgi-
	bin/primer3plus/primer3plus.cgi), Total DNA was extracted from the Mycobacterium tuberculosis H37Rv culture using Primer Blast (https://www.ncbi.nlm.nih.gov/
	tools/primer-blast/), and OligoAnalyzer 3.1 (https://eu.idtdna.com/calc/analyzer) phenol-chlorofom method (Sigma-Aldrich, Saint Louis, USA). DNA quality and
	softwares; and specific sites for restrictions enzymes of the vector pET28a(+) (Merck, concentration were determined using the spectrophotometer Nanodrop ND 2000 (Thermo
	Darmstadt, Germany) and pGEX4T1 (GE Healthcare Life Sciences) were included (Table Scientific, Delaware, USA). The coding sequences: CFP10, ESAT6, MTC28, MPT64,

II.6).. Using the SnapGene software (http://www.snapgene.com), the correct alignments of the primers in the target sequences have been verified.

38 kDa protein, Hsp16.3, Ag85B

and MoeX from M. tuberculosis DNA were amplified using 'Phusion Flash High-Fidelity PCR Master Mix' (Thermo Fisher Scientific, Vilnius,

Table II . 7 :

 II7 Immunization protocol in rabbits and mice. A 2-week acclimatization of the experimental animals was performed before the beginning of the immunization.

			Immunization protocol in rabbits	
	Protein	day 1	day 14	day 21	day 28	day 35	Antibobies
		(1° dose)	(2° dose)	(3° dose)	(4° dose)		production
	MTC28	400 μg	400 μg	400 μg	400 μg	Total bleeding	++
	MoeX	450 μg	450 μg	450 μg	0	Total bleeding	++
	MPT64	500 μg	500 μg	500 μg	500 μg	Total bleeding	+
	Hsp16.3	500 μg	500 μg	500 μg	500 μg	Total bleeding	++
	Ag85B	500 μg	500 μg	500 μg	500 μg	Total bleeding	+
	38kDa	500 μg	500 μg	500 μg	500 μg	Total bleeding	++
	CFP10	300 μg	150 μg	150 μg	0	Total bleeding	+++
	ESATt6	900 μg	700 μg	300 μg	0	Total bleeding	++++
			Immunization protocol in mice		
	Protein	day 1	day 14	day 21	day 28	day 35	Antibobies
		(1° dose)	(2° dose)	(3° dose)	(4° dose)		production
	MTC28	60 μg	60 μg	60 μg	60 μg	Total bleeding	+++
	MoeX	22 μg	22 μg	22 μg	14.4 μg	Total bleeding	+++
	MPT64	36 μg	36 μg	36 μg	0	Total bleeding	+++
	Hsp16.3	36 μg	36 μg	36 μg	0	Total bleeding	+++
	Ag85B	96 μg	96 μg	96 μg	0	Total bleeding	+
	38kDa	14.4 μg	14.4 μg	14.4 μg	0	Total bleeding	+++
	CFP10	15.6 μg	15.6 μg	15.6 μg	0	Total bleeding	+++
	ESATt6	50 μg	50 μg	50 μg	0	Total bleeding	+/-
	-Evaluation of antibody production over time.		

Table III .

 III 

	MNP	color	magnetism	magnetism	agglomeration
			(powder)	(liquid)	
	MNP@CMD P1	brown	-	++	-
	MNP@CMD P2	black	+++	++	-
	MNP@CMD P3	black	+++	++	-
	MNP	brown	-	++	-

1: General properties of the MNP-CMD synthesized in the three protocols previously described (P1, P2 and P3).

Table III .

 III 2: characteristics of silanized MNPs with different solvents. Negative: indicate a reaction without APTES, and Positive: indicate a reaction with APTES.

	Nanoparticles	Polydispersion	Hydrodynamic	Z-potential
			(%)	diameter (nm)	
	APTES-water	Negative	13.6	94.61	-31.04
		Positive	13.3	128.37	-29.15
	APTES-	Negative	29.1	85.19	+7.83
	ethanol/water	Positive	27.0	72.63	+20
	APTES-	Negative	27.6	102.26	-19.20
	methanol/toluene	Positive	26.6	112.75	+22.15

Table III . 3 :

 III3 Immobilization of biomolecules (BSA and IgG) on the surface of silanized MNPs with different solvents (water, ethanol/water and methanol/toluene).

	MNP-BSA	0 h (mg)	6 h (mg)	% BSA linked
	APTES-water	36.37	37.7	0
	APTES-ethanol/water	37.3	36.67	1.69
	APTES-methanol/toluene	38.22	34.15	10.65
	MNP-IgG	0 h (mg)	6 h (mg)	% IgG linked
	APTES-methanol/toluene	0.39	0.36	5.26

-Condition N° 4: MNP coating using TEOS/APTES (two steps).

Table III . 4 :

 III4 Functionalization by BSA and IgG on the surface of the amine-silanized MNP.

	MNP-TEOS/APTES 0 h (mg)	16 h (mg)	% linked protein
	MNP-BSA	2.22	1.99	13.52
	MNP-IgG	0.13	0.09	46.15

Table IV . 1 :

 IV1 Amount of specific polyclonal antibodies immobilized on the surface of the amino-silanized magnetic nanoparticles.

	Polyclonal	Linked	Hydrodynamic	Theorical	Saturation	Antibody (µg)
	antibodies	IgG	diameter (dH,	saturation	percentage	in 5 µl of
		(µg)	nm)	(IgG, µg)*	(%)**	MNP@Si@ab
						***
	Anti-38kDa	101	348.77 (70.24%)	16.0	˃ 100	2.53
	Anti-MTC28	61	344.23 (84.61 %)	16.2	˃ 100	1.53
	Anti-Ag85B	299	370.93 (42.11 %)	15.05	˃ 100	7.48
	Anti-MPT64	88	355.02 (42.11 %)	15.73	˃ 100	2.2
	Anti-MoeX	93	338.52 (65.11 %)	16.48	˃ 100	2.33
	Anti-ESAT6	79	119.61 (26.38 %)	46.65	˃ 100	1.98
	Anti-CFP10	70	149.27 (46.93 %)	37.38	˃ 100	1.75
	Anti-Hsp16.3	94	358.62 (50.06 %)	15.55	˃ 100	2.35
	* 'Theorical saturation value' represents the amount (µg) of IgG which cover completely
	an amount of 2.5 mg of modified magnetic MNPs. These values were calculated using the
	hydrodynamic diameter.				
	** 'Saturation percentage' represents what percentage of the modified MNPs are covered
	with IgG used in the experiment.			

. Conventional sandwich ELISA and sELISA associated with magnetic nanoparticles to detect recombinant MTB antigens.

  

	specific	Initial amount (µg) EDC/NHS (µmoles)
	for MTB antigens		
	Anti-38kDa	263	2/4
	Anti-MTC28	227	2/4
	Anti-Ag85B	394	3.4/6.8
	Anti-MPT64	336	5/10
	Anti-MoeX	255	2/4
	Anti-ESAT6	223	2/4
	Anti-CFP10	255	2/4
	Anti-Hsp6.3	255	2/4
	IV.2.4A conventional sandwich ELISA (sELISA) assay was developed to detect M.
	tuberculosis antigens. Specific polyclonal antibodies produced in rabbits, were fixed in
	wells of Nunc MaxiSorp ELISA plates (Sigma-Aldrich, St Louis, USA) overnight at 4 °C.
	Free space's wells were blocked with Blocker™ Casein in PBS (Thermo Fisher Scientific,
	Rockford, USA) for 1h at 37 °C. Subsequently 1 µg/well of recombinant antigen (ag) from

Table IV

 IV 

		.3: Titers of sera used for the sandwich ELISA (sELISA) and for the ELISA
	sandwich associated with magnetic nanoparticles (sELISA-MNP@Si@ab). A volume of
	5µl of nanoparticles associated with immobilized rabbit serum, was used in each well.
			sELISA	sELISA@MNP@ab
	Protein	rabbit serum	mouse serum	mouse serum
	rESAT6	1/250	1/400	1/100
	rCFP10	1/200	1/50	1/100
	rMPT64	1/1600	1/200	1/100
	r38kDa	1/1600	1/200	1/100
	rAg85B	1/400	1/100	1/200
	rMoeX	1/1600	1/200	1/200
	rMTC28	1/400	1/150	1/100

Chapter II: Selection, cloning, expression of recombinant MTB antigenic proteins and production of polyclonal hyperimmune antibodies.
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APTES:

(3-aminopropyl) triethoxysilane.

BSA:

According the phylogenetic analysis a high specificity of MTC28 protein for the MTBC is observed (Appendix 1.11 and 1.12, page 278 and 279, respectively).

-Cloning and expression of MoeX.

The insertion of MoeX into the pET28a (+) plasmid was successfully performed. The rMoex protein (36.6 kDa) was expressed in E. coli BL21 (DE3) pLysS and in E.

coli Lemo 21 systems, with 0.5-0.8 mM IPTG (variation in the expression was not observed) at 37 °C for 6 -16 h of induction. In both systems the protein was found in insoluble fraction (Figure II.17).

A greater amount of protein was obtained from induced E. coli BL21 (DE3) pLysS culture. The rMoeX was purified at 100-300 mM imidazole, especially in the fractions N° The specificity of MoeX for MTBC was corroborated with phylogenetic analysis of the amino acid sequence of the protein compared to the proteins reported in the database (Appendix 1.15 and 1.16, pages 282 and 283, respectively).

-Cloning and expression of r38 kDa protein.

The coding sequence of 38 kDa was successfully ligated in the plasmid pET28a (+).

The clones pET28a-38kDa (6358 bp) (lanes 1-3) show a size difference (989 pb) comparing to plasmid without insert (5369 bp) (lane 4), indicating the insertion of coding DNA sequence of 38 kDa into the plasmid (Figure II.20) (Appendix 1.17, page 283).

In the alignment (Appendix 1.18, page 285) the clones 1 and 2 are identical to the theoretical 38kDa sequence, so it corroborates that the cloning of this gene was successful.

Chapter III

Synthesis, amine-silanization and physical-chemical characterization of magnetic nanoparticles.

Abstract:

Introduction: This chapter describes the synthesis, coating and physical and chemical properties of iron oxide magnetic nanoparticles (MNPs).

Methodology:

The magnetite core was synthesized using co-precipitation method. In general, Fe 2+ and Fe 3+ ions were co-precipitated using alkaline conditions (ammonium hydroxide), with a stoichiometric ratio of Fe 3+/ Fe 2+ = 2:1 at pH range between 10 and 12.

The surface was coated with amine-silane groups (TEOS and APTES in two steps) to stabilize the MNPs. For the characterization of chemical and physical properties, different techniques were used and analyzed: Transmission Electronic Microscopy (TEM), X Ray Diffraction (XRD), Dynamic Light Scattering (DLS), Vibrating-Sample Magnetometry (VSM), Fourier-Transform Infrared Spectroscopy (FTIR), Mössbauer Spectroscopy (MS)

and Thermogravimetric analysis (TGA).

Results: High amount of nanoparticles were synthesized by coprecipitation method. The most important physico-chemical properties of nanoparticles were a diffraction crystal diameter of ~12.5 nm (10.48 ± 2.56 nm), superficial net charge of ᶎ: +23.57 ± 2.87 mV, characteristic patterns of magnetite and a spherical structure. Additionally, a magnetization saturation of 37.06 emu.g -1 was observed.

Discussion: Co-precipitation is a simple and economical method due to the large gramscale product that can be formed. The pH and the ionic strength affected the surface composition, as well as the surface charge of the particles. The nitrogen blanket gas was an important parameter because MNPs have the tendency to become maghemite due to instability and susceptibility to O2. After oxidation occurs, the magnetic properties decrease Also, Figure III.5 shows that the size of the nanoparticles with APTES is smaller than that of the nanoparticles synthesized without APTES. This would be explained by the repulsion charges of the nanoparticles, generating a dispersion of MNPs. 

A B

Amino silanization using water or ethanol/water as solvents:

The total MNP obtained previously was washed with H2O until neutral pH (approximately 5-10 times), and the pellets were sonicated for 30 min, and then 40 ml of the solvent (water or ethanol/ water) were added with 10% APTES (pH 4.0, calibrated with about 10 ml of glacial acetic acid). The reaction with APTES (Cf: 10%) was mixed vigorously, for 16 h at 70 ° C. Finally, with the help of a magnet, the nanoparticles were washed with the solvent (water or ethanol/ water) and finally with deionized water, until neutral pH. The black pellets were dried in the oven at 65 ° C.

Amino silanization using the methanol/ toluene solvent:

The MNPs were washed with H2O until neutral pH (approximately 5 times).

Subsequently, the MNPs were washed 3 times with methanol, and the pellet was sonicated for 30 min. 100 ml of methanol/toluene (v/v) was added and the reaction was connected to a distiller, and 50% of the volume was evaporated at 105 °C. Then 50 ml of methanol was added, and the volume was re-evaporated to 50%. This process was repeated 3 times to ensure that the reaction was free of water (anhydrous). Subsequently, 40 ml of methanol was added with 10% APTES (pH 4.0, calibrated with glacial acetic acid). The reaction with APTES (Cf: 4%) was mixed vigorously, for 16 h at 70 ° C. Finally, using a magnet, the nanoparticles were washed with absolute ethanol (3 times) and with deionized water, until neutral pH; and dried in the oven at 65 ° C.

Conjugation of biomolecules on amine-silanized MNPs.

To determine whether synthesized and silanized MNPs have the ability to bind proteins on their surface, a protein immobilization assay was performed. Nanoparticle reactions (6.5 and 5 mg previously dispersed in MES), protein (BSA 35mg/ml or antibody 10µl/ml), EDC/NHS (33.4/66.7 mM and 10/5 mM) in clean eppendorf tubes were prepared and incubated at room temperature, 15 rpm, with semi-circumferential movement. The

-Zeta potential (ζ)

The superficial charge of MNP@Si@NH2 was determined using zeta potential (ζ) in a Zetasizer cell adapted to 90Plus Particle Size Analyzer. The nanoparticles were dispersed (sonication 15 min) in water and evaluated to neutral pH.

-Vibrating Sample Magnetometer (VSM).

Magnetization measurements were performed at RT in magnetic fields varying from 0 to 20 kOe (2.0 T) using a Vibrating Sample Magnetometer (Quantum Design Model VersaLab -3T, California, USA). The saturation magnetization was determined from the magnetization curve at maximum magnetic field.

III.3. RESULTS.

III.3.1. Evaluation of conditions for the coating of magnetic nanoparticles.

-Condition N° 1: MNP coating using CMD.

The Table III.1 shows the main visible characteristics of the MNP-CMD after the synthesis. Iron nanoparticles are characterized by having a blackish color. In our case, we obtained brown and black MNPs. In addition, the magnetism varied according to the state of the NPM, the magnetization was faster when the black NPM was in powder (+++) and the brown (oxidized) did not show magnetization. However, a medium magnetization (++)

was observed when the brown MNP was dispersed. Finally, no agglomeration of the nanoparticles was observed.

-Condition N° 2: MNP coating using APTES at RT. -Evaluation of the most efficient coupling agent concentration.

The

Different amounts of EDC/NHS: 0.5/1, 1/0.5, 2.5/5, 5/2.25, 5/10, 2.5/2.65 and 5/5.15 μmol were incubated with 450 μg (3 nmol) of anti-Hsp16.3 (sera) and 2.5 mg of MNP@Si@NH2.

As the main result, it was observed that low concentrations of the coupling agent EDC/NHS is sufficient to immobilize proteins on the surface of the nanoparticles. So, to work with the other antibodies, this parameter was taken into consideration.

Additionally, to determine what type of antibodies (whole serum or isolated antibodies) works better in sandwich ELISA-MNP assay, antibodies were purified by physicochemical and chromatographic fractionation.

Rabbit polyclonal antibodies (anti-Hsp16.3) were used in this experience. First, to enrich and concentrate antibodies from serum, ammonium sulfate precipitation was performed. Saturated ammonium sulfate aqueous solution (1.33 mL, 100%) was added drop by drop to 1 mL of rabbit serum. The mixture was incubated for 1 h at 4°C, centrifuged (10 min x 4500 rpm at 4°C). After removal of the supernatant, the pellet was washed with 40% ammonium sulfate solution (2x2 mL), dissolved in PBS approx. 1mL and dialyzed against PBS (24 h at 4°C).

For further purification by affinity chromatography, antibodies pre-purified by precipitation were injected into a column coated with protein A (HiTrap Protein A Sepharose, Amersham Pharmacia Biotech, Germany), in a Hitachi Chromaster HPLC System (Interlink Scientific Services Limited, Kent, United Kingdom). After fixation of antibodies on stationary phase and washing at neutral pH (PBS, pH 7.4), the desorption of immobilized IgG was made with acid solution (0.1 M citrate-NaOH buffer pH 3.0). The renaturation of isolated antibodies was achieved by adding 1/10th volume of 1M Tris-HCl (pH 9). Finally, the antibodies were dialyzed against PBS (24 h at 4 °C) and quantified at A280nm.

Separately, these different anti-Hsp16.3 preparations and whole rabbit serum were conjugated to the MNP@Si@NH2 surface as previously described 400 µg (2.67 nmol) of added and incubated for 1h at 37 °C. After the incubation, the nanoparticles were washed.

A colorimetric reaction was revealed using OPD (1mg/ml), stopped with HCl 0.5 M and read at 450 nm (OD) in an ELISA plate reader.

IV.2.5. Sandwich ELISA associated with magnetic nanoparticles to detect native MTB antigens.

To evaluate both types of ELISA assays with patient samples (n=20), pools using positive (13) and negative (7) sputum for TB, were prepared. The biological samples came from Peruvian population from the project "Unraveling the resistance mechanism of pyrazinamide, the unique -sterilizing drug against tuberculosis of the Wellcome Trust", approved by the ethics committee from the Universidad Peruana Cayetano Heredia.

Previously, the positive and negative samples for TB (Table IV.4) were placed in sterile tubes with screw cap, and mechanically homogenized using a vortex and zirconium beads.

Subsequently, the samples were inactivated at 80 °C for 20 min. The biological samples were stored at -20 °C for ~12 months.

The conventional sELISA and sELISA-MNP@Si@ab were performed following the protocols previously described. Different volumes (100 -6.25 µl/well) of thawed sputum pools (diluted in PBS) from patients with TB were used. Both sELISAs, with and without nanoparticles, were evaluated in duplicate, in different days to determine the reproducibility of the methods. *** Using the Wayne method (pyrazinamidase test), the susceptibility of the bacteria to the drug pyrazinamide (also used in the treatment of TB patients) was determined.

****The culture of M. tuberculosis is the 'gold standard' method to diagnose TB.

The culture was performed on a solid Ogawa medium, and the growth of the bacteria was evaluated (result: positive or negative), as well as the number of colonies that grew in the medium.

Thermogravetric and Dynamic Light Scattering analysis of MNP@Si@anti-Hsp16.3.

For thermogravimetry analysis, bare nanoparticles, nanoparticles functionalized only with amino-silanes and MNP@Si@anti-Hsp16.3 were used. Similar to BSA, thermogravimetric plots (Figure IV.13) shows the first loss of mass (< 150°C) attributed to water desorption. In a drying condition (˃150 °C), the relative loss of mass of organic material of MNP@Si@anti-Hsp16.3 (320°C and 457 °C) was 3.50 %; where 0.92 % (0.201 mg) corresponded specifically to anti-Hsp16.3 loss of mass and 2.58 % corresponds to Si@NH2.

IV.3.2. Immobilization of antibodies on modified magnetic nanoparticle

surface.

Immobilization of antibodies on the nanoparticle surface was performed as described above for anti-Hsp16.3

Table IV.1 shows the amount of protein immobilized on MNP@Si@NH2, and the values of the hydrodynamic diameters of the nanoparticles conjugated with the antibodies.

The dH of MNP@Si@NH2 (without antibodies) is 148.32 nm. However, the range values of dH for MNP@Si@ab is 119.61-370.93 nm. Further, the table shows the theorical amount of antibodies capable of saturating 2.5 mg of MNP@Si@NH2 according to its hydrodynamic diameter (calculated in Appendix 2.3 and 2.4, page 295 and 296, respectively). The Figure IV.14 shows the hydrodynamic diameter of the majority of the population of nanoparticles functionalized with the anti-38kDa antibody. It is observed that more than 50% of nanoparticles (accumulated number: 70.24%) have a dH of 348.77nm.

However, there is also a very small population of nanoparticles of greater size, indicating larger aggregations in the solution. Unlike the previous case, a greater homogeneity in the nanoparticle population functionalized with anti-MTC28 is observed. Most of the population has a dH of 344.23 in the 84.61% of MNP@Si@anti-MTC28. Similarly, the Showing a high density of BSA in the MNP surface. Interesting, these BSA mass reduction (0.348 mg) was in accordance with the values obtained with UV-Vis spectrophotometer (loss of mass of 0.364 mg for BSA).

Additionally, the analysis of mass loss as a function of temperature allowed us to determine that around 330°C, BSA tends to evaporate; while amino-silanes are lost at around 450 °C.

The differences in evaporation temperatures between the BSA and the amino-silane groups could be due to the physical-chemical properties of the compounds, or to the greater heat exposure of BSA.

On the other hand, nanoparticles conjugated with BSA had a larger hydrodynamic diameter (dH) than the nanoparticles that were only amine-silanized. We hypothesized an aggregation of the conjugated proteins, due to the polymeric nature of BSA. It can cause an approximation between nanoparticles, increasing their size [START_REF] Liu | Galactose-functionalized Magnetic Ironoxide Nanoparticles for Enrichment and Detection of Ricin Toxin[END_REF].

Additionally, we believe that EDC/NHS coupling agent could favor this aggregation when the activated protein was incubated with the nanoparticles [START_REF] Bartczak | Preparation of Peptide-Functionalized Gold Nanoparticles Using One Pot EDC/Sulfo-NHS Coupling[END_REF].

IV.4.1.2. Standardization of magnetic nanoparticles functionalization with specific polyclonal antibody.

In the immobilization of casein, the presence of amino groups contributed to a greater amount of protein bound to the surface of the nanoparticles MNP@Si@NH2. In naked MNPs, the immobilization of casein on the non-modified MNPs is probably due to a weak adsorption reaction and/or electrostatic interactions between the protein and the hydroxyl groups (OH) on the MNP surface [START_REF] Roque | Antibody immobilization on magnetic particles[END_REF].

In general, an antibody (IgG) has two regions: one variable (Fab or antigen-binding fragment) and another constant (Fc or crystallizable fragment). Fab is rich in amine groups (-NH3 + ), while Fc has a large number of carboxyl groups (COO -). Thus, the COOH groups of antibody Fc region were activated using EDC/NHS as coupling agent. The reaction of activated carboxyl groups with the amine groups of silanizated nanoparticles, generated Therefore, we use a simple mechanical homogenization to break the viscosity of the complex and release the MTB antigens, without affect the protein structure.

In the sELISA-MNP@Si@ab assay of seven target native MTB antigens, the best detection was for CFP10 and ESAT6 antigens with fold value of ~ 1.8. It could be explained by the high expression of ESAT6/CFP10 during the early infection. In fact, they are the most abundant secretory proteins isolated from the filtered MTB culture [START_REF] Renshaw | Structure and function of the complex formed by the tuberculosis virulence factors CFP-10 and ESAT-6[END_REF]. For other proteins, the fold values were 1.4-1.5.

The folds obtained of sELISA and sELISA-MNP@Si@ab, after processing the sputum pools of patients with TB, were compared. The results showed that the detection of native antigens in real biological samples was much more efficient when magnetic nanoparticles were introduced in the assay.

On the other hand, sELISA-MNP@Si@ab was able to detect all the native MTB proteins from the sputum samples of patients, especially the antigens ESAT6 and CFP10

with a fold ≥1.8. Although this discrimination value is not very high, it should also be considered that sputum samples were kept for more than 12 months. Therefore, many antigens may have been degraded over time, although the samples were stored at -20 ° C.

Therefore, consider fresh sputum samples is important.

The difference in detection efficiency between both methods could have been due to the best exposition of the antibodies conjugated with the nanoparticles, favoring the capture of the antigens from samples. In conventional sELISAs, the antibodies are randomly fixed at the base of the wells, making less efficient the specific antigen-antibody recognition.

This is particularly true for sputum, where mucosal complexes are capable of sequestering the proteins of interest.

The introduction of magnetic nanoparticles in the diagnostic test, allows to expose optimally the antibodies that are on the surface of the nanoparticles, and thus capture a greater amount of antigen in the sample. In addition, the use of magnetic nanoparticles

Perspectives.

As previously described, an ELISA assay associated with magnetic nanoparticles has been successfully developed to improve the detection of MTB antigens, from sputum samples from TB patients. The effectiveness of the test was demonstrated using recombinant proteins and pools of infected patients. As next steps of the investigation. the sensitivity and specificity of the test will be evaluated using many individual patient samples. Cross-reactions with other mycobacteria belonging to the MTB complex will also be determined. A complete validation of the clinical parameters, as well as the statistical analyzes must be carried out, but with a significant biological samples from patients.

On the other hand, other types of biological samples (serum and urine) of patients with TB will be evaluated, which are easier to manipulate in this type of assays. In the case of sputum samples, the proteins that form the mucous tend to sequester a percentage of the MNPs used in the assay.

Additionally, the concentration and detection of the antigens from liquid cultures of MTB, at different incubation times, will be evaluated in order to determine if the MNP@Si@ab is able to detect MTB in initial cultures. In this way, MTB can be identified, in a shorter incubation time, also allowing a fast confirmation.

Finally, other assays associated with the MNP@Si@ab used in this study, will be evaluated. For example, immunochromatography is a practical method, in which the nanoparticles characterized, could be adapted to develop a rapid commercial test.

Appendix Appendix 1

Cloning and expression of MTB antigens. with the sequences of clones pET28a-MTC28 obtained by sequencing (Macrogen). The analysis was made using CLUSTAL multiple sequence alignment by MUSCLE 3.8

(http://www.ebi.ac.uk/Tools/msa/muscle/). 

Appendix 2

Immobilization of proteins on MNP@Si@NH2 surfaces.

Appendix 2.1: Calculations of N° MNP@Si@NH2 in 1 mg of nanoparticles.

Considering that:

-A nanoparticle has the shape of a sphere.

-100% of the surface of each nanoparticle is silanized.

-All the nanoparticles are silanized.

-100% of the internal structure of the nanoparticle is Fe3O4.

-A hydrated TEOS/APTES molecule has a globular structure Previously, data from the magnetite and proteíns.

-Unit cell of 8Fe3O4 is a=b=c=8.