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"The idea is not to live forever, it is to create something that will" 

Immunoassays 1.Prominence of immunoassays

An immunoassay is a bioanalytical method that aims at detecting the presence or measuring the concentration of a specific analyte in complex biological matrices. In 1959, the first ever immunoassay was described by Berson and Yalow for insulin detection. 1 This pioneering work got honored later by awarding the Nobel Prize in Medicine to Rosalyn Yalow "for the development of radioimmunoassays of peptide hormones" in 1977. 2 Their decision to not patent this technology helped to accelerate the progress of immunoassay development, which has witnessed striking advances in the last few decades. Since then, many immunoassays have been developed to provide qualitative, quantitative, or semi quantitative detection of a wide variety of analytes. 14, 1977. 2 An accurate early-stage detection of analytes is a critical requirement in all bioanalytical settings for effective monitoring, and evaluating the quality of health, environment, or foods.

Immunoassays (IAs) emerged to efficiently play this role and became key player in various applications, such as clinical diagnostics, biopharmaceutical analysis, environmental monitoring, security, and food testing.

a) Clinical

Many diseases can be exclusively diagnosed based on the determination of their biomarkers via IAs. The management of the disease and the effectiveness of the therapeutic regimen can also be monitored by IAs. Therefore, IAs play a critical role in the clinical decision-making.

To date, a lot of IAs have been developed for biomarkers in several clinical areas such as hepatology, endocrinology, oncology, inflammation, allergy, drug monitoring… [3][4][5][6] and several diseases like cardiac, renal, autoimmune and infectious diseases. [7][8][9][10] Nevertheless, there are always continuous efforts to cover less prevalent or novel biomarkers. A recent example was developing IAs for SARS-CoV-2 detection. These fast and less expensive methods helped enormously in containing COVID-19 pandemic. 11

b) Industrial

Since their emergence, IAs have been notably used in biopharmaceutical industries. The most widely used IAs are those for Chinese hamster ovary protein, powerful tool used in the biopharmaceutical industry for the mass-production of therapeutic proteins, and frequently monitored by IAs. 12 Other biopharmaceuticals are also analyzed by IAs in industries, whether it was the manufactured product, or a compound related to the manufacturing or analysis process. IAs are routinely used in pharmaceutical industries for the analysis of antibodies used or produced for drug discovery. 13 Therefore, there is a growing need for IAs in industry.

c) Environment and security

Environmental monitoring is of great importance to improve life quality and to keep it safe and secure. In this context, IAs appeared as efficient screening tools for the analysis of polluting substances such as harmful chemicals (pesticides, arsenic, mercury…) and toxins. [14][15][16][17] The outbreak of these substances could be extremely toxic to the environment and human health and could lead to epidemics. Another important advance was the development of IAs for the analysis of biowarfare agents in environmental samples. 18

d) Food safety

Many allergens, adulterants, harmful or unauthorized substances may exist in food, posing a threat to consumers health. IAs have been widely applied to analyze different hazards in food samples to ensure food safety. 19 The most common are those for testing food allergens, which are one of the main concerns in the Western society. 20 On another hand, IAs were the frontline tools for monitoring and containing many outbreaks of food contaminations by foodborne pathogens, such as Salmonella enterica, Escherichia coli O157:H7 and others. 21 

Principle

In IAs, the detection and the quantification of a specific analyte in biological samples are based on the interaction between the analyte and its specific antibody. When these immunoanalytical reagents are mixed and incubated, the antibody is bound to the analyte, forming an immune complex. By a prior appropriate labeling, one can trace the formation of the complex by monitoring the resulting analytical signal. This signal is then correlated to the concentration of the targeted analyte. 22 In the immune complex, antibodies (Abs) constitute the key component. They are proteins produced in animals and human bodies by immunological responses to the presence of antigens (Ags). 23 Each Ab has a unique structure recognized by a corresponding Ag in a lock-and-key mechanism. Basically, Abs are generated by injecting a host animal with the Ag of interest in an immunization process and subsequent harvest of serum. 24 Based on their structures and biological functions, we distinguish five classes of Abs (immunoglobulin IgG, IgA, IgE, IgM, and IgD). IgG is the most common type found in blood circulation and the most frequently used for IAs because it is readily available and exists at the highest level. 25 Figure 2: Schematic representation of an immunoglobulin G (IgG). 26 IgG structure is represented by a Y-shaped form consisting of four polypeptide units as shown in Figure 2. Two of them are known as heavy chains (blue) with a molecular weight of 55-60 kDa. The other two sequences are light chains (green) with a molecular weight of 20-24 kDa.

The two double-ended segments of the Y contain variable and hypervariable regions (dark color) which create an active portion that recognizes a specific area of the Ag. The segment at the other end cannot bind to Ag but is able to affix to different surfaces. 27 On another hand, the analyte detected by IA may be natural Ags including macromolecules such as proteins and nucleic acids, or haptens such as toxins, drugs, and hormones. Haptens are substances with low molecular weight, typically < 1kDa which can combine with a specific Ab but lack antigenicity of their own. They are not capable of invoking an immune response when injected into animals. However, they can be detected as long as proper Abs that have the adequate properties for the assay can be produced. 28 IAs are characterized by unique specificity and important sensitivity of detection with great flexibility of application, thanks to these properties:

➢ The exceptional specificity for the substance to which each Ab binds. Abs recognize analytes based on their structure as well as their content and can be very specific. They can bind to only a small part of an Ag (known as the epitope) and are able to discriminate between highly similar epitopes of different Ags in a complex biological medium. 29 ➢ The strength of binding affinity between an Ab and its target resulting in a very stable complex. Binding between Ab and Ag is best described as an equilibrium process:

Ag + Ab ⇌ AgAb
The Ag-Ab interaction consists of fundamental forces including hydrogen bonding, ionic attraction (electrostatic), hydrophobic interaction, and Van der Waals forces. Abs have affinity constants in the range of 10 9 M -1 and up to 10 12 M -1 for their corresponding Ags, indicating high affinity, and consequently high sensitivity of the IAs. 29 ➢ The ability of the Abs to bind to an extremely wide range of natural and man-made biomolecules. Originally, IAs required purification of polyclonal Abs from human and animal sources so there was a very limited supply. Kohler and Milstein then reported the hybridoma method for unlimited production of monoclonal Abs. 30 Monoclonal Abs can only bind one epitope of the Ag, which provide higher degree of affinity and specificity in comparison with polyclonal Abs, that can bind several epitopes. This innovative work contributed enormously to the growth of IAs and the development of different formats.

➢ The efficient labeling for optimal signal detection and convenient assay interpretation.

Diverse labeling systems can be applied for tracing the formation of the immune complex.

Particular labeling could even provide an amplification of the signal, which open additional prospect for improved sensitivity of the IAs.

➢ Increased specificity and sensitivity can be gained in an IA by coupling a biotin-avidin interaction (one of the strongest non-covalent interactions in the nature) by using biotinconjugated Ab and then introducing labeled avidin (or analogue like streptavidin SA). 31 In some applications, multiple labels can be used by taking advantage of the multiplicity of SA-biotin binding. One SA molecule can bind four biotin molecules, so this complex scheme would involve a biotin conjugate followed by addition of SA, which could then bind three more labeled biotin conjugates as illustrated in Figure 3. 

Formats

IAs can be performed in many different formats and can be characterized regarding the assay homogeneity, or the competitive aspect of the assay procedure.

a) Homogeneous IAs:

This is procedurally the simplest assay format, in which detection reagents (labeled Ab) are directly added to the analyte-containing sample in solution. However, specific binding reactions do not easily permit to distinguish between bound and unbound detection Ab without a separation step. In this case, they can be discriminated based on physical, or chemical changes arising once the binding event occurs. 33 This format usually requires advanced instruments and particular labeling to acquire readout signals.

The advantage here is that the assay is very simple, doesn't involve any immobilization or washing step. However, analyzed matrices can contain interferences that may alter the assay performance. These assays are more effective for analytes at higher concentrations, otherwise, extensive purification or preconcentration steps are usually required.

b) Heterogeneous IAs:

This is a much more common IA format. The targeted analyte is immobilized on a solid support by a specific binding process such as adsorption or chemical reaction. Then, labeled Abs which bind specifically to the analyte can be added. After that, excess unbound Abs and untargeted Ags are washed away. Both sensitivity and reliability are improved compared with a homogeneous format due to the removal of possible interferents. 34 When coupled with sandwich format assay, the analyte is specifically immobilized using the corresponding Ab, already coated onto the solid support. Then, a different Ab (secondary), specific for another part of the analyte molecule, is added for signal generation as shown in Figure 4. After an incubation step, the "sandwich" immunocomplex is formed, followed by the washing step. The advantage of this technique is the increased specificity obtained due to two separate recognition steps provided by the two Abs types that are generally selected to recognize two different epitopes on the analyte.

Figure 4: Illustration of heterogeneous "sandwich" immunoassay. 35 This is usually the preferred assay format (heterogeneous sandwich assay) when the application demands the highest degree of sensitivity and selectivity. 29 However, this format has some limitations. The assay format depends heavily on the surface area/volume ratio and thus the test is limited by the number of binding sites. Also, this test requires the addition of an immobilization step into the fabrication procedure. This step should be carefully designed to avoid nonspecific bindings into the solid phase.

c) Competitive IAs

Sandwich assays are only possible with large enough analytes (> 1 kDa) having at least two binding regions (epitopes) and are defined as "noncompetitive" assays. However, for small molecules, a "competitive" format can be applied, and performed similarly in either homogeneous or heterogeneous formats.

In competitive assays, a known concentration of labeled analyte is added to the sample, which competes with the analyte of the sample for the binding to a specific antibody, as shown in Figure 5. As the amount of analyte in the sample increases, the amount of labeled Ags bound to the Abs decreases, resulting in a decrease in the detection signal. Therefore, the generated signal is inversely dependent on the Ag concentration. This mode is less sensitive, but particularly important for small antigens (< 1 kDa) with limited number of epitopes. 36 Figure 5: Illustration of heterogeneous "competitive" immunoassay. 35 

Detection methods

IAs come in many different variations, including labeling and labeling-free assays. The detection in the labeling-free format is based on the immunoreaction itself like immunoprecipitation and immunodiffusion, or the measurement of the small physicochemical changes accompanying the immunological binding event. This includes optical, electrochemical, or mass-sensitive transduction. 37 In contrast, the labeling format consists in coupling some detectable labels or tracers to either the Ab or Ag to produce detectable analytical signal. And that provides higher sensitivity compared to labeling-free assays.

There are many different types of labels that can be used in IAs. The choice of label depends on the analytical sensitivity desired for the measurement, as well as the IA format.

a) Radioimmunoassay

The earliest IAs used isotopic labels, typically β and γ particle emitters, such as 125 I, 131 I, 3 H, 57 Co, and 32 P. These were appropriately named radioimmunoassays (RIA). 38 The appeal of radioactive labels is based on the extreme sensitivity of detection achieved due to very low background interference. RIA methods have been successfully used for the determination of many pharmaceutically important compounds in biological fluids. 39 However, RIAs are now rarely used in clinical laboratories due to concerns regarding safe handling and disposal of radioactive materials. Given the inherent instability of radiolabels, RIAs are considered as environmentally unfriendly. On another hand, a radiolabel can generate only one detectable signal event (decay) within its lifetime. To achieve the best detection limits, the measurement times must be prolonged to minutes and even hours or days in some cases.

As early as the 1970s, a wide variety of alternative nonisotopic labels have been established

and widely used in IAs. These types of labels include fluorescent molecules, chemiluminescent labels, and enzymes, as well as many other newly developed unique labels. Some of these labels are even able to achieve detection limits well below those possible with radiolabels, without the problems that occur when working with radioactive materials.

b) Fluoroimmunoassay

Fluoroimmunoassay (FIA) is analogous to RIA except that the label is a fluorophore rather than a radioisotope. In fluorescence, a single photon of light is absorbed by a molecule (excitation) and re-emitted at a slightly lower energy, or longer wavelength (emission). In theory, this should be a more sensitive detection method, compared to radioisotopic decay. A single label can be measured many times during a relatively short measurement interval, thus increasing its detectability. The sufficient sensitivity of fluorescence emission permits even single molecule detection. 40 However, a major challenge with fluorescence detection in IAs is that many substances present in the complex samples are fluorescent and can cause a high background interfering with the specific signal. One way to avoid this interference was the use of time-resolved fluoroimmunoassay (TRFIA) with chelates of lanthanides or metalloporphyrins as labels. 41 The advantage in these assays is the possibility to resolve the background fluorescence from the specific assay fluorescence. 42 Disadvantages include potentially unstable metal-chelator binding and low fluorescence yields compared to fluorophore labels. But this opened up for more variations involving time-resolved techniques such as the fluorescence resonance energy transfer immunoassay (FRET). 43 Other types of FIA include the fluorescence polarization immunoassay (FPIA) based on a fluorescent label which can be excited by plane-polarized light. The rotation rate may be assessed by measuring fluorescence intensity in the vertical and horizontal planes. Generally, the time it takes a molecule to rotate through a given angle is an indication of its size. When the labeled molecule that rotates rapidly is bound to the analyte, the rotation rate decreases, and this decrease is measured. FPIA is widely applied in drug discovery and therapeutic monitoring. 44

c) Chemiluminescence and electrochemiluminescence Immunoassays

A chemiluminescent label consists of an organic molecule, which, when triggered by a chemical reaction, decomposes into an excited fluorescent molecule. It gives a single detectable event per label as the original chemical state cannot be regenerated. [START_REF] Zhao | Chemiluminescence Immunoassay[END_REF] Chemiluminescence Immunoassays (CLIA) are very useful, because they provide very low limits of detection with little to no background interference. Chemiluminescent labels exist as both biologically derived and chemically manufactured compounds. For instance, electrochemiluminescence (ECL)

utilizes a molecule such as ruthenium (II) complex that undergoes chemiluminescence at a given redox potential, in one of the most sensitive nonenzymatic detection methods. The mechanism is shown in Figure 6. 

d) Enzyme Immunoassay

The enzyme immunoassay (EIA) simply consists in the use of an enzyme as an immunoassay label. By appropriate chemical technique, the enzyme molecule can be coupled onto the immunoanalytical reagents (Ab), while maintaining the immunoanalytical reaction in the normal way. The enzyme catalytic activity is then measured by adding a substrate, and subsequent monitoring the turnover of the substrate to product. [START_REF] Maggio | Enzyme Immunoassay[END_REF] The product must possess measurable physical or chemical differences from the substrate. The substrates for enzyme detection systems can be chosen to produce a colored product for photometric monitoring, a fluorescent product, a chemiluminescent product or even to form an intermediate substrate for a second enzymatic reaction to produce further amplification. The measured signal is finally correlated to the analyte concentration.

One significant advantage for enzyme labels is the amplification of detection signal. One enzyme label can produce many reporter molecules, providing drastic enhancement in the detection sensitivity. Enzyme immunoassays will be detailed in part 2 of Chapter I.

e) Liposome Immunoassay

Liposome immunoassays (LIA) involve liposome-encapsulating signal-generating labels, such as fluorescent probes, metals, and chelates. In LIA, liposomes are prepared and then coupled to either analyte or Ab by a suitable procedure, carrying out the assay in normal way. Detection in LIA relies on the lysis of the bounded liposomes by addition of a detergent and releasing the encapsulated signal-generating marker, as shown in Figure 7, which is then measured and related to the analyte concentration. This technique allows significant amplification of the detection signal and can be applied for the analysis of various pharmaceutical compounds. 48 

f) Alternative labels and technologies

Alternative detection techniques have been developed in response to the demands for lower detection limits, an increase in label specificity, or more flexibility in applications. It is worthy to mention methods based on particles such as the particle enhanced turbidimetric and nephelometric IAs. [START_REF] Nakano | Development of a Formula to Correct Particle-Enhanced Turbidimetric Inhibition Immunoassay Values So That It More Precisely Reflects High-Performance Liquid Chromatography Values for Mycophenolic Acid[END_REF] In addition, noble-metal (Au, Ag, Pt, and Pd) nanoparticles, have been widely used as important labels due to their excellent biocompatibility and stability, and their optical/electrochemical properties for signal tracing. [START_REF] Chen | Tailoring Noble Metal Nanoparticle Designs to Enable Sensitive Lateral Flow Immunoassay[END_REF] Another technique that has proven its efficiency in this regard is the use of DNA or RNA as labels in non-competitive IAs, as amplification of the signal can be accomplished through polymerase chain reaction (PCR), resulting in very high sensitivity. [START_REF] Tabatabaei | Applications of Gold Nanoparticles in ELISA, PCR, and Immuno-PCR Assays: A Review[END_REF] A summary of the most used label types along with their intrinsic sensitivity is represented in Table 1.

Table 1: List of the most used IA labels with their relative sensitivity. [START_REF] Clarke | Chapter 12 -Immunoassays[END_REF] 

IA type Illustration Label sensitivity (M)

Radioimmunoassay RIA: 1×10 -15 Fluoroimmunoassay FIA: 1×10 -10 FPIA: 1×10 -14 TRFIA: 1×10 -17 Chemiluminescence CLIA: 1×10 -13 ECLIA: 2×10 -20 Enzyme immunoassay Photometric: 1×10 -16 Fluorescence: 1×10 -19 Chemiluminescence: 1×10 -21 2. Enzyme linked immunosorbent assay "ELISA"

The rise of ELISA

Throughout the evolving process of immunoassays, the idea of using enzyme labels faced serious doubts and hesitation. Theoretically, the concept seemed to be a revolutionary advance toward a safe, environmentally friendly IA, with new records in detection sensitivity. But practically, it was believed that enzymes are too large for biomolecules to be used as labels, and their presence would most likely cause steric troubles (Figure 8). Such concerns were addressed by careful planning and execution of the assays. The first advance in this regard was back to 1966, when Avrameas and Uriel reported a successful Ab and Ag coupling to enzymes such as alkaline phosphatase, and glucose oxidase among others. [START_REF] Avrameas | Method of antigen and antibody labelling with enzymes and its immunodiffusion application[END_REF] Figure 8: Representative examples of different enzymes size in comparison with Ab and different biomolecules. [START_REF] Philips | How big is the average protein?[END_REF] In 1971, two independent studies (Engvall and Perlmann [START_REF] Engvall | Enzyme-Linked Immunosorbent Assay (ELISA). Quantitative Assay of Immunoglobulin G[END_REF] ; Van Weemen and Schuurs 56 )

proved the feasibility of enzymes as immunoassay labels and reported the step-by-step process of performing an enzyme immunoassay.

Engvall and Perlmann were first to conceptualize an Enzyme Linked Immunosorbent assay, currently termed "ELISA".

At the time, RIAs were in full bloom, but they were too sophisticated for many areas of research and diagnosis because they required expensive equipment and used antigens and antibodies labeled with radioactive isotopes with short half-lives. We wanted something simpler with the same sensitivity. -Eva Engvall, 2010. [START_REF] Engvall | The ELISA, Enzyme-Linked Immunosorbent Assay[END_REF] They also employed ELISA method for the determination of IgG levels in rabbit serum using the alkaline phosphatase as the enzyme label. [START_REF] Engvall | Enzyme-Linked Immunosorbent Assay (ELISA). Quantitative Assay of Immunoglobulin G[END_REF] At first, this work got rejected by several journals, stating that measuring rabbit IgG is nothing new. [START_REF] Engvall | The ELISA, Enzyme-Linked Immunosorbent Assay[END_REF] This was before they received the German scientific award of the "Biochemische Analytik" in 1976 for this invention. 

Applications of ELISA a) Food industry

ELISA is the main platform for identifying food allergens such as those present in milk, eggs, peanuts, walnuts and almonds. [START_REF] Peng | Development of a Monoclonal Antibody-Based Sandwich ELISA for Peanut Allergen Ara h 1 in Food[END_REF][START_REF] Peng | Development of a Monoclonal Antibody-Based Sandwich ELISA for the Detection of Ovalbumin in Foods[END_REF] ELISA can be employed to corroborate the authenticity of food products. [START_REF] Asensio | Determination of Food Authenticity by Enzyme-Linked Immunosorbent Assay (ELISA)[END_REF] It is also an essential technique for quality control of fish, milk (and sub products), irradiated food, genetically modified food, or other harmful food components that can be transferred to human.

b) Diagnosis

ELISA has proven to be a capable platform applied worldwide for detecting variety of disease types in human and animals. It has offered a high throughput detection of infectious diseases like Influenza, Ebola, covid19, [START_REF] Schieffelin | Clinical Validation Trial of a Diagnostic for Ebola Zaire Antigen Detection: Design Rationale and Challenges to Implementation[END_REF][START_REF] Tarigan | Characterization of the M2e Antibody Response Following Highly Pathogenic H5N1 Avian Influenza Virus Infection and Reliability of M2e ELISA for Identifying Infected among Vaccinated Chickens[END_REF][START_REF] Luo | Sensitive and Specific Serological ELISA for the Detection of SARS-CoV-2 Infections[END_REF] sexually transmitted diseases (STDs) including HIV, hepatitis, syphilis, chlamydia, 66,67 and regional or endemic diseases like Dengue fever, Chagas disease, West Nile virus, etc… [START_REF] Prince | Elimination of Falsely Reactive Results in a Commercially-Available West Nile Virus IgM Capture Enzyme-Linked Immunosorbent Assay by Heterophilic Antibody Blocking Reagents[END_REF][START_REF] Aria | ELISA Chagas Test IICS V.1 Evaluation for the Diagnosis of Chagas Disease[END_REF][START_REF] Hunsperger | Evaluation of Commercially Available Diagnostic Tests for the Detection of Dengue Virus NS1 Antigen and Anti-Dengue Virus IgM Antibody[END_REF] Advances of ELISA technique have also promised its application in detecting tumor markers like prostate-specific antigen (PSA), carcinoembryonic antigen, and other biomarkers of breast cancer and ovarian cancer. [START_REF] Chin | Cross-Kingdom Inhibition of Breast Cancer Growth by Plant MiR159[END_REF][START_REF] Scholler | Bead-Based ELISA for Validation of Ovarian Cancer Early Detection Markers[END_REF][START_REF] Aldhaheri | The Estimation of Prostate Specific Antigen (PSA) Concentrations in Patients with Prostatitis by Fully Automated ELISA Technique[END_REF][START_REF] Wang | Sandwich-Type Electrochemical Immunosensor for CEA Detection Based on Ag/MoS2@Fe3O4 and an Analogous ELISA Method with Total Internal Reflection Microscopy[END_REF] On another hand, ELISA widely served for pregnancy tests, as it can detect multiple markers from the maternal blood, saliva, or urine at the early stages of the pregnancy. [START_REF] Senapati | Predicting First Trimester Pregnancy Outcome: Derivation of a Multiple Marker Test[END_REF] It is also used as a reliable method for measuring congenital infections such as HIV or toxoplasmosis during the pregnancy. [START_REF] El-Bali | Appraisal of Prenatal Anti-Toxoplasma Gondii (IgG+IgM)-IHA/IgM-ELISA Screening in Single Samples via IgG Avidity Test[END_REF][START_REF] Makunyane | HIV Transmission in Twin Pregnancy : Maternal and Perinatal Outcomes[END_REF] 

c) Immunology

Various studies have demonstrated ELISA as the gold standard method that is rapid and costeffective for measuring and monitoring the immune system responses to understand various immune diseases. ELISA was applied for the diagnosis and monitoring of several autoimmune diseases such as Pulmonary alveolar proteinosis (PAP) and Bullous pemphigoid, and for studying the risks and relevance of developing other autoimmune diseases. [START_REF] Uchida | Standardized Serum GM-CSF Autoantibody Testing for the Routine Clinical Diagnosis of Autoimmune Pulmonary Alveolar Proteinosis[END_REF][START_REF] Hsu | Paper-Based ELISA for the Detection of Autoimmune Antibodies in Body Fluid-The Case of Bullous Pemphigoid[END_REF][START_REF] Yen | Human Immunodeficiency Virus Infection Increases the Risk of Incident Autoimmune Hemolytic Anemia: A Population-Based Cohort Study in Taiwan[END_REF] ELISA has also shown great potentials in studying the humoral response of the immune system towards different classes of infections such as leprosy infection, and the human endogenous retrovirus. [START_REF] Bobosha | Field-Evaluation of a New Lateral Flow Assay for Detection of Cellular and Humoral Immunity against Mycobacterium Leprae[END_REF][START_REF] Mameli | Epitopes of HERV-Wenv Induce Antigen-Specific Humoral Immunity in Multiple Sclerosis Patients[END_REF] 

d) Drug Monitoring and Pharmaceutical Industry

ELISA techniques have found a variety of applications in pharmaceutical industry. ELISAbased therapeutic drug monitoring (TDM) has been introduced as a facile and cost-effective method for measuring the concentrations of the drugs in plasma samples. [START_REF] Schmitz | Therapeutic Drug Monitoring of Infliximab: Performance Evaluation of Three Commercial ELISA Kits[END_REF] ELISA is also widely used for drug abuse detection including amphetamine, methamphetamine, 3,4-methylenedioxymethamphetamine, cocaine, benzoylecgonine, etc. Not to forget the role of ELISA in the detection of hormones such as testosterone, prolactin, follicular stimulating hormone, and others. [START_REF] Agius | Utility of ELISA Screening for the Monitoring of Abstinence from Illegal and Legal Drugs in Hair and Urine[END_REF][START_REF] Moura | ELISA for Determination of Human Growth Hormone: Recognition of Helix 4 Epitopes[END_REF] e) Vaccine Development ELISA serves as a great candidate for vaccine development. The serum from immunized animal or human model can be tested to detect the presence of antibodies against certain types of antigens, which were intentionally injected to the host. [START_REF] Jung | Development of Actinobacillus Pleuropneumoniae ApxI, ApxII, and ApxIII-Specific ELISA Methods for Evaluation of Vaccine Efficiency[END_REF] ELISA technique has proven to have a unique position in profiling of elicited immune responses, which are widely performed for vaccine trials around the world. 87

f) Transplantation

When transplantation is required, the pre-transplant cross-matching test represents one of the most important steps for a successful relocation of the organ. ELISA-based cross-matching test can be performed between the recipient's anti-HLA antibody and the donor's identified HLA types to monitor any incompatibility between the examined samples. [START_REF] Schlaf | ELISA-Based Crossmatching Allowing the Detection of Emerging Donor-Specific Anti-HLA Antibodies through the Use of Stored Donors' Cell Lysates[END_REF] ELISA is also particularly applied for pre-transplant evaluation and prediction of success rate in cases of renal and liver transplant. [START_REF] Satoh | Development of a Novel ELISA for Detection of Anti-A and Anti-B Antibodies in Recipients of ABO-Incompatible Living Donor Liver Grafts[END_REF][START_REF] Chacko | Significance of Pre-Transplant Anti-HLA Antibodies Detected on an ELISA Mixed Antigen Tray Platform[END_REF] 

Operational mechanism

The main general steps to completing an ELISA are:

a) Immobilization

In fact, the term "immunosorbent" in ELISA is related to the immobilization of the targeted analyte (Ag) on a solid support in a heterogeneous assay. This can be done either through direct non-specific adsorption, or through specific capturing by another Ab (sandwich assay).

b) Blocking

After the immobilization of the Ag, the surface is normally coated with a blocking agent. It will permanently bind to the surface and reduce the chance of non-specific binding in the next steps of the assay. 

c) Immunoreaction

Then, the enzyme labeled Ab is added and the mixture is incubated. The Ab is subsequently bound to the immobilized Ag forming the immune complex.

d) Washing

Between each step, the system is thoroughly washed with a buffer solution to remove unbound proteins without affecting the bound ones. Typical washing buffers consist of low concentration of non-ionic detergents such as Tween-20 in phosphate buffered saline solutions.

In heterogeneous assays, the washing step basically serves to eliminate unbound labeled Abs to isolate the signal arising from bound ones. Herein, it also helps to get rid of every unbound constituent of the biological sample that can affect the enzyme activity. Whence the advantage of ELISA heterogeneity over other developed homogeneous EIA. 92

e) Detection

Finally, the substrate is added to develop the enzymatic reaction, forming the product which possess measurable physical or chemical property. Therefore, this signal is a direct function of the concentration of the analyte that is present on the surface.

Standardized ELISA format

One of the significant challenges in manufacturing of ELISA platforms is the suitable choice of solid material. The appropriate physics and chemistry of the solid phase play a critical role in protein immobilization. Immobilized proteins on the surface should preserve their integrity, native conformation, as well as their biological function and activity.

Several developments in this regard were crucial in making the ELISA into what it is today.

The first was the use of plastic coating technique to immobilize the Ag or the Ab. Polystyrene (PS) is a cost-effective, highly transparent, and relatively hydrophilic material suitable for protein adsorption. PS (or other similar materials such as polymethyl methacrylate (PMMA)

and polycarbonate (PC)) is known in its nature to be inert, so it does not possess active functional groups that can involve substantial interaction of biomolecules with its surface. One of the most commonly used methods is to modify and functionalize this surface with hydroxyl (-OH), amine (-NH2), or carboxyl (-COOH) groups. [START_REF] Hosseini | Recent Advances in Surface Functionalization Techniques on Polymethacrylate Materials for Optical Biosensor Applications[END_REF] The presence of such functionalities allows the adsorption of the protein (Ab or Ag) to the activated surface by their free polarizable groups (Figure 11). This process provides reproducible, and relatively durable adsorption of protein onto the PS surface. In addition, it makes washing steps extremely simple and centrifugation steps are no longer needed. Since then, different techniques have been developed for optimized immobilization of Ab, Ag and other proteins on the supporting surfaces. [START_REF] Ju | 1 -Introduction[END_REF] Figure 11: Surface functionalization and subsequent antibody surface immobilization. [START_REF] Hosseini | Recent Advances in Surface Functionalization Techniques on Polymethacrylate Materials for Optical Biosensor Applications[END_REF] The next development was the introduction of microtiter plates as an assay format. The most common configuration is 96-well plate composed of 8 rows and 12 columns (Figure 12).

Typical wells can be charged with a volume of approximately 350 µL.

Later, microplates with 384 and 1536 wells were also developed, having their main applications in high throughput screening. This standardized format allowed the subsequent development of all sorts of gadgets and tools for practical execution of assays, including multichannel pipettes, washing devices, and plate readers. Microplate readers are instruments that provide the final detection outcomes through recording the signal depending on the applied detection method. It provides high throughput performance, compatibility, cost-effectiveness as well as multi-mode operation. Incorporated software, varied types of plate formats, plate incubators and shakers, injectors, could be additional assets to the ELISA microplate readers.

ELISA protocols

Different ELISA protocols are typically used depending on the purpose of the assay, the type of the analyzed samples, and the purity of the reagents. Regarding the Ag immobilizing strategy and the type of Ab-Ag interaction (direct recognition or competition), ELISA can be presented in different formats described below. 95 a) Direct ELISA This is the simplest form of ELISA (Figure 13). It is a two-step assay (without counting washing and blocking steps). In a first step, the analyte of interest is attached to the solid surface of the well. In the following step, the enzyme-labeled primary antibody is introduced to the assay. This type of assay requires isolated and purified samples as other proteins in the sample might interact with the solid phase, thus introducing errors in the assay.

It should be noted that the immunoreactivity of the primary Ab might be adversely affected by labeling with enzymes. The labeled primary antibody is not commonly used, thus this type of assay is limited. Another issue can also be faced in case the analyte is adsorbed in a way that makes its epitope inaccessible for Ab recognition. Indirect ELISA follows the same steps as direct ELISA except that the primary Ab is not labeled. So in an additional third step, labeled secondary Ab is added to specifically bind to the primary Ab (Figure 14). While this assay offers better accessibility to a wide variety of secondary labeled antibodies, it always lacks the optimal specificity of the assay. The sandwich ELISA is one of the most efficient formats. In a sandwich assay, as suggested by its name, the analyte of interest is wrapped in between the primary and the secondary antibodies from both sides. Here, the immobilization of the Ag is done through specific capturing by specific Ab fixed to the solid phase. The next step can be similar to either direct or indirect ELISA (Figure 15). This strategy offers better control over the specificity of the assay as the capture Ab can be highly purified.

Nonetheless, in the absence of the analyte of interest, there is a small chance for the secondary Ab to bind to the primary Ab and to produce a false positive signal. Competitive ELISA adopt a slightly different strategy. In this protocol, the key event is the process of competitive reaction between the sample Ag and competitive Ag bound to the wells of a microtiter plate (Figure 16).

First, the labeled Ab is incubated with the sample and the resulting Ab-Ag complexes are added to wells that have been coated with the same Ag as competitor. After the incubation, any unbound Ab is washed off. The more Ag in the sample, the more Ab will be bound to the sample Ag, and there will be a smaller amount of Ab available to bind to the competitive Ag.

Therefore, the signal is inversely correlated with the presence of the analyte of interest.

Competitive assays can be executed in direct, indirect, or sandwich mode. This assay is lengthy, tedious, and consumes large sample volumes, but it provides a high degree of specificity for measurements of antigen concentration in complex mixtures. 

Enzymes and Substrates

Enzymes are macro-biomolecular catalysts that can accelerate chemical reactions of molecules known as substrates. Upon reaction, the enzyme chemically modifies the substrate into a measurable product, while the signal readout is related to the activity of the enzyme.

Enzymes applied in ELISA should meet basic requirements including high purity, high conversion rate, desirable specificity, high stability as well as the ability to be covalently linked to Ab while preserving the activity and catalytic capacity after conjugation. Every class of enzymes requires a specific type of substrate. Substrates have to offer ease of preparation and storability, as well as high reactivity at relatively low enzyme concentrations to promote the efficiency of the assay. 97

Enzymes

Among different enzymes, horseradish peroxidase (HRP) and alkaline phosphatase (AP) are two of the most popular enzymes used for labeling the Abs. These enzymes are relatively inexpensive, and commercially available, while offering high substrate turnover. Conjugation of enzymes to Abs involves the formation of a stable, covalent linkage between the enzyme and the antigen-specific monoclonal or polyclonal antibody in which neither the Ag-combining site of the Ab nor the active site of the enzyme is functionally altered. 98

a) Horseradish peroxidase (HRP)

Horseradish peroxidase (MW : 44 kD) is one of the most suitable candidates for conjugation to Abs. [START_REF] Hermanson | Chapter 22 -Enzyme Modification and Conjugation[END_REF] HRP is a combination of a porphyrin protein comprised of a colorless glycoprotein known as apoenzyme (enzyme, with the maximum absorption peak at 275 nm) and a dark brown iron porphyrin ring compound known as prosthetic group (haem, with the maximum absorption peak at 403 nm). HRP readily combines with hydrogen peroxide (H2O2), and the resultant [HRP-H2O2] complex can oxidize a variety of organic hydrogen donor substrates.

The small size of this enzyme helps to avoid steric hindrance with neighboring proteins. It is inexpensive while varied types of corresponding substrates are commercially available for this enzyme. 100 However, HRP shows incompatibility with various preservatives including sodium azide presenting a major drawback.

Such preservatives are often used to reduce the chance of microbial contamination in typical biological buffers. Even at low concentrations, sodium azide can alter the activity of HRP.

Other interfering compounds are mainly metals found in water as well as the endogenous peroxidases present in biological samples. To reduce such undesirable effects, sterilized buffers are prepared with ultrapure water, and a pretreatment is necessary to the samples that are suspected of having high peroxidase levels.

b) Alkaline phosphatase "AP"

Extracted from Escherichia coli, AP is approximately double in size (MW : 80 kD), when compared to HRP. AP catalyzes the removal of phosphate group from various compounds that are phosphorylated. 101 Due to its size, fewer number of enzymes can be conjugated to the antibody of interest. This also means that the large AP molecule can potentially cause steric hindrance in proximity of the Ag-Ab complexes. This phenomenon can reduce the efficiency of the enzyme. AP shows better stability and produces lower background noise in comparison to HRP, but it is more expensive. AP can be inactivated when exposed to chelating agents, inorganic phosphates, or acidic environment (pH < 4.5). This enzyme can only be used in alkaline environment, thus any acidic buffer must be avoided once the enzyme labeled Abs are immobilized in the wells.

Other than the HRP and AP, different enzymes have been also applied in ELISA, such as βgalactosidase, acetylcholinesterase, catalase, urease, etc… [START_REF] Blake | Use of Enzymes in Immunoassay Techniques[END_REF] These did not get the same success as HRP and AP due to lower performances.

Substrates

As a result of a specific enzymatic reaction, various substrates provide different means for quantification of the analyte of interest in the assay. The substrate can result in a colored or luminescent measurable product with a signal proportional to the amount of enzyme conjugated antibody.

a) Colorimetric Assay

Colorimetric assays result in colored reaction products capable of absorbing light in the visible range. The optical density measured for the reaction product is typically proportional to the amount of analyte of interest in a defined concentration range. 

b) Fluorescent Assay

In fluorescent assays, the conjugate enzyme converts the substrate to a fluorophore product (generally polyaromatic hydrocarbons or heterocycles).

Fluorophores can be photoexcited at a specific wavelength and return to the ground energy state by emitting light at slightly lower energy. Recorded fluorescence is proportional to the concentration of the analyte of interest. A fluorescent assay can be more sensitive in comparison to the colorimetric assay. However, it typically produces higher background signal due to the sensitive nature of the fluorescent assay in regard to a biological medium.

c) Bio and chemiluminescent Assay

In these cases, the enzyme converts the substrate into a reaction product in his excited state that emits light as it returns to the ground state. Bioluminescence and chemiluminescence vary in the way the electron excitement takes place. In bioluminescence, application of bioluminescent compounds such as luciferin and firefly luciferase provide the emission. 103 When triggered by a chemical reaction (mainly excitation through oxidation), it results in chemiluminescence.

Both bioluminescence and chemiluminescence are broadly used for various types of ELISA.

Due to the highly sensitive nature of these luminescent compounds, such assays result in greatly enhanced signals, while having a wide dynamic range. The luminescence detection benefits from intense and prolonged light emission, low background signal, as well as signal amplification. Measured luminescence in relative light units (RLU) is typically proportional to the concentration of the analyte of interest.

A recap list of the main enzymes used in ELISA with their corresponding substrates and detection methods is presented in Table 2. 

Sensitivity of ELISA

Among various old and new immunoassay formats, ELISA are probably the most widely used techniques, due to their specificity, simplicity, flexibility, low cost, and most importantly the enzymatic signal amplification enabling high sensitivity.

Actually, detecting low abundance analytes in complex samples is one of the most pressing issues in analytical chemistry. Tests for low abundance biomarkers such as PSA and human pancreatic and gastrointestinal cancer marker are routinely used for tumor monitoring.

Still, the ultimate detection sensitivity of ELISA is not good enough to tackle this challenge, especially in the early stages of the disease progression. Therefore, there is significant clinical relevance to increase the sensitivity of ELISA without modifying the basic workflow (applicable to any existing ELISA setup).

Basically, the sensitivity of an ELISA depends on two factors: a) The immunoreaction: where the sensitivity relies on the affinity of the Ab to the Ag. In this regard, many advances were reported, such as the big accomplishment in producing monoclonal Abs. Also, introducing biotin-avidin systems provided further improvement. 104 b) The enzymatic signal amplification: Herein, the sensitivity depends on the efficiency of the enzymatic reaction (specificity and kinetics), and the detectable signal of the product.

Continuous efforts have been made in developing substrates for more sensitive response.

However, these usually end up with organic chromophores or fluorophores. These organic compounds, either being simple or sophisticated molecules, still suffer from few drawbacks: ➢ Under light exposure, they may go through undesired photochemical reactions, leading to the destruction of the dye, and instability of the signal.

➢ For fluorescent compounds, the energy difference between the absorption and the emission (Stokes' shift) is very low, so that the absorption and emission spectra notably overlap. This results in the need for efficient filtering to avoid spectral crosstalk between the excitation and emission channels, causing a partial loss of signal intensity. ➢ Most importantly, in complex biological fluids (such those analyzed by ELISA), the enzymatically amplified signal of organic fluorophores can be interfered by the residual autofluorescence arising from endogenous sample components. Fluorophores have broad emission bands in UV-Vis region, where various biological compounds can emit.

Very few are the strategies that succeeded to improve the sensitivity of ELISA without modifying the basic workflow. 105 However, enzyme amplified lanthanide luminescence is a strategy that have achieved transcendent success in this regard.

Enzyme amplified lanthanide luminescence

Definition of lanthanides

Lanthanides (lanthanoids) are the series of 15 chemical elements having atomic numbers from 57 "Lanthanum" to 71 "Lutetium" (Figure 17). These elements, along with the chemically similar "Scandium" and "Yttrium", are commonly called "rare earth" elements. 106 In 1787, a Swedish artillery officer and amateur geologist, Lieutenant Carl Axel Arrhenius visited the Ytterby Mine and noticed an unusual black stone which occurred in narrow layers through the mineral quartz beds. 108 For a complete chemical analysis of his black stone, Arrhenius turned to Johan Gadolin, a Finnish mineralogist-chemist. It was in 1794 that Gadolin succeeded to isolate a novel oxide from the mineral and concluded it was a new earth. He named that oxide "yttria", and the mineral was named "gadolinite" for him.

Later in 1842, Mosander further separated other oxides from Yttria and named the fractions "erbia", "terbia" and "ytterbia", which in turn led to the separation of more of the rare earths.

Due to their very similar chemical properties, the isolation of these elements faced serious difficulties. Most famously in the case of thulium, where 15 000 operations of fractional crystallization were necessary to remove the last traces of erbium. 109 Later, new separation methods were developed, notably cation-exchange chromatography, that are based on the small difference in the stability of lanthanide chelates. 110 Such separations work very well on the small scale but on the industrial scale, solvent extraction is the preferred technique. 111

Properties of lanthanides

The lanthanides belong to the same period and the same group of the periodic table. They are classified as f block elements due to the filling up of their 4f orbitals.

The general electronic configuration of a lanthanide (Ln) is:

[Xe] 6s 2 5d 1 4f n 0 ≤ n ≤ 14

Even though the 4f orbitals have higher energy levels, they are closer to the nucleus than 5s, 5p and 6s orbitals which are already filled (Figure 18). Interestingly, this configuration is the source of all the physical, chemical, magnetic and optical properties of lanthanides. 112 

Chemical properties

Each lanthanide differs from the one immediately before in having one or more electrons in the 4f (with some exceptions) and an extra proton in the nucleus of the atom. However, increasing their atomic number is accompanied by a decrease in the atomic radius which is called lanthanide contraction. In fact, inner 4f orbitals are very diffused ones, and are rather ineffective in screening the nucleus. As the atomic number increases, the nuclear charge increases without significant increase in screening effect. This leads to a gradual increase in the attraction of the nucleus to the electrons in the outer shell, and a consequent contraction in the ionic radius. 114 Thanks to their electronic structure, Ln are highly electropositive elements that are very prone to lose 3 electrons. Therefore, their most stable oxidation state is +III with electronic configuration [Xe]4f n . 4f electrons are shielded from external interactions by the outer 5s 2 and 5p 6 filled orbitals in the Xenon core. Thus, these orbitals are not usually involved in bonding and are even very little influenced by the external environment. Consequently, Ln 3+ ions display similar chemical properties regardless of the number of electrons in these orbitals. They are also able to preserve these properties without being affected by changes in their environment such as solvents or other conditions. 112 The stability of the trivalent state results from the very large fourth ionization potential.

Exceptionally, Ce can form +IV compounds, whereas Eu and Yb, which have large third ionization energy, can form +II compounds instead. The properties of these cations are very different from those of the trivalent Ln. 115

Magnetic properties

In an incomplete 4f orbital, electrons are either single or partially paired. The magnetic effects of the different electrons cannot be canceled out. Consequently, all Ln, except Lutetium and Lanthanum, are highly paramagnetic. 116 Interestingly, the magnetic properties are weakly dependent on the environment.

Hence, Ln find application as materials for the manufacture of superconductors, high coercivity magnets… but also at the molecular level in magnetic resonance imaging (Gd complexes as contrast agents), or magnetic probes for other biological applications. 117

Optical properties:

Electronic transitions involving lanthanide ions are of different kinds: ➢ Interconfigurational 4f-5d transitions when a 4f electron is moved into an empty 5d orbital. These transitions are energetic and usually occur at λ < 250 nm. 118 ➢ Intraconfigurational 4f-4f transitions featuring rearrangement of the electrons within the 4f n orbital. From these transitions, arise exceptional optical properties of Ln.

a) Energy levels of 4f n

To study the 4f-4f transitions, it is important to understand the split for 4f n electronic configuration that generates the different energy levels for electron filling of the 4f orbitals. 119 This phenomenon is a result of several interactions within the ion, as clarified in Figure 19, where Eu 3+ ion is taken as an example.

Figure 19: The interactions leading to the electronic energy levels for the [Xe]4f 6 configuration of Eu 3+ . 120 The Coulombic interaction is the largest and represents the electron-electron repulsions within the 4f orbitals. It yields terms "L" with a separation in the order of 10 4 cm -1 . These terms are in turn split into several J-levels by spin-orbit coupling, which is relatively large (10 3 cm -1 ) because of the heavy Ln nucleus. These interactions define the free ion levels that are described by the term symbols (2S+1) LJ. 2S+1 represents the total spin multiplicity, L the total orbital angular momentum and J the total angular momentum of the f electrons.

When present in a coordinating environment, such as a crystal or an organic ligand, the individual J-levels are further split up by the electric field of the matrix, which is usually referred to as the crystal field. Due to the shielding effect by the outer orbitals, the crystal field weakly affect the free-ions states (10 3 cm -1 ) and is only treated as a perturbation (Stark effect). 121 The resulted energy diagram for emissive Ln 3+ is represented in Figure 20. The 4f energy levels are well defined, shielded and have little interaction with the chemical environment of the ion. Therefore, an intraconfigurational 4f-4f transition induces sharp absorption and emission spectra, resulting in specific spectroscopic signature for each lanthanide. Their emission lines cover the entire spectrum, from UV (Gd 3+ ) to Vis (Sm 3+ , Eu 3+ , Tb 3+ and Dy 3+ ) and NIR (Tm 3+ , Nd 3+ , Ho 3+ , Er 3+ and Yb 3+ ) spectral ranges, while some ions are simultaneous visible and NIR emitters (Figure 21). Judged by energy gap criterion, Eu 3+ , Tb 3+ and Gd 3+ ions have the strongest luminescence.

However, La 3+ and Lu 3+ do not possess luminescent properties because their 4f orbitals are empty or full. On another hand, Pm 3+ has a potential for luminescence properties, but this element is radioactive and does not have a stable isotope. A transition between two electronic states is achieved either between electric dipoles (EDs), magnetic dipoles (MDs), or electric quadrupoles (EQs). Laporte parity selection rule implies that states with the same parity cannot be achieved by ED transitions, so as a free Ln 3+ f-f transitions are forbidden by the ED mechanism.

However, in a coordinating environment, the ligand field allows the mixing of electronic states of opposite parity into the [Xe]4f n configuration, which relaxes the selection rules and the transitions become partially allowed. 124 They are called induced EDs. MDs are allowed, but their intensity is weak. EQs are also allowed, but they are even weaker than MDs so that they are usually not observed or identified. 125 Figure 22 shows a comparison between purely MD transition of Eu 3+ , and induced ED one. Overall, the probability of the 4f-4f transitions to happen remains relatively weak, in both directions. With molar absorption coefficients typically less than 10 M -1 cm -1 , it is very difficult to directly excite a Ln 3+ ion unless a powerful source of energy is used (laser). Under light exposure, Ln 3+ ions show high resistance to photobleaching and photochemical degradation because 4f electrons do not play a role in chemical bonding, so no chemical bond can be broken in the photocycle. Once excited, the return to the ground state is a disadvantaged pathway and this results in a very long lifetime of the excited state of a Ln 3+ ion, and so very long luminescence lifetime.

c) Photosensitization of Ln luminescence

In 1942, Weissman discovered that the luminescence of Eu 3+ ions could be strongly enhanced in the presence of some specific organic aromatic ligand. 127 Interestingly, the excitation spectrum showed a maximum at wavelengths where the ion does not absorb. However, it perfectly matched the excitation spectrum of the introduced ligand. That confirmed that the excitation was a multistep process with absorption of the ligand, energy transfer to Eu 3+ followed by its emission (Figure 23). That process is known as "antenna effect". 128 The antenna is a heteroaromatic compound designed to coordinate to the Ln 3+ ion providing very high absorption through the aromatic moieties. The standard mechanism of antenna effect is described in the Jablonski diagram shown in Figure 24. The process starts with the absorption of photons by the ligand, passing to its excited state S1. Normally, the most favorable pathway of de-excitation is going back to S0 through fluorescence of the ligand. But the presence of a Ln 3+ ion favors an intersystem crossing, initially spin forbidden, to the triplet state T1 (heavy atom effect). 130 In case where the T1 of the ligand and the excited state of the Ln 3+ ion are appropriately placed, an energy transfer occurs. The excited Ln 3+ ion returns to its ground state by exhibiting its characteristic luminescence. Interestingly, while the excitation of the ligand is generally performed in the UV to blue spectral region, emission is observed in the visible or NIR domain. This difference called "pseudo-Stokes' shift" is large, so there is no need for efficient filtering between the excitation and emission channels.

The luminescent quantum yield is the number of emitted photons per number of absorbed photons and is often determined by a comparison method with a known quantum yield. 131 

𝑸 =

𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒆𝒎𝒊𝒕𝒕𝒆𝒅 𝒑𝒉𝒐𝒕𝒐𝒏𝒔 𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 𝒑𝒉𝒐𝒕𝒐𝒏𝒔

Equation 1

The efficiency of the photosensitization "ηsens" is determined by the ratio of the external quantum yield "Qext" of a Ln 3+ complex obtained upon ligand excitation, to the intrinsic quantum yield Qint of the Ln 3+ ion obtained by direct excitation of the Ln f-f transition.

𝛈 𝒔𝒆𝒏𝒔 = 𝑸 𝒆𝒙𝒕 𝑸 𝒊𝒏𝒕 Equation 2
Energy transfer typically occurs by Förster or Dexter mechanisms. 132,133 The first is based on the electrostatic interaction between dipole moments of the donor and the acceptor, whereas the second relies on double electron transfer. 134 It is not that important to distinguish between these mechanisms as long as an efficient transfer is achieved.

This efficiency strongly depends on the donor-acceptor distance to the inversed sixth power, thus a close contact between the ligand and the Ln 3+ ion is mandatory for an efficient sensitization.

Assuming a good coordination of the ligand to the Ln 3+ ion, the other key to an efficient sensitization is the energy gap between the T1 of the ligand and the emissive state of Ln 3+ ion.

It must be close enough to allow the transfer (<5000 cm -1 ) but far enough to avoid back energy transfer to the ligand (>1700 cm -1 ). 135

d) Lanthanide spectral conversion

The photosensitization of Ln allows the excitation of the ligand with high-energy photon in the UV to blue region, while the emission is observed at lower energy in the visible or NIR. This conversion following Stokes' spectral shift is known as a downshifting mechanism. Thanks to their ladder-like energy levels and their long excited state lifetime, lanthanides are able to perform other spectral conversion types illustrated in Figure 25. The upconversion is an optical phenomenon following anti-Stokes' spectral shift. It is based on the sequential absorption of two or more low-energy photons (NIR), reaching higher excitation energy level and leading to the emission at shorter wavelength in the visible range. 136 This phenomenon is an interesting tool for biological imaging thanks to the deep penetration of NIR light in tissues with minimal absorption of the biological medium components, thus reducing the background noise. 137 In quantum cutting (or downconversion), one incident high-energy photon generates multiple low-energy photons following Stokes' spectral shift. This mechanism found one of its first applications in the lighting industry, then appeared to notably contribute to the next generation of photovoltaic (PV) technologies by converting visible photons into several near-infrared (NIR) photons in order to minimize the energy losses in the PV modules. 138

e) Non radiative relaxation of Ln

The excited states of lanthanide ions do not decay solely by radiative processes. Nonradiative relaxation is a generally occurring process, and therefore Qint is always less than 1. If kr represents the rate of the radiative processes and knr that of nonradiative processes, the intrinsic quantum yield is given by equation 3.

𝑸 𝒊𝒏𝒕 = 𝒌 𝒓 𝒌 𝒓 +∑ 𝒌 𝒏𝒓 Equation 3
States that lie only slightly higher than the luminescent state of Ln 3+ ion can, with the aid of thermal activation, provide an alternative deactivation path in a back energy transfer and contribute to knr. Other nonradiative relaxations are mediated by matrices containing highenergy vibrations such as organic media and aqueous solutions. In these conditions, H2O molecules can exist in the first or second coordination spheres of the Ln 3+ complex. Through vibrational energy transfer, O-H oscillators can deactivate Ln 3+ luminescence because of the matching gap between their vibrational energy levels and the Ln 3+ emissive state. This results in a decrease in both the intensity and the lifetime of the Ln emission, a phenomenon called "quenching" of the lanthanide luminescence.

O-H, N-H and C-H oscillators are the most effective quenchers in solution. 139 The latters become an issue when they exist in the Ln 3+ complexing ligand. So for a Ln 3+ complex to be more luminescent in aqueous solution, it needs a ligand with minimal quenching oscillators, well designed for an optimal protection of Ln 3+ ion and efficient exclusion of H2O molecules and other organic chelates from the first coordination spheres. This will decrease nonradiative relaxations and improve the quantum yield of the emission.

The brightness of the emissive complex is related to the product of its molar absorption coefficient "ε" by the overall (external) quantum yield "Qext" as described in equation 4.

B = ε(λexc) × Qext

Equation 4

By significantly improving its absorption, an appropriate antenna allows to boost the low brightness of Ln 3+ ions.

Exchanging O-H for O-D usually leads to a dramatic increase in observed lifetime and quantum yield of the luminescence. O-D is a lower energy vibration, and a less efficient quencher.

Selective deuteration of the surrounding matrix (D2O) provides a way to study the contributions of different vibrations to knr. 140

Coordination chemistry of lanthanides

Ln 3+ ions are classified as "hard" Lewis acids, so they have binding affinity to ligands with rich electron donor atoms (O, N, halogens). It is generally agreed that this Ln 3+ -ligand coordination occurs predominantly by ionic interactions because the 4f valence electrons are not readily available for bonding. 141 Therefore, Ln 3+ ions have strong preference for negatively charged donor groups such as carboxylate, phosphonate, and neutral donors that possess large ground-state dipole moments such as amide carbonyl oxygens.

Due to the electrostatic character of the interaction, there is little or no stereochemical directionality in the Ln 3+ -ligand coordination. Therefore, the geometry of coordination as well as the primary coordination numbers depend almost entirely on the ligand characteristics (steric properties and donor groups). With a suitable design of the ligand, lanthanide complexes can exhibit coordination numbers ranging from 3 to 12, with 8 (37%) and 9 (26%) being the most common. Complexes with coordination numbers of 6 (9%), 7 (8%), and 10 (11%) are also represented. Coordination numbers 3 to 5 occur with bulky ligands, but there are few examples.

While complexes with polydentate macrocyclic ligands, coronands, cryptands, calixarenes, and acyclic and cyclic Schiff bases have coordination numbers that often extend to 11 and 12. 142

The only Ln 3+ property of importance in this regard is the ionic radius. Due to the lanthanide contraction, the coordination number decreases when the atomic number increases. 

Luminescence applications of lanthanides a) Lighting and display

The tunable excitation and enhanced absorption of lanthanide complexes showed great potential in applications as phosphors such as in lighting (fluorescent lamp, color televisions, optical amplifiers, LED and organic light emitting diode OLED), display (cathode ray tube, CRT) and many other optical applications. 143

b) Light conversion applications

Solar cells can harvest sunlight and convert it to electricity, in a promising green technology.

Though great advances in this field, the efficiency of solar cells are not satisfying compared to their cost. One of the main reasons is the poor match of the cells band gap with the entire solar spectrum. The energy beyond the band gap is not efficiently harvested. Luminescent lanthanide complexes can be applied to improve this efficiency by converting short/long wavelength to visible/NIR light as great downshifting/upconversion agents. 144

c) Sensing and bio-imaging

The long luminescence lifetime and large Stokes shift of lanthanide complexes, together with enhanced absorption and tunable luminescence, make them quite unique and beneficial for application in sensing and bio-imaging. Much work has been done using lanthanide complexes for sensing anions, cations, small molecules, 145 temperature, 146 viscosity 147 and UV light. 148 They are also utilized in luminescence imaging, 149 photodynamic therapy, 150 and many other bioanalytical applications. 151 Some of the main luminescence applications of lanthanides are presented in figure 27. 

Lanthanides application in bioassays 3.5.1. Time resolved luminescence detection

Luminescence processes do not occur on the same timescale. The emission of different species can have different decay rates depending on the excited state lifetime of each species.

The luminescence of a long-lived species can be selectively detected by applying a delay between the pulsed excitation and the acquisition of the emission. This delay allows a complete decay of the fluorescence of unwanted short-lived species, before recording the targeted longlived emission. This so called "time resolved (or gated) detection" allows then a background free detection of molecules with long luminescence lifetime. The principle of time-resolved detection is described in Figure 28.

This technique is particularly exploited for detection in biological samples, where typical background is due to short-lived residual autofluorescence of organic molecules. A sufficiently long-lived luminescent entity can serve as a label in bioassays for high sensitivity, such as in time-resolved fluoroimmunoassay. An appropriate long-lived label has an emission lifetime in the microsecond to millisecond range, while a theoretical delay in the order of 10-100 ns after the excitation is sufficient to reduce all organic background intensities and significantly improve the signal to noise ratio. 152 As mentioned, lanthanides have an extremely long luminescence lifetime up to the millisecond for some of them. Therefore, lanthanide complexes were the most used in time resolved fluoroimmunoassay and many other time-resolved applications. 154,155

Enzyme amplified lanthanide luminescence

Time resolved luminescence detection of lanthanides and the enzymatic amplification are two independent strategies used to improve the sensitivity of immunoassays, as described in part 1.4 of this chapter. The first relies on the unique luminescence properties of lanthanides with the suppression of background noise while the second aims to amplify the specific signal.

Therefore, the combination of these two strategies seemed a highly promising approach. It consists in the enzyme-catalyzed formation of a ligand, which is, in contrast to the substrate, able to chelate and photosensitize Ln 3+ ions. The luminescence of the formed complex is selectively measured by time-resolved detection. This strategy is called enzyme-amplified lanthanide luminescence (EALL). It can be used to simply detect enzymatic conversions where the enzyme is the analyte to detect, but it is also capable of detecting affinity reactions (Ab-Ag) in assays where the enzyme is used as a label as in ELISA. 156 One disadvantage is the requirement for an additional signal development step compared with conventional ELISA assays. It consists of the addition of lanthanide ions, usually with Ln chelates to form the luminescent complexes. However, this extra step should not be an obstacle in an automated analyzer system.

The first EALL was reported in 1991 by Evangelista et al. 157 They developed a method for the determination of alkaline phosphatase enzyme (AP) using 5-fluorosalicylic phosphate as a substrate. The product of the enzymatic reaction, 5-fluorosalicylic acid, is detected as a luminescent complex with Tb and EDTA at basic pH, as described in Figure 29. The method was then applied in a model immunoassay for Rat IgG with alkaline phosphatase as marker. The reaction can be normally followed by monitoring the blue fluorescence of the dephosphorylated organic product, but the sensitivity is much inferior compared with timeresolved detection of the formed Ln complex.

Salicylic acid derivatives were continuously used for different enzymes such as xanthine oxidase and β-galactosidase. Both forming salicylic acid which showed to be an efficient chelating antenna for Tb. 157 For glucose oxidase enzyme detection, 1,10-phenanthroline-2,9dicarboxylic acid dihydrazide substrate was used. When enzymatically oxidized, it liberates the carboxylic acid groups and becomes able to form a luminescent complex with Eu. 157 Later, other attempts were made by using different enzymes and substrates. Zheng et al described an EALL method using p-hydroxybenzoic acid as substrate for Hemin catalysis. 158 A dimer was formed and detected by means of Tb luminescence at basic pH (Figure 30). This method has been applied for the determination of tuberculosis Abs. Tb and Eu demonstrated to be the best fit for EALL application due to their compatibility with the products of the enzymatic reactions and their particularly strong long-lived luminescence in the visible region.

EALL then highlighted important flexibility, as substrates can be designed for a variety of enzymes. 159 Some enzymes were not familiar with protein conjugation to be used as bioassay labels, which limited their application. [160][161][162] Thanks to the very high amplification factors possible using enzyme labels, EALL has demonstrated the best single label sensitivity compared with other reported time-resolved fluorometric detection methods. Moreover, some EALL detection methods reported a higher sensitivity in comparison to the very sensitive radioisotopic detection. 156 Most developed EALL methods have been performed at alkaline pH, to allow the coordination of the ligand to the lanthanide. However, at high pH, it is required to add EDTA chelate to avoid the formation of insoluble lanthanide hydroxide. This is very unfavorable in terms of sensitivity because the EDTA itself sensitizes Ln to a small extent contributing to the background signal, while excess of EDTA also reduces the efficiency of the sensitization by the antenna. These drawbacks limited their development and commercialization.

Lanthanide doped nanoparticles

Lanthanide complexes display highly useful and specific optical properties and are widely used in several applications providing decent performances. Even though, continuous efforts were spent in order to improve the photophysical properties of lanthanides and overcome the few drawbacks to release their full potential.

In the last decade, Ln 3+ doped nanomaterials have emerged as excellent alternatives to Ln complexes. 163 It consists in incorporating the Ln 3+ ions into a stable host material. Since their shielded energy levels are hardly affected by the surrounding environment, they can be incorporated into a wide variety of matrices without reducing their characteristic optical properties. On the contrary, the surrounding crystal field could even lift the parity selection rule, promoting the 4f-4f transitions and giving rise to enhanced optical properties. 164 Particularly, inorganic matrices have been widely studied and applied as host materials and showed high stability and compatibility for Ln 3+ doping as shown in Figure 31. The most important feature provided by lanthanide nanoparticles (Ln-NPs) is the protection of Ln 3+ ions from nonradiative deactivations by the vibrations of solvents or chelating molecules.

This protection improves the luminescence quantum yield of Ln 3+ emission. 166 In Ln-NPs, we can distinguish two Ln environments. Ln 3+ ions in the very external layers can always be influenced by OH, NH and CH oscillators of the surrounding medium and their luminescence can be quenched as for Ln complexes. In contrast, Ln 3+ ions embedded in the core of the NPs are strongly protected from the surrounding medium. They can still be prone to nonradiative deactivations through impurities of the matrix or energy transfer processes assisted by phonons having the energy of vibration of the host lattice. 167 However, phonons of the lattice are generally of much lower energy than OH, NH or CH oscillators. 168 In some cases, the nonradiative decays can be so small that the observed luminescence lifetimes of the Ln 3+ ions are close to the radiative lifetimes, affording an almost quantitative lanthanide luminescence quantum yield, as it is observed for some Eu doped NPs. 169 In addition, NPs have a large advantage over Ln complexes in the possibility of mixing different Ln 3+ ions in the same matrix, especially for upconversion NPs, or for NPs with multiplexing capabilities. The structural design of such NPs can be adapted to optimize the average donor-acceptor distance for improving energy transfer efficiency. 170 Inspired by the properties of lanthanide complexes, several works aimed to connect organic ligands to Ln-NPs for an improved brightness. Significant progress has been made for the engineering and synthesis of ultrabright dye-sensitized Ln-NPs. A basic approach involves a simple coordination of the organic antennas at the NP surface. In this model, the distance between the capping ligand and the doped Ln 3+ ions can be chemically modulated to improve the energy transfer and the protection of Ln 3+ ions. 171 In other approaches, the entire Ln(III) chelate can be either encapsulated into the host material or grafted on the surface. 172 The three strategies for the design of dye-sensitized Ln-NPs are described in Figure 32. These approaches allow cumulating the spectroscopic performances of lanthanide complexes.

Each type of dye-sensitized Ln-NPs has its advantages and limitations that make it the most suitable depending on the application. For example, the luminescence of Tb 3+ ions in doped NPs with surface capping antennas can reach higher lifetimes (up to 8.3 msquite close to the radiative lifetime 174 ) in comparison with Ln-chelate encapsulated NPs (2.06 ms) and Lnchelate surface functionalized NPs (1.66 ms). 173 Embedding Ln 3+ ions in the core of the NPs while capped with well-designed ligands clearly affords the better protection from nonradiative deactivations.

The study of Ln-NPs became a highly interdisciplinary field that has been rapidly expanding at the frontiers of material sciences, photochemistry, and biophysics. The characteristics of these NPs, such as size, shape, doping rate, optical emission, and surface properties, are fundamental factors that ultimately influence their application.

For biological applications, these NPs must be bright, small sized (in vivo application), water dispersible, practical for surface functionalization and stable in water and biological medium for long duration. Many studies reported luminescent Ln-NPs sensitized by capping organic antennas showing evidence for the energy transfer from the ligands at the surface to the doped Ln 3+ ions. 175 However, most of these studies were performed in organic solvents.

Charbonnière et al. were first to report in water sensitization of 5%Eu-doped LaF3⋅AEP (AEP for aminoethyl-phosphate) NPs by partial AEP exchange with 6-carboxy-5'-methyl-2,2'bipyridine. 176 Later in the same group, Goetz et al. reported the sensitization of 10% Tb-doped LaF3 using eleven different ligands derived from dipicolinic acid and 2-hydroxyisophthalic acid with varying coordination and photosensitizing abilities. 177 Since then, the SynPA team of Charbonnière reinforced their interest in dye-sensitized Ln-NPs by highlighting several advances in this field. In this regard, great efforts were done by employing different Ln 3+ ions, many doping strategies and terrific number of designed ligands in order to reach highly bright NPs able to be used in multiple applications. 178,179 Globally, dye-sensitized Ln-NPs have found a growing interest in their study and their development, and found multiple applications especially in bioanalytical fields such as in bioimaging, bioassays, drug delivery and photodynamic therapy. 180

Scope of the thesis

The objective of this PhD project was to develop a new ultrasensitive ELISA detection method based on luminescent lanthanide nanoparticles. In the first part above, the project is introduced by describing and connecting the different concepts that constitute the context of this research. A brief literature review also summarized the evolution in this field and allowed to define the limitations that actually inspired and led to this work. Finally, Chapter V presents the general conclusion of this study. The work that has been done is evaluated in regards of the main objectives, highlighting the different contributions, challenges, and future perspectives in this research field.

Introduction

The interest in lanthanide doped nanoparticles appeared in the late 1990s. First attempts for the preparation of such NPs were made at very high temperatures, resulting in poor dispersibility with dimensions in the submicrometer range. 1 High-quality luminescent NPs require controlled crystalline phases, narrow size distribution and uniform morphology for tuning their physicochemical properties and exploring their potential applications in diverse fields. For bioapplications, these NPs should have a small size and good dispersity for integration with biological molecules and macromolecules. 2 Later, extensive attention has been paid to liquid phase synthesis and some efforts have also been made to prepare NPs directly in aqueous solutions. A variety of synthetic strategies have been proposed to synthesize high-quality Ln-doped luminescent NPs. These included thermal decomposition, high-temperature coprecipitation, hydrothermal synthesis, microwave-assisted synthesis, cation exchange and ionic liquid-based synthesis. 3 The quality of the synthesized NPs is not only affected by a specific synthetic method but also strongly depends on the nature of the crystal host. The luminescence properties of Ln 3+ are typically dependent on the structure, local site symmetry, crystal field strength, and phonon energy of the host materials. Generally, the host materials are desired to be transparent within the wavelength range of interest, with low phonon energy, high optical damage threshold, and close lattice matches with Ln 3+ dopants. 4 To date, a large number of matrices suitable for Ln 3+ ions doping have been reported, such as oxides, fluorides, phosphates, vanadates and silicates among others. 5 The ability to manipulate the color output of Ln-NPs is particularly important for their applications. The strategies for tuning the color output typically involve regulating dopant/host combinations and dopant concentrations. Each Ln 3+ ion has a unique set of energy levels and therefore could offer a set of distinct emission peaks with distinguishable spectroscopic fingerprints. Importantly, different emission peaks of a given Ln ion could be selectively enhanced or suppressed through the control of its surrounding environment in the host lattice, thereby leading to tunable optical emissions. 6 In this chapter, the synthesis and the characterization of ultrabright Ln-NPs are described. The study of their luminescence properties is also demonstrated, especially when photosensitized by efficient antennas.

Synthesis of Ln-doped LaF 3 NPs

Among the different host materials, fluorides have low phonon energy which allows low multiphonon relaxation rates and minimal nonradiative energy losses. 7 LaF3 crystals have low phonon energy (300 cm -1 ), high chemical and thermal stability, and lattice matching with the majority of Ln 3+ ions. They are transparent in the visible and NIR regions so they can be doped with all Ln 3+ ions without deleterious effects. 8 LaF3 are then considered as ideal host materials for many applications.

Wang et al. were first to report a simple synthesis of Ln 3+ doped LaF3 NPs directly in aqueous solution without using any surfactant that can create inhomogeneous domains near the particle surface. 9 In their study, various Ln 3+ ions with emission in the Vis and NIR regions were doped into the nanocrystals including Tb 3+ , Eu 3+ , Ce 3+ , and Nd 3+ .

Tb 3+ and Eu 3+ ions have been then extensively studied on account of their ideal luminescent properties and they are frequently applied in Ln doped NPs. 10,11 Both Ln present relatively strong luminescence in aqueous solution, exhibiting multiple emissions in the visible region.

Eu 3+ ions mainly emit red light, while Tb 3+ ions are green light emitters. Therefore, their detection is achieved by simple and cheap equipment, in contrast to IR detection which requires more complex and costly equipment. Moreover, Tb 3+ and Eu 3+ ions have relatively large energy gaps and are moderately affected by nonradiative deactivations by the host material and highenergy oscillators. They consequently present better luminescence and longer lifetimes in comparison to other Ln. 12 Thanks to their energy levels, Tb 3+ and Eu 3+ also find various families of simple organic ligands, capable of photosensitizing their emission. The sensitization of these two Ln is widely investigated, and some empirical rules have been developed to rationalize the matching of a ligand excited state levels with the emissive levels of the Tb 3+ or Eu 3+ . 13 After the selection of the host material and the dopant Ln, the synthesis of the NPs was achieved inspired by the method developed by Wang et al. The method was upgraded and continuously optimized at team SynPA, becoming one of the specialties of the laboratory, and a research focus for many studies and applications.

This synthesis consists in mixing LaCl3 and LnCl3 (TbCl3, EuCl3 or both) together with amounts that will determine the doping level of Ln 3+ in the NPs. Then, a solution of NH4F is added dropwise to the mixture at room temperature, initiating the reaction of NPs formation as shown in Figure 35. The added quantity of NH4F corresponds to three equivalents for each equivalent of Ln. The rate of NH4F addition was found to strongly influence the morphology of NPs and their size dispersion. This addition rate being operator-dependent, the synthesis lacked the reproducibility. The synthesis has been improved by the automatization of this step using a syringe pump for a constant rate, eliminating the manipulative fluctuations.

In a next step, the mixture is heated at 150°C in a microwave oven for 12 minutes. The temperature and the reaction time are critical for controlling the thermodynamic and kinetic growth of the NPs. 14 The synthesis in microwave oven provides a regular and homogeneous heating with a quick and constant temperature rise. A heat treatment at above 100°C is still required to prompt the reaction and to improve the crystallinity of the resulting NPs. The growth of NPs occurs by mechanisms such as Ostwald ripening or oriented attachment.

Ostwald ripening involves the dissolution of the high-energy small NPs then ripening of the surface of bigger NPs. 15 Oriented attachment occurs by the alignment of small particles following a preferential crystal orientation and growing together into a single crystal. 16 Finally, the NPs are purified from any reagent left in solution. The obtained colloidal solution is centrifuged, and the supernatant is eliminated. This step is repeated 3 times and the final white solid was dispersed in ultrapure water using ultrasound bath for 1h at 60°C. Tb-doped NPs (La0.9Tb0.1F3) and Tb/Eu co-doped NPs (Tb0.85La0.14Eu0.01F3) are selected in accordance with previous works for their stability, their structure, and their interesting spectroscopic properties. 17 These NPs were synthesized following the described procedure with a yield ranging between 80 and 90%. The final NPs suspensions after purification are found acidic at a pH of around 4.6 and stored at 5°C as stock solutions.

Characterization of the nanoparticles

The synthesized La0.9Tb0.1F3 and Tb0.85La0.14Eu0.01F3 NPs are fully characterized for their morphology and size by transmission electron microscopy (TEM) and their structure by X-ray diffraction (XRD). The colloidal stability of these NPs in aqueous solution is evaluated by measuring their zeta potential by laser doppler electrophoresis (LDE) and their hydrodynamic diameter by dynamic light scattering (DLS). The exact composition is also verified by inductively coupled plasma atomic emission spectroscopy (ICP-AES).

Morphology and size

The size of NPs is an important parameter that affects their properties and applicability.

Transmission electron microscopy (TEM) is a microscopy technique that uses a beam of electrons to visualize specimens and generates a highly-magnified image.

TEM images of the synthetized NPs show rounded or slightly elongated shape for both types as shown in Figure 36. These images allowed to measure an average diameter of 20 ± 6 nm for La0.9Tb0.1F3 NPs. They also show light spots within the particle core in a donut-like shape, which may indicate a lower atom density. 18 Tb0.85La0.14Eu0.01F3 NPs are found to have bigger size with a diameter of 35 ± 7 nm while showing high atom density in the entire NP. This size increase contradicts the fact of replacing La 3+ ions by smaller Tb 3+ ions, unless there is a change in the crystal structure. The size distribution of both NPs is represented in Figure 37. 

Structure

The XRD pattern of La0.9Tb0.1F3 NPs completely matches with the peak positions and the intensities of pure hexagonal LaF3 crystals. 19 In a side study, it has been demonstrated that this crystal structure depends on the Tb doping level. Figure 38 shows the evolution of the structure with increasing Tb doping level. When exceeding 70% in Tb, a modification in the crystal structure can be noticed, all the way to reach a pure orthorhombic crystal for TbF3. As expected, the XRD pattern of Tb0.85La0.14Eu0.01F3 NPs (Figure 39) shows peaks for both crystal structures, mainly orthorhombic, which can explain the bigger size of these NPs. More advanced data can be extracted from XRD patterns but are not fundamental for our study. 

Colloidal properties a) Zeta potential

The stability of particles in solution is a crucial parameter to control. It depends on the balance of attractive and repulsive forces between the particles. Attractive forces are basically Van Der Waals interactions, while repulsive ones consist in electrostatic interactions due to the charge that develops at the interface between the particle surface and its liquid medium. This surface charge is called zeta (ζ) potential. 20 The magnitude of the ζ-potential gives an indication of the stability of the colloidal system. If the particles in suspension have a large negative or positive ζ-potential, they tend to repel each other, and attractive forces will be negligible. However, if the particles have low ζ-potential values, then attractive forces will be dominant, and particles will tend to aggregate.

Aggregations cause a loss of the specific surface area and of the properties of the particles. In addition, the positive zeta potential in both cases indicates that the NPs maintained the coordination affinity of Ln ions toward negatively charged ligands, which allows further exploitation of the NPs surface.

b) Hydrodynamic diameter

In aqueous medium, NPs develop an electric dipole layer and acquire a hydrodynamic diameter that can be measured by dynamic light scattering (DLS). 20 Launching a laser into the particles in Brownian motion and looking at the scattered light in a specific direction allows to analyze the NPs size distribution.

DLS measurements show an average hydrodynamic diameter of 49 ± 14 nm for La0.9Tb0.1F3

NPs and 62 ± 18 nm for Tb0.85La0.14Eu0.01F3 NPs as shown in Figure 41. The difference in size between TEM diameter and the hydrodynamic one cannot be justified only by the presence of water molecules around the NPs. It seems that a slight aggregation occurred to find a stable state under these conditions, but no flagrant aggregation or polydispersity is noticed. 

Composition

The doping levels in these NPs are basically determined by the added quantity of Ln during the synthesis. The exact doping levels can be verified using the elemental mass concentrations "Cm" (g.L -1 ) measured by ICP-AES. Mass concentrations are converted to molar concentrations "C" (mol.L -1 ) according to equation 1:

𝐶 = 𝐶 𝑚 𝑀 Equation 1
With M : Molar mass (g.mol -1 )

Then the molar fraction XLn of each dopant is calculated according to equation 2:

𝑋 𝐿𝑛 = 𝐶 𝐿𝑛 ∑ 𝐶 Equation 2
In all cases, the exact doping levels perfectly match with the added ratios in the synthesis as demonstrated in Table 3. These values have been also confirmed by energy dispersive X-ray spectroscopy (EDX) included in TEM analysis. 

Concentration

The molar concentration of the NPs in aqueous suspension can be calculated assuming two hypotheses. The first one is to consider that the NPs are perfectly spherical, allowing to calculate the volume of the NPs "VNPs" (m 3 ) using TEM observations using the equation 3:

𝑉 𝑁𝑃𝑠 = 4 3 × 𝜋 × 𝑅 3 Equation 3
With R : Radius of the NPs (m)

The second assumption consists in estimating the density of the NPs as the weighted average of LaF3, TbF3 and EuF3 densities according to their doping level. The density of the NPs "dNPs" (g.m -3 ) is calculated following equation 4.

𝑑 𝑁𝑃𝑠 = ∑(𝑋 𝐿𝑛 × 𝑑 𝐿𝑛𝐹 3 ) Equation 4
With d LnF 3 : density of LaF3, TbF3 and EuF3 (g.m -3 )

Thereby, the molecular weight of a NP "MNPs" (g.mol -1 ) can be estimated using equation 5.

𝑀 𝑁𝑃 = 𝑉 𝑁𝑃𝑠 × 𝑑 𝑁𝑃𝑠 × 𝑁 𝑎 Equation 5With Na : Avogadro number

In addition, the molar mass of a single 𝐿𝑎 𝑋 𝐿𝑎 𝑇𝑏 𝑋 𝑇𝑏 𝐸𝑢 𝑋 𝐸𝑢 𝐹 3 pattern "𝑀 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 " (g.mol -1 ) can be simply calculated using equation 6.

𝑀 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 = ∑(𝑋 𝐿𝑛 × 𝑀 𝐿𝑛 ) + 3 × 𝑀 𝐹 Equation 6Knowing the molecular weight of a NP and the molar mass of a single pattern, the number of patterns in a NP "Npatterns" can be deduced following equation 7.

𝑁 𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝑠 = 𝑀 𝑁𝑃 𝑀 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 Equation 7
And finally, the concentration of the NPs "𝐶 𝑁𝑃𝑠 " (mol.L -1 ) is calculated by dividing the concentration of any Ln by the number of this Ln in a NP as in equation 8.

𝐶 𝑁𝑃𝑠 = 𝐶 𝐿𝑛 𝑋 𝐿𝑛 × 𝑁 𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝑠 Equation 8
During three years of thesis, several NP batches were synthesized and characterized with the same procedure, and the results indicate a remarkable reproducibility. Table 4 recapitulates the characteristics of the different synthesized batches. 

Photosensitizing ligand

The choice of the capping ligand is crucial to get optimal spectroscopic properties of Ln NPs. This ligand must provide a high molar extinction coefficient, good coordination, and efficient photosensitization, but also the ability to ensure the NPs dispersibility and stability.

The chromophore needs to be judiciously selected for intramolecular energy transfer to occur from its triplet state to the emissive Ln 3+ ion. For the sensitization of Tb 3+ ions, a singlet-triplet energy gap of less than 7000 cm -1 is desirable, with the S1 state preferably laying at less than 29 000 cm -1 above the ground state. 21 In the literature, many ligands based on the 2-hydroxyisophthalic acid have been used to sensitize Tb 3+ ions. 22 In contrast to traditional, highly preorganized ligands used for Ln 3+ complexes, this NPs capping ligand ensure a required planar coordination on the surface of NPs in order to perfectly bind to the Ln 3+ ions while preventing their leaching from the NP.

The two carboxylic acid groups in this ligand have pKa values at 3.46 and 4.46, which means that they can be easily deprotonated. The resulting double negatively charged carboxylate groups ensure a good affinity of this ligand toward the positively charged surface of the NPs. 2-hydroxy-isophthalic acid is a bis-dentate chelate because the hydroxyl group allows to form two 6-membered ring with two Ln 3+ ions as shown in Figure 42. 23 Hydroxyl group has higher pKa and is mainly protonated. However, neutral donor groups can bind when present in multidentate ligands that contain at least one or two other charged donor groups.

Synthesis of 2-hydroxyisophtalic acid

The first step of the synthesis of the 2-hydroxyisophtalic acid consists in the oxidation of the two methyl groups of the commercially available 2,6-dimethylanisole to form the carboxylic acid groups as described in Figure 43. The oxidation was performed using KMnO4 in alkaline conditions, and the solution changes from violet to brown color after heating at reflux for 48h. This change is due to the reduction of MnO4 -to MnO2. This redox reaction follows the equation below : The solution was then neutralized and the formed MnO2 precipitate is eliminated by filtration.

The filtrate was concentrated and acidified to pH 2 until a white precipitate appeared, which is collected by filtration. This intermediate 2-methoxyisophthalic acid was not further purified to prevent any loss of the compound and was directly used for the next step.

The second step consists in the O-demethylation of the intermediate compound in presence of HBr and AcOH (Figure 44). The mixture is heated at 120°C overnight. The volatiles were then removed under vacuum and the white solid was purified by recrystallisation from methanol/water mixture to obtain the 2-hydroxyisophtalic acid with a 68% yield over both steps. The elemental analysis indicates a purity of 99% of the final ligand, validated by the 1 H NMR shown in Figure 45. 

Spectroscopic properties of 2-hydroxyisophtalic acid

The triplet state of 2-hydroxyisophtalic acid is known to be approximatively at 23 000 cm -1 , 24 this energy level is close to the excited state of Tb 3+ ion at 20 500 cm -1 . 25 This compatibility favors the energy transfer and allows an efficient photosensitization.

Once the ligand synthesized, its absorption and emission spectra are measured in 0.05 M HEPES buffer solution at pH 7.0. These spectra are shown in Figure 46. 2-hydroxyisophthalate displayed a maximal absorption at λabs = 306 nm with a molar extinction coefficient ε306 = 4500 M -1 .cm -1 . Upon excitation at 306 nm, this fluorophore has a maximal emission at λem = 412 nm. The excitation spectrum for an emission at 412 nm perfectly matches with the absorption spectrum. It indicates that the emission at 412 nm involves the same species that absorb at 306 nm with no fluctuations of intermolecular interactions during the transition.

The latter can lead to inhomogeneous broadening and deviation of the excitation spectrum. 26 Interestingly, the resultant Stokes shift is large enough that the respective excitation and emission bands do not overlap. This will prevent an energy loss by self-absorption and subsequently allows optimal transfer to Tb 3+ ions when capping the NPs. First, an excitation spectrum after ligand addition was measured for an emission at 545 nm.

This spectrum shows an intense excitation band at 325 nm, a wavelength where Tb does not specifically absorb, but rather corresponds to the maximal excitation of the ligand (inset of Figure 49). The intensity of this band gradually increases at higher ligand concentrations.

However, a red shift of the ligand excitation is noticed upon the coordination to the NPs (306 to 325 nm). When coordinated, this π-acceptor ligand displays metal to ligand charge transfer effect "MLCT", which results in a decrease in HOMO-LUMO gap associated with a red shift in the excitation band.

The TR-emission spectra in each well were then measured after an excitation at 325 nm. The evolution of the emission spectra with increasing concentrations of ligand is shown in Figure 49. A gradual increase in the intensity of the same characteristic Tb emission bands is a clear evidence of an efficient energy transfer by the antenna effect. After a strong amplification of Tb emission bands, the emission intensity reaches a maximum at a certain ligand concentration and remains constant. 

Brightness of dye-sensitized NPs

Experimentally, an exact determination of the molar extinction coefficient requires the isolation and purification of fully capped NPs to ensure that the absorption arises solely from coordinated ligands. Many works in the lab demonstrated that the molar extinction coefficient of capped NPs approximatively corresponds to the theoretical cumulation effect. 17 

N eq

The resulting strong molar extinction coefficient with the good overall luminescence quantum yields of these NPs allow to get excellent brightness, > 10 6 M -1 .cm -1 , 27 exceeding that of QDs and semiconducting nanopolymers (10 5 -10 6 M -1 .cm -1 ). 28,29 In this work, the focus is not only on the brightness of the sensitized NPs, but rather on the relative brightness brought by the sensitization in comparison to the brightness of bare NPs. So for an overall evaluation of the photosensitization effect, a luminescence amplification factor is defined. This factor is calculated by the ratio of the maximum 545 nm band integration to that of the NPs in the absence of any ligand. Here, the fully capped NPs are 500 times more luminescent than bare NPs.

Excited state lifetime

It is worth mentioning the importance of time-resolved detection of the photosensitized Tb emission. In fact, the coordination of the ligand and the energy transfer to the NPs is not quantitative, and the residual broad fluorescence band of the ligand could appear. At high concentrations, excess of free ligands does not exhibit energy transfer, increasing the ligand emission band which can overlap the first two Tb emission bands (Figure 51). This interference is eliminated by time-resolved detection thanks to the long lifetime of these NPs. The excited state lifetime of capped NPs can be then determined by measuring the emission intensity of Tb as a function of time as shown in Figure 52. Tb emission shows a slow biexponential decay, indicating two different lifetime values, corresponding to two different Tb environments. The first constitutes 46% of Tb ions with a lifetime of 3.41 ms, while the second exhibits a lifetime of 1.28 ms for the remaining 54%.

The longer lifetime can be attributed to Tb ions in the core of the NPs, whereas the shorter lifetime corresponds to Tb ions on the surface. Since being less protected from water, surface Tb ions are more susceptible to undergo non-radiative deactivations by vibration of O-H bonds with the surrounding solvent, which reduces the lifetime of the excited state of the concerned ions. The longer lifetime can also be related to Tb-to-Tb energy transfer within the particle or ligand mediated energy migration on the surface. 30,31 Interestingly, these lifetimes are higher than that reported for Tb-DO3A complex sensitized by the same 2-hydroxyisophthalate ligand, which is at 1.14 ms. 32 In addition to the great brightness of these dye-sensitized NPs, these characteristics make them serious competitors against the best luminescent probes in market, such as Lumi-4-Tb ® marker, with a brightness of 1.6×10 When increasing the pH from 5.0 to 7.0, these groups are deprotonated which favors the coordination at the positively charged surface of the NPs. Better coordination allows more efficient energy transfer, which explains the higher intensity of Tb emission. At pH > 7.0, a sharp drop of the intensity is observed. In this pH range, the ligand should not be affected by pH change, thus this drop is surely related to the NPs behavior.

To study this behavior, the ζ-potential and the hydrodynamic diameter of bare NPs are monitored at different pH. The results are shown in Table 5, while zeta potential is plotted as a function of pH in Figure 54. 

Photosensitization of Tb0.85La0.14Eu0.01F3 NPs

Tb0.85La0.14Eu0.01F3 were chosen to present a different approach of Ln NPs. Several works have been described to photosensitize Eu NPs to obtain their red emission in water. 34,35 These works show high potential, but Eu emission has always been more vulnerable to nonradiative deactivations by O-H oscillators. 36 The study of these Tb/Eu co-doped NPs consists of two objectives. The first is to investigate the spectroscopic properties of Tb ions at higher doping rate and in different environments. The second is to enhance the spectroscopic properties of Eu ions by promoting an energy transfer from Tb ions on the surface to Eu ions protected in the core of the NPs. The aim is to improve the lifetime and the quantum yield of Eu luminescence in aqueous solution. In addition, at 1%, Eu characteristic emission bands are observed with intensities comparable to that of Tb emission. These bands can be attributed to the 5 D0 → 7 FJ transitions of Eu (J = 0 to 4). The one at 690 nm is distinguished as pure Eu emission while the other bands overlap with those of Tb emission in the region between 570 and 640 nm. The TR-excitation spectrum after ligand addition was measured for an emission at 545 nm as well as for an emission at 691 nm. Both spectra show the same intense excitation band at 325 nm, corresponding to the maximal excitation of the ligand (inset of Figure 57). The intensity of this band gradually increases at higher ligand concentrations.

The TR-emission spectra in each well were then measured by time-resolved detection after an excitation at 325 nm. The evolution of the emission spectra with increasing concentrations of ligand is shown in Figure 57. A gradual increase in intensity of both Tb and Eu emission bands is observed. This observation leads to questioning the significant increase of Eu emission bands in Tb0.85La0.14Eu0.01F3 NPs. To understand this phenomenon, the evolution of the Tb emission band peaking at 545 nm and Eu emission band peaking at 692 nm during the titration of Tb0.85La0.14Eu0.01F3 NPs are plotted as a function of ligand equivalents per NP (Figure 59). The first ligand additions up to 5000 ligands/NP show a sharp increase of Eu emission band while only small increase is observed for that of Tb. Knowing that this ligand hardly sensitizes Eu ions, this strong emission is certainly due to the sensitization of Tb ions by the ligand followed by a quantitative energy transfer to Eu ions. When Eu emission approaches the constant region between 5000 and 10 000 ligands/NP, an increase of Tb emission band is noticed. Once the 1% Eu are saturated, the sharp increase of Tb emission is then observed.

This process proves that Tb0.85La0.14Eu0.01F3 NPs allow to promote an energy transfer from Tb to Eu ions. This transfer is possible thanks to the proximity of the energy levels of Tb and Eu excited states. That of Tb being slightly higher than that of Eu, the transfer Tb → Eu is favored as represented in Figure 60. The intensity of Tb emission keeps increasing up to 30 000 ligands/NP. This Neq is higher than that determined for La0.9Tb0.1F3 NPs at 4500. This can be related to the bigger size of NPs and the change of the crystal structure, allowing to coordinate more ligands.

Brightness of dye-sensitized NPs

Due to the high Neq providing strong molar extinction coefficient, and the enhanced quantum yield of Eu emission, these NPs present outstanding brightness (> 10 7 M -1 .cm -1 ) 27 and became a center of several studies and further investigations in the laboratory. However, in terms of amplification factor, sensitized Tb emission is 200 times stronger than that of bare NPs, while sensitized Eu emission shows a factor of 100.

Excited state lifetime

The photoluminescence lifetime of Tb and Eu ion in the capped Tb0.85La0.14Eu0.01F3 NPs was determined by measuring the emission intensity of both Ln as a function of time as shown in Figure 61. For Eu ions, the biexponential decay is slower with a first component at 9.58 ms, representing 95% of the population, and the second shows a lifetime of 1.68 ms for the rest 5%. The resulting extremely long lifetime is close to the radiative lifetimes observed in the absence of non-radiative deactivation. 37 Indeed, that is due to an optimal protection of Eu ions with a doping level of 1% in the matrix against the vibrational quenching by the aqueous environment. 

Eu Tb

This luminescence lifetime as well as the exceptional brightness of these NPs make them prime candidates for biological imaging, capable of competing with commercial references. 33 In addition, simultaneous Tb and Eu emission detection at different wavelengths allows multiplexed detection techniques.

Titration of Tb0.85La0.14Eu0.01F3 NPs with nalidixic acid

In contrast to 2-hydroxyisophtalic acid, the nalidixic acid shown in Figure 62 is a quinolone ligand well known to form complexes with Ln cations. Interestingly, the triplet state of this ligand is suitable for a direct sensitization of both Tb and Eu. 38 The excitation spectrum after ligand addition was measured for an emission at 545 nm as well as for an emission at 691 nm. Both spectra show the same intense excitation band at 318 nm, corresponding to the maximal excitation of the ligand. The intensity of this band gradually increases at higher ligand concentrations.

The evolution of the Tb emission band peaking at 545 nm and that of Eu emission band peaking at 692 nm are plotted as a function of ligand equivalents per NP (Figure 64). As this ligand efficiently photosensitizes Eu and Tb ions, a gradual increase in the intensity of both Tb and Eu emission bands is observed, signaling simultaneous energy transfer by the antenna effect. After a strong amplification, Tb and Eu emission intensities simultaneously reached a maximum at approximately 30 000 ligand/NP and remains constant. The higher increasing slope and the higher maximum intensity of Tb emission is due to the difference in the doping rate between the two Ln. However, the luminescence ratio does not reflect at all the ratio of the doping rate. That proves one more time the enhancement of the spectroscopic properties of the 1% of Eu in Tb0.85La0.14Eu0.01F3 NPs, thanks to their optimal localization in a convenient environment of the NPs. The nalidixate ligand provides the same amplification factor of 250 for both Tb and Eu sensitization. In addition, lifetime values of Eu luminescence are at 9.23 ms (93%) and 1.77 ms (7%), comparable to those obtained with 2-hydroxyisophthalate. However, Tb luminescence lifetimes are significantly shorter at 0.59 ms (79%) and 0.07 ms (3%).

The higher Tb luminescence lifetime with 2-hydroxyisophthalate sensitization can be explained by the better protection provided by the planar coordination on the surface of NPs.

As for quinolone ligands, they are more suitable for coordination to Ln complexes. For Eu ions, the coordinated ligand does not affect their environment, because they are already confined in the core of NPs. 

Conclusion

In this chapter, the aim was to prepare ultrabright dye-sensitized Ln-NPs and to investigate their physical, chemical, and spectroscopic properties. La0.9Tb0.1F3 and Tb0.85La0.14Eu0.01F3 NPs were selected for their stability and their remarkable spectroscopic properties in the best interest of the supreme objective of the project.

The NPs have been synthesized via microwave-assisted technique and then characterized for their physicochemical properties by different techniques. These analyses show high quality NPs with small size, narrow distribution, uniform morphology, good colloidal stability, controlled composition, and crystalline phases.

To unleash their spectroscopic properties, the sensitization of these NPs was performed using 2-hydroxyisophthalate as an efficient antenna for Tb ions. This ligand is synthesized and used for NPs spectroscopic titrations, offering a strong photosensitization of Tb with important signal amplification and long luminescence lifetime.

On another hand, a Tb → Eu energy transfer was demonstrated in the Tb0.85La0.14Eu0.01F3 NPs.

Embedding 1% of Eu in the NPs provided cascade energy transfer from the ligand to the Tb ions on the surface and finally to the Eu ions protected in the core of the NPs. This process improved the quantum yield and the brightness of Eu luminescence in aqueous solution and provided an extremely long lifetime, close to the radiative lifetime of Eu ions.

Both La0.9Tb0.1F3 and Tb0.85La0.14Eu0.01F3 ultrabright NPs demonstrated to be promising new tools in the development of luminescent probes, especially for use in bioanalysis. Particularly, La0.9Tb0.1F3 NPs present higher stability, higher amplification factor and longer lifetime of Tb emission through the sensitization by 2-hydroxyisophthalate. Added to that the simpler approach compared to Tb0.85La0.14Eu0.01F3, these NPs were initially used to start the development of a sensitive ELISA detection method.

In the next step, the aim was to sensitize these NPs by a ligand resulting from an enzymatic reaction. Different ligands have been tested, and different enzymatic approaches came in mind in order to design this system. These approaches are discussed in detail in chapter III and chapter IV.

Experimental part 6.1. Reagents

High purity Ln salts, ammonium fluoride and nalidixic acid were purchased from Sigma.

2,6-dimethyl anisole was purchased from TCI. Potassium permanganate was purchased from VWR. Other solvents and products were purchased from Sigma, Acros, Alfa Aesar, fluorochem.

Synthesis of Ln-doped nanoparticles

A solution of NH4F (0.72 M, 3.51 mL) in water was added using a syringe pump with a rate of 0.1 mL/min to a stirred aqueous mixture of LaCl3, TbCl3, and EuCl3 (when needed) at room temperature, resulting in the formation of a slightly turbid solution. The proportions of added Ln salts are indicated in Table 7. The mixture was heated in a microwave oven at 150°C for 12 min. After cooling, the precipitate was collected by centrifugation at 9000 rpm for 25 min. The isolated solid was dispersed in milliQ water (20 mL) with sonication at 60 °C for 30 min. The collection of the solid by centrifugation followed by dispersion in milliQ water is repeated three time for efficient purification from free La 3+ , Tb 3+ and Eu 3+ in solution (Yield: 80-90%).

Characterization of nanoparticles a) Transmission Electron Microscopy (TEM)

TEM measurements were performed with a JEOL 2100F electron microscope operating at 200kV equipped with a GATAN GIF 200 electron imaging filter, coupled with energy dispersive X-ray (EDX) spectroscopy, with a point-to-point resolution of 0.23 nm.

Powder samples were dispersed in water and a drop of this suspension deposited on TEM grids.

The grid was prepared with a porous membrane covered by an amorphous carbon layer. These measurements were carried out at the IPCMS.

b) X-ray diffraction (XRD)

XRD patterns were recorded at room temperature using a Brucker D8 Advance diffractometer equipped with a monochromatic copper radiation source (Kα = 1.54056 Å) and a Sol-X detector in the 20-60° (2θ) range with a scan step of 0.02°. These measurements were carried out at the ICPEES.

c) Colloidal properties

The zeta potential and the hydrodynamic diameter were measured using V/cm applied electric field. Zeta potential is directly linked to the mobility of NPs according to the theory of Smoluchovski.

d) Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

NPs suspensions in milliQ water were dissolved by acidic attack. ICP-AES analyses were performed with a Varian 720-ES spectrometer equipped with a quartz Meinhard nebulizer and a cyclone spray chamber. The concentration was then determined by comparison with commercial standard samples. These measurements were carried out at "La plateforme d'Analyse des inorganiques" of the IPHC.

Synthesis of 2-hydroxyisophtalic acid a) Intermediate compound

Chemical Formula: C9H8O5

Molecular Weight: MW = 196.16 g.mol -1

A suspension of 2.6-dimethylanisole (5 mL, 36 mmol), potassium permanganate (35.2 g, 220 mmol) and potassium hydroxide (6.2 g, 110 mmol) in water (200 mL) was stirred at reflux (110°C) for 48h. The reaction mixture was cooled to room temperature. The solution was acidified to pH 7 with concentrated HCl and the solid was filtered off. The mixture was adjusted to pH 2 with concentrated HCl and the resulting precipitate was collected by filtration and washed with cold concentrated HCl.

1 H-NMR (300 MHz, D2O): δ 7.33 (d, J = 7.5 Hz, 2H), 7.17 (t, J = 7.5 Hz, 1H), 3,78 (s, 3H).

b) 2-hydroxyisophtalic acid

Chemical Formula: C8H6O5 Molecular Weight: MW = 182.13 g.mol -1

A suspension of 2-methoxyisophthalic acid (1 g) in 48% HBr/AcOH (20 mL) was heated at 120°C for 18h. The volatiles were removed under vacuum and the residue was purified by recrystallisation from methanol/water and dried to give a white powder with a 68% yield. 39 1H-NMR (300 MHz, D2O) : δ 7.48 (d, J = 7.5 Hz, 2H), 6.68 (t, J = 7.5 Hz, 1H).

c) NMR Spectroscopy

NMR spectra were recorded on a Bruker 300 MHz spectrometer. Chemical shifts are reported in ppm using non-deuterated residual solvents as reference. 40 The multiplicity of signals is

given for the 1 H NMR spectra (s: singulet, d: doublet, t: triplet) and the coupling constants J are given in Hertz (Hz). The data were analyzed with MestReNova software.

d) Elemental analysis

Elemental analyses were recorded on a Flash 200 of ThermoFischer Scientific. These measurements were carried out by the "Service d'analyses, de mesures physiques et de spectrosocpie optique" of the University of Strasbourg.

Spectroscopic measurements

UV/Vis absorption spectra were recorded on a Analytik Jena Specord spectrometer.

Steady-state excitation and emission spectra were recorded on an Edinburgh Instrument FLP920 spectrometer working with a continuous 450W Xe Lamp and a red sensitive photomultiplier in Peltier housing. All spectra were corrected for the instrumental functions.

Photoluminescence lifetimes were measured on the same instrument working in the Multi-Channel Spectroscopy (MCS) mode, using a Xenon flash lamp as the excitation source. Errors on lifetimes are estimated to ± 10%.

Time-resolved detection of excitation and emission spectra were recorded on a TECAN Spark microplate reader working with a high energy Xenon flash lamp. Measurements were done with a time delay of 50 µs and an integration time of 2 ms.

Titration of the nanoparticles

In a typical titration experiment, 20 µL of a solution of NPs at 5×10 -10 M in 0.05 M HEPES buffer at pH 7.0 were added in 16 wells of a 96-well non-binding Greiner microplate.

An increasing volume of a solution of ligand at 4×10 -5 M in the same buffer was added to these wells. The total volume in each well is completed to 200 µL with HEPES buffer. The microplate was agitated in a microplate shaker at room temperature for 10 min. The microplate was then readout on the microplate reader.

The excitation spectra were recorded at an emission of 545 nm for Tb or 691 nm for Eu, while the emission spectra were recorded at the maximal excitation. The excitation and emission bandwidth (20-5 nm), the gain (100), as well as the z-position (17500 µm) were kept constant in order to compare the different datasets. All spectra were recorded by time-resolved detection with a time delay of 50 µs and an integration time of 2 ms.

Introduction

In Chapter II, Ln-NPs were developed, and their dye-sensitization was successfully demonstrated, yielding ultrabright luminescence. The next step was to find an enzymatic reaction, where the resulting product can act as the sensitizer of these NPs. Four conditions are required for an efficient system.

➢

Appropriate enzyme selection: the selected enzyme must be convenient with antibody (or streptavidin) conjugation for the further ELISA application of the system.

➢

Efficient enzymatic conversion: the enzyme must provide high reaction yield of the desired product with minimal side products, and a high kinetic rate.

➢

Optimal reaction blank: the substrate of the enzymatic reaction must not be able to sensitize the NPs, so in absence of enzyme, no signal amplification must be detected.

➢

Efficient photosensitization: the formed product must acquire the ability to coordinate to the surface of the NPs and efficiently photosensitize the Ln ions.

Preliminary approach

In regard of the system requirements, the first intention was to emulate the strategies used in enzyme-amplified lanthanide luminescence (EALL). The methods developed for the determination of alkaline phosphatase enzyme (AP) using phosphorylated pre-antenna as a substrate showed interesting performance and great potential. 1 This approach is based on the liberation of the phenol group as shown in Figure 65, creating appropriate function for chelating lanthanide ions, while the aromatic moiety is supposed to efficiently sensitize them. Therefore, the idea was to find Tb or Eu sensitizers containing phenol groups, which when phosphorylated, can be applied as substrates in such system.

For that, several ligands were tested for the sensitization of Tb or Eu NPs. The candidates are presented in Figure 66, and their absorption and emission properties are summarized in Table 8. These ligands were selected based on their interesting coordinating structure, optical properties, and the reported ability of some of them to sensitize lanthanide ions. 2,3 After the study of the optical properties of these ligands, they were tested for the sensitization of Tb or Eu NPs at neutral and basic pH. Unfortunately, except of the 5-fluorosalicylate, all other ligands did not show any sensitization ability of the NPs. That can be related either to the poor coordination of such ligands to the NPs surface due to the relatively high pKa of the phenol groups, or to an energy mismatch of the ligand triplet state with the Ln emissive state.

For the salicylate derivative, the low pKa carboxylate group can improve the coordination capacity of this ligand as represented by the sensitization of Tb-NPs. A spectroscopic titration of La0.9Tb0.1F3 NPs was performed by the 5-fluorosalicylate in 0.05 M HEPES at pH 7.0.

Emission spectra are recorded with excitation at 340 nm, the maximum ligand excitation, and

shown in Figure 67a. The evolution of the integration of Tb emission band peaking at 545 nm is plotted as a function of the added ligand equivalents per NP in Figure 67b. The titration of La0.9Tb0.1F3 NPs showed an increase of Tb emission band proving the sensitization by the 5-fluorosalicylate. Surprisingly, the intensity kept increasing with ligand addition up to 100 000 ligands/NP without reaching a maximum which indicates that NPs did not reach the surface saturation even at very high ligands concentration. This superoxide was later shown to be involved in the conversion of the ferric form of the enzyme haem (Fe 3+ ) into the labile perferryl form (Fe 2+ -O2) designated as Compound III and generally considered as enzymatically inactive. 6 This latter containing Fe 2+ , one can imagine that it can act as a Fenton reagent in a manner similar to Fe 2+ -chelates, which results in the production of hydroxyl radicals (HO˙) from H2O2 as follows. 7

𝐹𝑒 2+ + 𝐻 2 𝑂 2 → 𝐹𝑒 3+ + 𝐻𝑂 • + 𝐻𝑂 -
This novel function of peroxidase has been then widely studied for its mechanism, the involved chemical species and the factors influencing its happening. 6 Figure 69: Reaction scheme describing the catalytic activity of peroxidase enzyme. 6 HO˙ radicals are highly reactive oxidants that nonspecifically attack most of the organic molecules. Aromatic compounds, which possess an ability to undergo HO˙ addition reaction yielding in highly fluorescent hydroxylated products have been used as chemical detectors of HO˙. These include phenol, benzoic acid, hydroxybenzoic acids, nitrophenols, coumarin and others. 8 Peterson et al. raised the level by reporting an effective strategy to monitor HO˙ formation by H2O2 photolysis using a Tb-complex and a pre-antenna. 9 The hydroxylated antenna formed by HO˙ attack to the pre-antenna, would coordinate and sensitize Tb ions.

Interestingly, six antennas were investigated including 2-hydroxyisophthalate.

These works were inspiring to combine the enzymatic production of HO˙ radicals with their detection by hydroxylation of a pre-antenna followed by Tb sensitization. As HRP fulfills the enzyme selection criteria, and 2-hydroxyisophthalate is proven as an efficient antenna for the synthesized La0.9Tb0.1F3 NPs, the aim is to study the efficiency of this enzymatic reaction to form the desired product as shown in Figure 70. In addition, different pre-antennas were investigated, and the performances of the developed system was fully evaluated. 

Antenna vs pre-antenna

This targeted detection method relies on a substantial difference in the sensitizing ability between the antenna and its corresponding non-hydroxylated analog. Therefore, it was essential to verify that no Tb sensitization occurs by the isophthalate (IP). A spectroscopic titration of La0.9Tb0.1F3 NPs is performed by the IP and compared to that with 2-hydroxyisophtalate (2-HIP) in 0.05 M HEPES at pH 7.0. Emission spectra are recorded with excitation at 325 nm and the evolution of the integration of Tb emission band peaking at 545 nm is plotted as a function of the added ligand equivalents per NP in Figure 71. 

2-HIP IP

The addition of IP to the La0.9Tb0.1F3 NPs shows no increase in Tb emission bands, compared to the 500 times amplification induced by 2-HIP sensitization. Thus, a detected Tb signal increase is specific to the hydroxylation of IP. This result validates IP/2-HIP pair as appropriate pre-antenna/antenna for the enzymatic reaction monitoring.

Enzymatic reaction

The HO˙-producing activity of HRP was demonstrated by the hydroxylation of IP. 500 µM of IP, 1 mM of H2O2 and 200 µM of NADH were incubated in microplate wells at room temperature under aerobic conditions, in 10 mM sodium citrate buffer pH 6.0, an optimal pH for this system. 8 The reaction was initiated by the addition of 0.2 µM HRP enzyme. The final volume of the reaction mixture was fixed to 200 µL in all the assays.

In the presence of H2O2, HRP catalyzes single electron oxidation of NADH through the peroxidative cycle involving Compounds I and II as follows.

𝐻𝑅𝑃 + 𝐻 2 𝑂 2 → 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼 + 𝐻 2 𝑂

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼 + 𝑁𝐴𝐷𝐻 → 𝑁𝐴𝐷˙+ 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼 + 𝑁𝐴𝐷𝐻 → 𝑁𝐴𝐷˙+ 𝐻𝑅𝑃

Under aerobic conditions, the oxidization product NAD˙ reacts with O2 to form a superoxide radical through the oxidative cycle as follows.

𝑁𝐴𝐷˙+ 𝑂 2 → 𝑁𝐴𝐷 + + 𝑂 2 -˙
The reductant O 2 -˙ is able to convert the haem group of HRP from the ferric form into the perferryl form as a Compound III.

𝐻𝑅𝑃 + 𝑂 2 -˙→ 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼𝐼

The interconversion of ferriperoxidase into Compound III was photometrically confirmed after Compound III acts as a Fenton reagent to mediate the generation of HO˙ radicals from H2O2.

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼𝐼 + 𝐻 2 𝑂 2 → 𝐻𝑅𝑃 + 𝐻𝑂˙+ 𝐻𝑂 -

These radicals are meant to exhibit the hydroxylation of IP. After a 1h of incubation, the fluorescence spectra of the reaction mixture in the presence and the absence of HRP were recorded with an excitation at 306 nm and compared to that of 2-HIP (Figure 73). In the absence of HRP, no emission was detected after the same duration due to the nonfluorescence of IP in these conditions. In the presence of the enzyme, the emission signal of the reaction mixture allows the identification of 2-HIP as a hydroxylation product of the reaction. However, the intensity of the formed 2-HIP corresponded to 10% yield of IP hydroxylation.

After identifying the desired product, it was important to evaluate the reaction kinetics. The formation of 2-HIP is monitored for 1h of reaction by measuring the emission intensity at 402 nm after an excitation at 306 nm as shown in Figure 74. The assay produced constant reaction kinetics for about 30 min then started to slow down. The formation of 2-HIP was dependent on the presence of native HRP. However, a low rate of hydroxylation was still observed if HRP was not added. That can be referred to a UV photolysis of H2O2, forming HO˙ radicals at low concentrations. 11 The yield and the kinetics of 2-HIP formation were not impressive, and that can be due to the formation of side products. The hydroxylation by HO˙ attack is nonspecific, but the charge or the lack of charge on the aromatic ring affects the position at which the substitution occurs.

The presence of two carboxylate groups on the IP aromatic ring allows various orientations of the hydroxylation and even multiple hydroxylations on the same ring. Buhler and Mason reported 6 different products for an HRP-catalysed benzoic acid hydroxylation. 8 That makes the IP susceptible to hydroxylation in all available o-, p-, and m-positions. 

Tb sensitization following the reaction

Before any further optimization, it was important to check the photosensitization of Tb-NPs by the enzymatically formed 2-HIP. After 1 hour of reaction, 2×10 -8 M of La0.9Tb0.1F3

NPs (20 µL) were added to the reaction mixture in presence and in absence of HRP. This concentration corresponds to 2500 antennas/NPs assuming a 10% yield of 2-HIP formation.

The TR-emission spectrum after an excitation at 325 nm was then recorded (Figure 75). Surprisingly, the enzymatic formation of 2-HIP did not lead to any increase in Tb emission intensity compared to that obtained when no reaction occurred. Moreover, even the synthetic 2-HIP did not show the usual efficient sensitization in these buffer conditions. These results called for further investigations of the effect of the medium on the Tb-NPs sensitization.

Effect of citrate on Tb sensitization

Often used for the preparation of water-soluble Ln-NPs, citrate is a very strong chelating agent due to the presence of three negatively charged carboxylate groups (Figure 76). Thus, it may be a serious competing anion for ligands to the NPs surface coordination. To investigate any competing effect of citrate on the 2-HIP sensitization of La0.9Tb0.1F3 NPs, different equivalents of citrate anions per ligand were added to 2×10 -8 M of 2-HIP capped NPs (2500 ligands/NP) at pH 6.0. The TR-emission spectra after an excitation at 325 nm were recorded and presented in Figure 77. On another hand, citrate and phosphate buffers were demonstrated to suppress NPs sensitization. 2-(N-morpholino)ethane sulfonic acid (MES) is used as a buffering agent in biology and biochemistry. It is chemically and enzymatically stable with minimal absorption in the UV-vis spectral range, and is also useful as a non-coordinating buffer. 14 MES buffer was then adopted for the next experiments.

Effect of H2O2 on Tb sensitization a) Quenching of Tb luminescence by H2O2

To evaluate the effect of the unreacted H2O2 on the 2-HIP sensitization of La0.9Tb0.1F3

NPs, different equivalents of H2O2 per ligand were added to 2×10 -8 M of 2-HIP capped NPs (2500 ligand/NP) at pH 6.0. The TR-emission spectra after an excitation at 325 nm were recorded and presented in Figure 78. Although Tb(III) has a highly positive reduction potential (E0 = + 3.1 V), but it can be oxidized to its tetravalent state via ozonolysis or electrolysis. 16 An oxidation of Tb(III) by H2O2, a powerful oxidizing agent, is not excluded. Tb(IV) does not give any emission and its presence in any host acts as a quenching center. 17 Thus, this significant quenching of Tb luminescence could be due to an oxidation by the excess of H2O2. This phenomenon must be further studied to demonstrate or deny this hypothesis. Anyway, this excess of H2O2 must be eliminated before the signal readout in order to obtain an optimal functioning of the system.

H2O2 is the simplest of peroxides, which slowly decomposes to oxygen and water with a release of heat when exposed to light, and rapidly in the presence of organic or reactive compounds. 18 To accelerate the decomposition of H2O2, an antioxidant is usually used.

2𝐻 2 𝑂 2 → 2 𝐻 2 𝑂 + 𝑂 2
Back to the developed assay, different compounds such as ascorbic acid and sodium iodide (NaI) were shown to be inefficient in these conditions. Ascorbic acid has been also found to interfere with the luminescence of NPs, while NaI appeared to be ineffective in recovering the luminescence of sensitized NPs. After several attempts using organic and inorganic compounds, Catalase enzyme was tested to remove the excess of H2O2.

b) Recovery of Tb luminescence by catalase

Catalase (CAT) is a common enzyme found in nearly all living organisms exposed to oxygen. 19 It is an antioxidant enzyme which catalyzes the decomposition of H2O2 into water and oxygen without requiring any activators as described in Figure 79. In addition, the TR-emission spectrum was recorded before and after CAT addition. The latter is also compared to the emission spectrum in absence of H2O2 quencher (Figure 81). CAT was shown to immediately recover almost 100% of the sensitized luminescence of Tb-NPs. 

Final enzymatic assay

The enzymatic reaction was performed in the same conditions mentioned in part 2.2, while replacing citrate with MES buffer. The enzymatic hydroxylation of IP was verified by monitoring the increase in the emission intensity of 2-HIP at 402 nm (inset Figure 82). After 1 hour of reaction, 5 µL of a 2 mg/mL solution of CAT were added, and the elimination of H2O2 was verified by the peroxide test strips. Finally, La0.9Tb0.1F3 NPs were added as described in part 2.3 and the TR-emission spectrum after the excitation of the antenna was recorded and presented in Figure 82. The emission spectra showed an increase of Tb emission bands following the enzymatic reaction. This turn-on ability can be expressed by the ratio of Tb emission after the HRPcatalyzed formation of the hydroxylated antenna to that obtained in absence of the enzyme.

The latter is relatively important due to low hydroxylation observed in the absence of HRP. At 0.2 µM of HRP enzyme, an amplification factor of 10 is obtained. Compared to the enzyme concentrations used in ELISA (pM), this detection needs further optimization.

Considering the estimated 10% yield of hydroxylation, the non-specific HO˙ attack must have involved several inactive side products which limited the formation of the 2-HIP antenna and consequently the sensitization of Tb-NPs. It is in this regard that the system can be improved. 

Effect of the pre-antenna

The attempt to improve the efficiency of the system consisted in the modification of the pre-antenna, trying to promote the final sensitization signal. To do so, two different IP-based candidates were selected for application in the enzymatic reaction. These are the trimesic acid and the 5-cyano isophthalic acid presented in Figure 83. These two pre-antennas were selected for different reasons. The trimesate antenna has an additional benefit of three equivalent primary reaction sites for HO˙ attack. 9 The reaction at either site results in the same product, which must increase the yield of antenna formation. On the other hand, the 5-cyano isophthalate has the benefit of the cyano group in p-position. This electron withdrawing group is intended to increase the energy transfer of the hydroxylated antenna to the NPs by lowering the triplet state level. 22 It also helps to decrease the pKa of the enzymatically-added hydroxyl group, which allows better coordination to the surface of the NPs. Thus, these investigated pre-antennas were selected to optimize the HO˙ response and maximize the relative sensitized luminescence intensity in comparison with IP.

Study of the sensitization

To study the pre-antenna/antenna pairs, it was essential to determine and compare the ability of each antenna to sensitize Tb-NPs under identical conditions. The standard hydroxylated analogs were synthesized in the laboratory by Dr Joan Goetz according to the procedure described in the literature. 23 Then, spectroscopic titrations of La0.9Tb0.1F3 NPs were performed with each antenna in 0.01 M MES at pH 6.0. First, an excitation spectrum after the addition of the different antennas was measured for an emission at 545 nm (Figure 84). The excitation spectra upon the addition of hydroxytrimesate or 5-cyano-2-hydroxyisophtalate show a very slight red shift of the maximal excitation in comparison with that obtained with 2hydroxyisophtalate. Keeping all experimental conditions constant, the titration of La0.9Tb0.1F3

NPs by these three antennas can be directly compared. Figure 85 shows the evolution of Tb emission band peaking at 545 nm as a function of the added equivalents per NP of each antenna. In terms of the sensitization efficiency, the hydroxytrimesate exhibits similar performance in comparison to the 2-hydroxyisophtalate. On the other hand, as expected, the 5-cyano-2hydroxyisophtalate shows better sensitization efficiency than the other two antennas with more than two times improvement.

Enzymatic assay

The enzymatic reaction was performed with the three pre-antennas following the final conditions. The hydroxylation of each pre-antenna was verified by monitoring the increase in the emission intensity of its hydroxylated form. Due to different brightnesses, the hydroxylation kinetics of the three compounds cannot be directly compared. However, the formation yield of each antenna was estimated based on the fluorescence of the synthesized standard compound.

After 1 hour of reaction, the formation yield of 5-cyano-2-hydroxyisophtalate was estimated at only 15%, but a little higher than that obtained with 2-hydroxyisophtalate at 10%. The cyano group in the pre-antenna occupies one primary reaction site for HO˙ attack which slightly increases the probability of hydroxylation between the two carboxylates. As for the hydroxytrimesate, a formation yield of 50% was estimated. As expected, the tricarboxylate preantenna provided three equivalent reaction sites for HO˙ attack, which resulted in higher formation yield of the desired antenna. The reaction was stopped after 1h by adding CAT, and the elimination of H2O2 was verified by the peroxide test strips. Finally, La0.9Tb0.1F3 NPs were added, and the TR-emission spectra after the excitation of each antenna was recorded (Figure 86). For each pre-antenna/antenna pair, the turn-on ability was determined as previously defined.

Note that the comparison between the pairs is possible because all experimental and spectroscopic parameters were kept constants for all pre-antenna/antenna pairs, and the same excitation wavelength was used for the pre-antenna and antenna in each pair.

The 5-cyano isophthalate provided 30-fold amplification of the Tb emission after the enzymatic hydroxylation compared to the 10-fold amplification obtained with the IP/2-HIP pair. In turn, the trimesate shows the best assay response with a 50-fold amplification of Tb emission through its hydroxylated analog.

The signal amplification at such enzyme concentration is still feeble for an application in ELISA. In regard of the hydroxylation process, no further optimization can be done as the trimesate showed both decent reactivity towards the formation of the desired antenna, and good sensitization efficiency of Tb-NPs. In addition, the increase of initial concentration of the preantenna did not help to improve the kinetics nor the yield of the hydroxylation. It means that these latters are limited by the enzymatic HO˙ radicals generation process. Therefore, further attempts were done trying to improve this step. 

Reaction kinetics study

Effect of pH

HRP enzyme is most stable in the pH range of 5.0 to 9.0, while the general optimal activity of the enzyme is in the pH range of 6.0 to 6.5. 24 However, this optimal pH can vary depending on the type and the form of HRP, as well as the substrate and the mechanism of the catalyzed transformation.

In order to investigate the effect of pH on the HRP-catalyzed production of HO˙ radicals, the reaction was performed at different pH in the range of 5.0 to 7.0. The HO˙ formation is monitored following the hydroxylation of the trimesate, by measuring the fluorescence of the hydroxylated compound for 1h of reaction (λexc = 310 nm, λem = 405 nm). The kinetic curves at different pH are shown in Figure 87. The results show that the best reaction kinetics occurs at pH 6.0, in agreement with the literature observations. 6 At higher or lower pH, the hydroxylation of trimesate significantly decreased. As described in part 2.2, the HO˙ formation catalyzed by HRP involves multiple steps and enzymatic cycles all the way to the formation of the compound III responsible of HO˙ formation. The optimal pH for each step could vary depending on the reaction mechanism and the enzyme form involved, notably that of the enzyme haem. 25 Therefore pH 6.0 is identified as the apparent optimal pH of the entire transformation, including the hydroxylation of the aromatic compound used for detection.

Effect of the temperature

Trying to enhance the kinetics of the reaction, this was studied at higher temperature (32°C) and compared to that previously performed at room temperature. The kinetics of trimesate hydroxylation at different temperatures are presented in Figure 88, showing that the rate of trimesate hydroxylation was slightly higher at increased temperature. The attempts to optimize the HO˙ formation did not bring significant improvements, and the final amplification factor of 65 seems to be the best this reaction can provide at this level of enzyme concentration. A reaction temperature higher than 32°C leads to the decomposition of H2O2 and results in lower reaction rate, 25 while extending the reaction for more than 1 hour is not ideal for a further application in ELISA.

The main limitation of this enzymatic HO˙ formation consisted in the multistep mechanism involving different species. In this complex system, competitive reactions could alter the process of HO˙ formation. Miura reported that beside initiating the formation of HO˙ radicals, compound III can also be re-oxidized to compound II by H2O2 as follows. 26

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼𝐼 + 𝐻 2 𝑂 2 → 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼 + 𝑂 2 + 𝐻 2 𝑂
This competitive pathway can be a reason of a low efficiency of HO˙ formation. In addition, it is a way of H2O2 consumption which decreases its availability for HO˙ production, and that justifies the high initial concentration of H2O2 needed for this reaction to occur. Indeed, further increase of the initial H2O2 concentration is able to enhance this reaction. Unfortunately, an additional increase of H2O2 is found to initiate the hydroxylation of the pre-antenna even in absence of the enzyme, thus significantly increasing the blank of the method. That could be related to the UV photolysis of H2O2 at high concentrations, forming HO˙ radicals. 

Conclusion

In this chapter, the aim was to develop an enzymatic reaction, where the resulting product can act as an efficient sensitizer of the Ln-NPs developed in chapter II. In this regard, several ligands were tested for the sensitization of these NPs, but none brought better performance than the typical 2-hydroxyisophthalate. Therefore, the approach described in this chapter consisted in developing an enzymatic way to form this antenna.

The enzymatic reaction involving the hydroxylation of isophthalate through the generation of HO˙ radicals by HRP was fully studied. The best conditions of buffer, pH, and temperature were applied for an optimal reaction. In addition, the sensitization of the Tb-NPs by the formed product was evaluated. Notably, H2O2 was found to significantly quench the Ln luminescence.

Thus, a critical step for the elimination of excess H2O2 by CAT was added to the system.

For an optimal exploitation of HO˙ formation, different IP derivatives pre-antennas were investigated. The trimesate provided an improved formation yield of the desired antenna. At 0.2 µM of HRP and under optimized conditions, this method provided 65 times amplification of Tb emission upon the hydroxylation of trimesate. Compared to the working concentration range in ELISA (pM), this signal is feeble for an application in such immunoassay.

Although some examples in the literature, HRP may be used to some extent in catalyzing hydroxylation reactions, but it is clearly not the preferential to catalyze this kind of reaction.

The multistep mechanism is susceptible to competitive reactions altering the species involved in the formations of HO˙ radicals, resulting in a slow kinetics and low yield of the reaction.

One proceeding was proved to effectively boost the formation of HO˙ radicals, consisting in an exaggerated increase of H2O2 concentration. Unfortunately, this increase causes the hydroxylation of the pre-antenna in absence of the enzyme, potentially due to H2O2 photolysis.

Thus, the reaction must be performed in the dark. Moreover, a high H2O2 concentration means more quenching, and the elimination of this excess by CAT must be investigated.

ELISA is mainly characterized by its simplicity and practicality. As for the complexity of this developed system and the relatively weak response, this approach was put on standby, and a totally different approach was adopted. The latter consisted in starting by a simple and efficient well known enzymatic reaction, then set it for an effective sensitization of the NPs. This approach will be described and evaluated in Chapter IV.

Experimental part 7.1. Reagents

Isophthalic acid 99%, 5-cyanoisophtalic acid 95% and trimesic acid 95% pre-antennas were purchased from Sigma. The corresponding antennas were synthesized according to the procedure described in the literature. The synthesis of 2-hydroxyisophthalic acid is detailed in

Chapter II, while the other 2 antennas were synthesized in the laboratory by Dr Joan Goetz. 23 Horseradish peroxidase powder (type VI, 250 Units/mg) and Bovine liver Catalase powder (2000-5000 Units/mg) were purchased at high quality level from Sigma. Hydrogen peroxide 30%, NADH powder (grade II) and all buffers are also purchased from Sigma.

MQuant® semi quantitative colorimetric peroxide test strips, 0.5-100 mg/L (H2O2) were purchased from Sigma at quality level 100.

La0.9Tb0.1F3 NPs were synthesized according to the procedure described in Chapter II. Freshly diluted solutions were prepared in the desired buffer from the stock solution. Other products were purchased from Acros, Alfa Aesar, fluorochem.

Spectroscopic measurements

UV/vis absorption spectra were recorded on a Analytik Jena Specord spectrometer.

Steady-state excitation and emission spectra of the tested ligands were recorded on an Edinburgh Instrument FLP920 spectrometer working with a continuous 450W Xe Lamp and a red sensitive photomultiplier in Peltier housing. All spectra were corrected for the instrumental functions.

For the enzymatic assay, the fluorescence measurement of the ligands and time-resolved photomuminescence of Tb-NPs were recorded on a TECAN Spark microplate reader working with a high energy Xenon flash lamp. TR measurements were done with a time delay of 50 µs and an integration time of 2 ms.

Enzymatic assays

All enzymatic assays were performed in 96-well non-binding Greiner microplate. 500 µM of the pre-antenna (isophthalate, trimesate or 5-cyanoisophtalate), 1 mM of H2O2 and 200 µM of NADH were incubated in microplate wells under aerobic conditions in 10 mM of buffer at pH 6.0. Tested buffers include citrate, phosphate, HEPES, Tris and MES prepared in Milli-Q water and adjusted to pH 6.0 (except where stated otherwise) by 1 M HCl or NaOH addition.

The reaction was normally initiated by the addition of 0.2 µM of HRP enzyme. The final volume in the wells was fixed at 200 µL in all assays. The microplate was agitated in a microplate shaker (400 rpm) at room temperature (except where stated otherwise) for 1 hour.

For kinetics studies, the microplate was instead agitated in the TECAN incubator and the increase in fluorescence (excitation 306 nm, emission 402 nm), mainly resulting from the formation of 2-hydroxylated antenna, was recorded every 2 or 5 min for 1 hour of reaction.

When noted, 0.05 mg/mL of CAT were introduced to the mixture, and the elimination of H2O2 was verified by colorimetric peroxide test strips before the addition of the NPs. Finally, 2×10 - 8 M of La0.9Tb0.1F3 NPs were added to the reaction mixture, and the microplate was agitated for 5 mins before the spectroscopic measurements on the microplate reader. All experiments were repeated at least three times with no significant variation.

The excitation spectra were recorded at an emission of 545 nm of Tb, while the emission spectra were recorded at the maximal excitation. The excitation and emission bandwidths, the gain, as well as the z-position were kept constant in order to compare the different datasets. All Tb photoluminescence spectra were recorded by time-resolved detection with a time delay of 50 µs and an integration time of 2 ms.

Introduction

In Chapter III, an enzymatic reaction for the formation of a Tb-NPs sensitizer was developed and studied. This approach suffered from low conversion yield with slow reaction kinetics. In this chapter, a different approach was adopted. It consists in starting from a wellknown efficient enzymatic reaction, then optimizing the settings in order to form an efficient antenna. In addition to a high conversion rate, the reaction must also be selected based on its ability to form a fluorophore with potential coordination and Ln sensitization.

As described in Chapter III, HRP enzyme has versatile catalytic activity involving different successive enzymatic forms and reactive cycles. 1 However, the peroxidative cycle remains the fundamental catalytic activity of this enzyme, in which it catalyzes the oxidation of diverse hydrogen donor substrates in presence of H2O2. This enzymatic reaction is characterized by mild operation conditions and effectiveness over a wide range of pH, temperatures and substrate concentrations, which is highly needed in this research. 2 Phenols are hydrogen donor compounds thanks to the polar hydrogen atom bonded to the strongly electronegative oxygen. Therefore, phenols were widely studied for their oxidation by HRP enzyme as described in Figure 90. In this peroxidative cycle, the native HRP binds H2O2 to form an extremely short-lived complex (Fe(III)-HO-OH) that is heterolytically cleaved between the oxygen atoms resulting in a water molecule expulsion and the formation of an oxo-ferryl (Fe(IV)=O) named compound I.

𝐻𝑅𝑃 + 𝐻 2 𝑂 2 → 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼 + 𝐻 2 𝑂
Compound I can mediate the dehydrogenation of a first phenolic molecule to give a phenoxyl radical and Compound II.

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼 + 𝑃ℎ𝑂𝐻 → 𝑃ℎ𝑂˙+ 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼

The latter is also an oxo-ferryl which can react with a second substrate forming a second phenoxyl radical while regenerating the native HRP by liberating a second water molecule.

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼 + 𝑃ℎ𝑂𝐻 → 𝑃ℎ𝑂˙+ 𝐻𝑅𝑃 + 𝐻 2 𝑂

In summary, within a typical cycle, two substrate molecules are oxidized by one-electron abstraction while one molecule of H2O2 is consumed, and two H2O molecules are produced.

2𝑃ℎ𝑂𝐻 + 𝐻 2 𝑂 2 𝐻𝑅𝑃 → 2𝑃ℎ𝑂˙+ 2𝐻 2 𝑂
The formed phenoxyl radicals and their resonant forms are very reactive and can undergo further nonenzymic reactions generating various dimeric, trimeric or oligomeric structures. 5 Danner et al. reported that the only product of phenol oxidation by HRP was o,o'-biphenol. 6 Later, Yu et al. identified different products of this oxidation using TLC and column chromatography. 7 Figure 91 shows the products of phenol oxidation in mild conditions. This reaction was then widely studied and used in phenol derivatives removal, 8 as well as in enzymatic polymer synthesis offering interesting advantages over conventional methods. 9 The broad substrate specificity of this reaction allows to modify the substrate to orientate the formed product towards the desired application. Back to the scope of this work, the o,o'-biphenol attracted the attention for its promising structure for Ln coordination. Therefore, the modification should promote the formation of the o,o'-biphenol and the suppression of other dimers, while the formed dimer should be a fluorophore with the ability to sensitize Ln-NPs.

This reaction was actually applied in enzyme-amplified lanthanide luminescence (EALL), using para-substituted phenol substrates to sensitize Tb complexes. 10 This method provided promising results but suffered from the high EDTA concentrations required to avoid the precipitation of Ln hydroxide at alkaline pH, which limited the sensitivity of the method.

Using the synthesized stable Ln-NPs, with further optimization of the phenol substrate, the reaction conditions, and the sensitization process seems promising to overcome this limitation and improve the performance of this assay. In this chapter, an enzymatic assay using HRP was developed, in which the dimerization product of a phenol compound can coordinate to Ln-NPs and sensitize Ln ions. This method was then implanted in ELISA set up in commercially available kit, and its detection performance was evaluated in terms of sensitivity.

Oxidation of phenols by HRP

Sensitization of Tb-NPs by the oxidation product

The first step in this work was to verify the feasibility of this method by investigating the sensitization of Ln-NPs following the oxidation of a phenol substrate by HRP. Zheng et al.

were the first to demonstrate that the dimerization product of p-hydroxypbenzoic acid (HBA) can form a ternary complex with Tb(III)EDTA and sensitize Tb ions. 11 To verify the ability of the formed dimer to sensitize Tb-NPs, the oxidation of HBA was executed under relatively high enzyme concentrations for a high substrate conversion. 1 mM of substrate was incubated in microplate wells with 0.5 mM of H2O2 in 10 mM Tris buffer pH 7.0 at room temperature. The reaction was initiated by the addition of 10 -9 M of HRP enzyme, and the microplate was agitated for 1 h. The final volume of the reaction mixture was fixed to 200 µL in all the assays. The reaction was then stopped by adding 5 µL of a 2 mg/mL solution of catalase enzyme (CAT), to eliminate the excess of H2O2 from the reaction mixture.

Finally, 2×10 -8 M of La0.9Tb0.1F3 NPs (20 µL) were added and the mixture was agitated for additional 5 min. The process of the assay is illustrated in Figure 92. 

Emission

In an unsubstituted o,o′-biphenol, the first pKa is at 7.6 while the second pKa is around 13. 12 Compared to the pKa of a phenol at 10, this splitting can be attributed to a stabilizing intramolecular hydrogen bond between -O -and -OH in the monoprotonated o,o′-biphenol.

Increasing the pH results in the deprotonation of both phenols, which helps the coordination of the dimer at the surface of NPs and allows the sensitization to occur.

With an excitation at 320 nm, maximum excitation for an emission at 545 nm (inset Figure 93), the intensity of Tb emission increased with NaOH addition to reach a maximum at around pH 13, then slightly decreased and remained stable. This decrease can be explained by the competition of HO -ions abundantly present at high pH with the dimer molecules for the coordination on the surface of NPs.

In the absence of HRP, no increase of Tb emission was observed even after increasing the pH as shown in Figure 94. That demonstrates that the dimerization is only mediated by the enzymatic activity of HRP, and that the phenol substrate is unable to sensitize Tb-NPs in these conditions. The enzymatic dimerization of HBA provided 100-fold amplification of Tb emission after a 1 h reaction under unoptimized conditions but with relatively high enzyme concentration. These results demonstrated that this enzymatic reaction is able to transform an inactive substrate into an efficient sensitizer of the NPs, meeting the fundamental requirement of the system and opening the door for potential optimizations. 

Effect of the substrate

As for this enzymatic reaction, the substrate selection is an important parameter influencing the performance of the assay. One strict obligation is required in the substrate to be eligible for this kind of application. A substitution in para position of the phenol is mandatory to avoid the formation of inactive products and to direct the reaction towards the formation of the o,o-dimer, the best candidate for Ln coordination.

Actually, the p-substituent plays a crucial role in determining the major properties of the dimerization product. It influences the solubility of the formed dimer in water depending on the polarity of the substituent, and directly affects the pKa of the phenol group, slightly higher with electron-donating substituents and significantly lower with electron-withdrawing substituents. 12 More importantly, it determines the fluorescence capacity of the oxidation product as well as its ability to sensitize specific Ln ions. 13 To investigate the influence of this p-substituent on the performance of the assay, 12 substrates were subject to the oxidation by HRP followed by testing a potential sensitization of Tb-NPs.

Substrates were p-substituted phenols with different functional groups as shown in Figure 95.

This list of p-substituents is intended to cover different steric and electronic properties to evaluate the behavior of the substrate in different environments. For each substrate, 1 mM were incubated in microplate wells with 0.5 mM of H2O2 at pH 7.0, and the reaction was initiated by the addition of 10 -9 M of HRP enzyme. After 1 h of reaction, CAT was added to the mixture, followed by the introduction of 2×10 -8 M La0.9Tb0.1F3 NPs, and the pH was increased to 13. Finally, the TR-emission spectra were measured with respect to the maximum excitation determined for an emission at 545 nm in each well. Figure 96a shows the TR-emission spectra of Tb with the substrates presenting the most interesting results, and 96b shows the turn-on amplification factor obtained with all tested substrates.

The substrates with substituents containing a carboxylic acid group (1, 2 and 3) were reported in the literature for an enzyme amplified lanthanide luminescence. However, a disagreement was noticed in terms of the functioning of these different substrates. After Zheng et al. reported that the oxidation of HBA (1) can be used to sensitize Tb-complexes, they claimed that substrates like p-hydroxyphenylacetic acid (2) and p-hydroxyphenylpropionic acid (3) did not induce any sensitization of Tb emission. 11 They concluded that the complexing site with Tb 3+

was the carboxyl group, not the phenol group in the oxidation product, and one or two methylene groups between the phenol and carboxyl groups inhibit the dimer to form a fluorescent complex with Tb 3+ because of ring instability. Three years later, Meyer and Karst contradicted that conclusion and demonstrated that HPPA can be efficiently used to sensitize Tb luminescence after HRP-catalyzed dimerization. As a carboxyl group is not needed for the coordination to happen, the methyl 4-hydroxyphenyl acetate (4) was tested as a protected version with a methyl ester group. The oxidation of this substrate provided a drastic enhancement of Tb emission with a factor of 1200. It was hypothesized that the protection of 2 negatively charged carboxyl groups prevents the attraction to the NPs from this side and favors the coordination of the dimer through the phenolic groups.

This also protects the reactive carboxyl group from any side reaction, such as its oxidation to a carboxylic radical followed by addition to the meso-position as proposed by Huang et al. 16 An analogous substrate (5) with an amide group was proposed to provide better stability than the ester group at high pH. Unfortunately the oxidation of this substrate did not offer the same Tb emission amplification and settled for a factor of 600. As the fluorescent aromatic moiety of this substrate was not modified compared to substrate (4), a significant variation of the antenna triplet state is not expected. Therefore, this 2 times reduction in the sensitization efficiency is not completely related to the spectroscopic properties of these antennas but may be due to the formation yield of each one of them following the enzymatic oxidation. The NH group of the amide acts as a hydrogen donor and can be more or less reactive to HRP oxidation conducting to side products altering the formation yield of the sensitizer. This hypothesis was strengthened by the results obtained with substrate (6), containing an amine group. Despite that the obtained dimer has approximately the same spectroscopic properties as the carboxylic acid analogous, 13 no sensitization of Tb emission was observed at all. On another hand, different substrates were selected to investigate any effect of electronwithdrawing (7,8) or donating (9,10) substituents on the performance of the assay. The lack of a turn-on ability following the enzymatic activity can be due to an inhibition of the reaction, as the elimination of the methylene group in the side chain was demonstrated to decrease the rate of oxidation. 13 Otherwise, electron-donating and withdrawing substituents by mesomeric effect can modify the π-electrons delocalization of the aromatic moiety which significantly alters the triplet state of the formed dimer. This can either increase the energy gap with the Tb emissive state, inhibiting the transfer, or reduce this gap resulting in back transfer to the ligand.

Finally, substrates 11 and 12 with only carbon chain substituents were also evaluated. The pisopropylphenol showed only 20-fold enhancement of Tb emission upon HRP oxidation, while p-tert-butylphenol, showed even weaker efficiency with a factor of 10. These substrates already suffer from low solubility in water, and the dimerization of such substrate leads to the formation of a dimer with even lower solubility that risks to precipitate. 7 Among all these substrates, the methyl 4-hydroxyphenyl acetate (MHPA) highlighted the best performance in this enzymatic assay, showing very promising turn-on ability. Regarding the selection of the substrate, further studies can be done involving additional substituents in ortho or meta positions. The enzymatic dimerization of phenol derivatives is known to be chemoselective when several reactive groups are present on the phenol derivative. 17 suggested that the reaction rate was higher when para and meta substituted phenols were used as substrates. 18 However, some substituents can cause side reactions that result in nonfluorescent products or fluorescent products at higher wavelength, which become incompatible with Tb sensitization. 13 

Oxidation of the MHPA by HRP

Spectral properties of the dimer

After the selection of the substrate, it was important to study the oxidation process. In a first step, the formed dimer was studied for its spectral properties. Figure 97 shows the excitation and emission spectra of the reaction mixture after 1 h in presence of HRP enzyme. The oxidation product has shown the maximum excitation and emission at 290 and 402 nm, respectively. The resultant Stokes shift is large enough that the respective excitation and emission bands do not overlap. This will prevent energy loss by self-absorption and subsequently allows optimal transfer to Tb 3+ ions when capping the NPs. 

Reaction kinetics

The spectral properties determined allows monitoring the dimer formation during the reaction. To study the kinetics of this oxidation, the reaction was performed under milder enzyme concentration at 10 -10 M. Figure 98 shows the emission intensity at 402 nm after an excitation at 290 nm as a function of the reaction time. This reaction kinetics show a dimer formation slowing down in the time.

One of the major issues that disrupt the process of the reaction is the enzyme inactivation. This inactivation results from the return of a free radical to the active site, blocking that site and preventing further catalysis as suggested by Klibanov et al. 19 Alternatively, Nakamoto and Machida proposed that the inactivation was a result of end-product adsorption on the enzyme, blocking substrate access to the active site. 20 Recently, Feng et al. have shown that this phenomenon is not an inactivation, but rather an immobilization of the enzyme in a form with lower specific activity which can be the reason of the decrease of the reaction rate over time. 21 The formation of the dimer was strictly dependent on the presence of HRP enzyme in the reaction mixture as no increase of intensity was observed if HRP was not added. At this average enzyme concentration, and under unoptimized reaction conditions, a decent rate of dimerization is still observed. This result is promising in terms of sensitivity of this approach, opening up for further optimizations. 

. Effect of pH

In the last decades, the HRP catalyzed oxidation of phenols was widely studied, where several works agreed that an optimal reaction occurs over the pH range of 6.5-8.5. 22 However, the HRP iron haem involved in this reaction is very sensitive to the pH of the media. A variation of the pH can change both the activity and the selectivity of this active site of HRP enzyme.

The effect of pH on MHPA oxidation was investigated in the range of 3.5-8.5 using 2 different types of buffer solutions. The pH range from 3.5 to 6.5 was obtained using a buffer solution of succinic acid 10 mM, while pH 7.0 to 8.5 was obtained using a 10 mM TRIS buffer solution.

The reactions were conducted with 10 -10 M HRP under identical conditions, with the only variation being in the pH of the media. After 1 h of reaction, all wells were brought at pH 7.0 followed by measuring the emission intensity at 402 nm after an excitation at 290 nm. The results of this study are shown in Figure 99.

Surprisingly, the highest formation of the dimer occurred at pH 4.6. At higher and lower pH, a significant decrease of dimer formation was observed. As no variables are interfering with the enzymatic reaction, this result can be only related to the functioning nature of HRP enzyme. Actually, different commercial preparations of the peroxidase from horseradish plant can confer different properties of this enzyme. 23 One notable difference between HRP types involves the isoelectric point (pI) as the Sigma preparations II, VI, VI-A and XII seemed to contain isoenzymes with a pI of 3.5-4.2, while type I contained predominantly isoenzymes with a pI of 5. 25 HRP from different suppliers can also contain more basic isoenzymes. Isoenzymes are multiple forms of the enzyme that differ in the amino acid sequence. These differences can be the source of modification of the optimal pH for a given reaction. In addition, an oxidation of several substrates by HRP was reported at acidic pH including guaiacol, 3,3′,5,5′-Tetramethylbenzidine (TMB) and others. 26

Effect of H2O2 concentration

The ratio of H2O2 to HRP has been found to be a crucial parameter for the phenol oxidation efficiency. While a lack of H2O2 during the reaction limits the reaction rate, an excess H2O2 behaves as a typical suicide substrate of HRP enzyme. 27 In the presence of excess H2O2, other cycles of HRP can be triggered, where HRP is converted to Compound III as described in Chapter III, which slows down the peroxidase cycle responsible of phenol oxidation. 28 This phenomenon was investigated by monitoring the reaction kinetics at H2O2 concentrations in the range of 0.1-2 mM, while maintaining MHPA and HRP concentrations at 1 mM and 10 -10 M respectively, in 10 mM succinic acid buffer at pH 4.6. Figure 100 shows the emission intensity at 402 nm after an excitation at 290 nm as a function of the reaction time. In the range of 0.1-0.2 mM, the rate of the reaction increased with H2O2 concentration. At concentrations ≥ 0.5 mM, the reaction started to slow down, highlighting the effect of excess H2O2 on the deactivation of the HRP enzyme.

This study dealt with the effect of the initial H2O2 concentration on the rate of the reaction.

However, Wu et al. reported that the instantaneous relative amounts of H2O2 and HRP during the reaction is crucial to the enzymatic reaction. 29 A batch and semi-batch additions of a fixed total amount of H2O2 can result in different instantaneous H2O2 concentrations in the media and can therefore affect the efficiency of the oxidation. This effect was explored by comparing the efficiency of dimer formation after different addition modes of 0.2 mM H2O2 (Table 10). Figure 101 shows the emission spectra of the formed dimer with excitation at 290 nm, after 1 h of reaction by three different H2O2 addition modes. The semi-batch addition mode of H2O2 was demonstrated to slightly improve the efficiency of the dimerization by optimizing the instantaneous relative amounts of H2O2. This process can be used for applications at high enzyme concentrations, where the effect of the semi-batch addition can be significant. Herein, at low enzyme concentrations, the improvement brought seemed not worth adding an extra step to the assay, especially for practical reasons when further applied in ELISA. 

Effect of substrate concentration

The concentration of the substrate also has an effect on the efficiency of the assay. Other than the effect on the reaction rate, this concentration is important to harvest an optimal capping of the NPs by the oxidation product. An optimal substrate concentration involves the highest reaction rate, while the formed dimer should not lead to the saturation of the NPs to ensure a sensitization signal accurately proportional to the amount of formed dimer. Therefore, the substrate concentration is limited by the maximal concentration of NPs that can be introduced in the assay while maintaining their dispersibility and luminescence properties.

In order to investigate this effect, the assay was evaluated at MHPA concentrations ranging from 0.5 to 5 mM, while maintaining H2O2 and HRP concentrations at 0.2 mM and 10 -10 M respectively. After 1 h of reaction at pH 4.6, the emission of the formed dimer was measured at 402 nm after an excitation at 290 nm. CAT was then added to the mixture, followed by the introduction of 2×10 -8 M La0.9Tb0.1F3 NPs, and the pH was increased to 13. The emission of Tb was then measured at 545 nm after an excitation at 320 nm. The variation of the fluorescence of the formed dimer as a function of MHPA concentration and the corresponding Tb photoluminescence are shown in Figure 102. In the range of 0.5-2 mM, the formed amount of dimer increased with the augmentation of MHPA concentration, inducing higher coverage of the NPs and stronger sensitization of Tb emission. The concentration of the substrate seemed less effective on the reaction efficiency at > 2 mM, where the increase of the dimer fluorescence is less significant. At the same time, a high decrease of Tb emission intensity was observed.

Increasing the substrate concentration and obtaining a similar conversion yield means that the excess of unreacted substrate is more important, and the substrate/dimer ratio significantly increases. With a pKa around 10, MHPA is deprotonated at the final pH of the assay and can strongly compete for the coordination on the NPs surface at a high substrate/dimer ratio.

Effect of the temperature

After finding the optimal pH and concentration conditions of the reaction, the effect of the temperature on the reaction kinetics was investigated. 2 mM MHPA and 0.2 mM H2O2 were incubated with 10 -10 M of HRP at pH 4.6. The reaction was performed at 23 °C (room temperature) and at 37°C. The kinetics of dimer formation at different temperatures are presented in Figure 103a, showing that the reaction rate was higher at increased temperature. After 1 h, CAT was added to the mixture, followed by the introduction of 2×10 -8 M La0.9Tb0.1F3

NPs, and the pH was increased to 13. The TR-emission spectra were then measured for an excitation at 320 nm (Figure 103b). A higher reaction rate provided better yield of dimer formation after 1 h of reaction, resulting in stronger sensitization of Tb-NPs.

Increasing the temperature of the reaction was demonstrated to enhance the final signal of the assay. However, this process suffered from a practical drawback. When incubated, the microplate is covered by a plate sealer, which is exposed to water vapor due to the heating at 37°C. When the sealer is removed for the addition of CAT, NPs and NaOH, the vapor condensed on the sealer is lost. That presents a risk of cross contamination, as well as a poor reproducibility of the assay. Thus, as long as the assay is manually performed, room temperature has been considered the better option for accurate results.

Monitoring of the reaction by HPLC-UV

The work described above focused on the analytical performance of the assay by optimizing the efficiency of the enzymatic reaction and the final sensitization signal. Before the final evaluation of the sensitivity of this assay, it was important to investigate the reaction on a deeper level to better understand the system and to inspect any further optimization.

Synthesis of the MHPA-dimer

In order to have a reference for the MHPA-dimer, the main potential product of the enzymatic reaction, it was useful to synthesize and purify this compound. An enzymatic synthesis on a large scale seemed to be ineffective as at harsh conditions of HRP and H2O2 concentrations, the formed dimer is unstable and can undergo further transformations. Figure 104 shows the kinetics of dimer formation at 2 mM MHPA, 1 mM H2O2 and 10 -8 M HRP.

The fluorescence intensity of the formed dimer reached a maximum after a 1 min reaction time then sharply dropped 60% over the next 10 min. Two potential pathways were suggested for this dimer transformation. The first involves a further polymerization of the formed dimer by acting as a substrate of the same enzymatic reaction. However, Yu et al. demonstrated that an o,o-biphenol have a very weak specific reaction rate for an oxidation by HRP due to the stabilizing effect of the intramolecular hydrogen bond. 7 They claimed that predominant polymerization bonds in the products may be the oxygen-para connection whereas an orthoortho connection would hardly be found in the higher oligomers. The second pathway involves the activation of the hydroxylic HRP cycle described in detail in Chapter III at these harsh reaction conditions. The implication of Compound III could lead to the generation of HO˙ able to attack the aromatic cycles of the dimer and modify its spectroscopic properties. 30 As this enzymatic synthesis was ineffective at larger scale, the desired dimer was organically synthesized according to the patent of Mainstein et al. 31 The synthesis consisted in a biomimetic iron(III)-catalyzed solid-phase coupling reaction, inspired by the metalloenzymatical production of specific metabolites in plants. 32 The oxidative coupling of MHPA using iron(III)

as the catalyst results in the formation of a C-C bond as shown in Figure 105. In a first step, the silica-supported Fe(III) catalyst was prepared by wetness impregnation technique. 33 Silica gel was stirred with a solution of FeCl3 in diethyl ether and methanol.

Solvents were then removed, and the obtained yellow solid was stirred for 18 h under vacuum at 55°C. Silica support is intended to improve the performance of heterogeneous ironcontaining catalysts. The dispersion of Fe within the silica might prevent its aggregating into clusters, improving the number of the active surface sites and the proximity to the reactant. 34 The second step consists in adding the MHPA in solution to the prepared solid catalyst. After thorough mixing, the solvent was evaporated, and the solid-phase coupling reaction was achieved under vacuum at 60°C. The mixture was then dissolved in methanol and the silica was filtrated. The product was finally purified by silica gel chromatography to obtain the final dimer with a 30% yield. The resulting dimer has been characterized by 1 H NMR. Compared to the 60% yield reported for this reaction, the loss can be related to the silica filtration step, that was repeated several times to isolate the product.

Identification of the reaction products

The enzymatic MHPA oxidation was studied by HPLC-UV under the conditions that yielded the higher reaction rate and the best signal amplification of Tb emission. 2 mM MHPA and 0.2 mM H2O2 were incubated with 10 -10 M of HRP at pH 4.6. After 1h, a reaction mixture sample was analyzed by HPLC using a C18 reversed phase column with a diode array detector (DAD) detector. The elution conditions were determined for an optimal separation and detection (λabs = 220 nm) of the mixture constituents using milliQ water and acetonitrile (ACN) as mobile phases. The resulting chromatogram was compared to those of the reaction mixture in absence of HRP, and the synthesized dimer as shown in Figure 106.

Compounds eluted at 2.7 min include H2O2 and succinic acid buffer (reaction buffer). The Further attempts were made to identify the second product by mass spectrometry (MS).

Unfortunately, MALDI-MS analysis resulted in lot of fragmentation, while ESI-MS was unable to ionize this compound. Therefore, this product remained unidentified, but the polarity information suggests that it may be a trimer resulting of a further oxidation of the o,o-dimer.

A major limitation of this reaction consists in the weak conversion yield of MHPA in these conditions. However, these conditions are required to maintain an optimal environment for a maximal formation of the desired compound. This excess of MHPA can compete with the formed dimer for the coordination on the surface of NPs in the next step of the assay representing one of the main limitations of this method.

Calibration of the assay

After understanding the enzymatic system and optimizing the conditions for an efficient formation of the antenna and maximal sensitization of Tb-NPs, it was essential to evaluate the final performance of the assay. The dependance of the final response on the enzyme concentration was investigated by establishing the corresponding calibration curve. The developed method was tested on a large range of HRP concentrations between 0.2 and 100 pM under optimized conditions. 2 mM MHPA were incubated in microplate wells with 0.2 mM H2O2 in 10 mM succinic acid buffer at pH 4.6. Different concentrations of HRP were introduced to initiate the reaction, and for each concentration, 3 replicates were executed. After 1 h, CAT was added to the mixture, followed by the introduction of 2×10 -8 M La0.9Tb0.1F3 NPs, and the pH was increased to 13.

Finally, the TR-emission of Tb was measured at 545 nm in each well for an excitation at 320 nm, and the resulting calibration curve is shown in Figure 107. The relative response of the assay as a function of the enzyme concentration fitted well in a linear equation. The 3 replicates show decent standard deviations which indicates a good precision of the method. In addition, the working concentration range seems to be very important as the calibration curve covered 3 orders of magnitude and the higher limit of the method was not yet reached.

In this work, the main interest concerns the lower limits of detection LOD and quantification LOQ of the method. In general, the LOD is considered as the lowest concentration of an analyte (HRP) in a sample that can be reliably distinguished from "analytical noise", the signal produced in the absence of analyte, but not necessarily quantified. The LOQ, which defines the sensitivity of the method is the lowest concentration of an analyte in a sample that can be determined with acceptable precision and accuracy under the stated conditions of test. 35 y = (5.9×10 

HRP Concentration (M)

A traditional and typical approach to estimate LOD consists of measuring replicates of blank sample, determining the mean value (B) and the standard deviation (SD), and calculating LOD as the mean plus 2 SD. Variations of this approach use the mean plus 3, 4, or even 10 SD to provide a more conservative LOD. 36 Herein, LOD and LOQ were estimated using the following equations. confidence level. 37 It is necessary to note that this model does not take into account the uncertainty of position of calibration line.

Using the calibration curve and the estimations above, a LOD of 10 -13 M and a LOQ of 3×10 -13 M were determined. In comparison with similar assays using Ln complexes, this method provides better performance in terms of sensitivity than that reported by Zheng et al.

at 8×10 -10 M using HBA substrate, 11 and Meyer et al. at 2×10 -12 M using HPPA. 38 These results were promising for further application of the developed method in an ELISA.

Reaction with HRP conjugate

Oxidation of MHPA by Streptavidin-HRP

After demonstrating the effectiveness of this method using HRP in solution, it was important to investigate the reactivity of this enzyme when acting as a label. In most ELISA, HRP is not directly bound to the Ab, but conjugated to streptavidin protein (SA), ready to bind to a biotinylated Ab. This particular process provides consistent measurement of biotinylated detection Abs in sandwich ELISA applications. Therefore, a first step consisted in evaluating the enzymatic activity of SA-HRP conjugate in solution for the developed assay.

The full assay was performed following the same conditions optimized above, while replacing 

Effect of the pH

The parameter that could have altered the activity of the enzyme was the pH of the reaction as it was seen that a different type of HRP can present different optimal pH values.

Therefore, the oxidation of MHPA by SA-HRP was investigated in the range of 4.5-8.5 using 10 mM succinic acid buffer while keeping all other parameters as optimized. After 1 h of reaction, all wells were adjusted to pH 7.0 followed by measuring the emission intensity at 402 nm after an excitation at 290 nm. The results of this study are shown in Figure 109. The results of this study completely justify the weak sensitization signal resulting from the reaction by SA-HRP. In contrast to the results observed with HRP, the optimal formation of the MHPA dimer with SA-HRP occurred at pH 7.0, while at pH 4.6, very weak formation of the dimer was observed. This can be related to the type of HRP enzyme as explained in 3.3.1.

Effect of the buffer

At pH 7.0, succinic acid is slightly out of its working buffer range. Therefore, the assay using SA-HRP was performed using different buffer solutions and the final sensitization signal was compared to that obtained using HRP. After 1h of reaction at pH 7.0 in different buffers, CAT and Tb-NPs were added followed by the pH increase. The resulting TR-emission spectra with an excitation at 320 nm are presented in Figure 110. The final sensitization signal following the oxidation of MHPA by SA-HRP at pH 7.0 is significantly higher than that obtained with a reaction at pH 4.6. Succinate buffer presented the best compatibility with NPs sensitization and showed better signal amplification than that performed in Tris or HEPES. Interestingly, the assay performed in succinate at pH 7.0 regained the same efficiency of signal amplification optimized with unconjugated HRP. Although succinate is slightly out of its working buffer range, no pH variation was noticed during 1 h of MHPA oxidation which allows to take advantage of the better assay performance provided by this buffer. 

Application to ELISA

Proof of concept

After proving that HRP enzyme maintains its effectiveness when conjugated to SA regarding the oxidation of MHPA, the final step consisted in the application of the developed method in a typical ELISA. For that, a commercial ELISA kit was used for the quantification of human insulin in serum, plasma, or other biological media.

This assay is a sandwich ELISA, based sequentially on the capture of human insulin Ags from samples to the wells of a microtiter plate coated by monoclonal mouse anti-human insulin Abs and the binding of a second biotinylated monoclonal mouse anti-human Ab to the captured insulin. After washing away unbound materials from samples, SA-HRP is bound to the immobilized biotinylated Abs. Free enzyme conjugates are washed away, and the quantification of immobilized immunocomplex is achieved by monitoring HRP activity.

The commercial method of monitoring HRP activity consisted in the oxidation of 3,3',5,5'tetramethylbenzidine substrate (TMB) resulting an increase in the absorption at 450 nm of the acidified product. It is at this step that the ELISA was modified as described in Figure 111 by replacing the commercial method by the method developed in this work, based on the oxidation of MHPA followed by the sensitization of Tb-NPs in alkaline conditions. The ELISA was performed with insulin standard at 20 µU/mL to evaluate the response of the developed method in comparison to the commercial one. One international unit of insulin is defined as the amount of insulin required to lower the fasting blood sugar of a rabbit by 2.5 mmol/L, equivalent to 34.7 µg of pure crystalline insulin.

After the immobilization of the enzyme labeled immunocomplex, the substrate solution was added in respect of the previously optimized conditions with 2 mM MHPA and 0.2 mM H2O2 in 10 mM succinate at pH 7.0. After 1 h of reaction, 0.05 mg/mL CAT and 2×10 -8 M La0.9Tb0.1F3 NPs were added to the reaction mixture followed by the pH increase. The microplate was agitated for 5 min and the Tb emission spectra were recorded with an excitation at 320 nm. TR-emission spectra of La0.9Tb0.1F3 NPs are presented in Figure 112a while the absorption spectra resulting of the commercial detection method are shown in Figure 112b. The response of the assay using time resolved detection of Tb-NPs photoluminescence provided a signal to noise ratio S/N of 10, 2.5 times higher than that of the commercial colorimetric detection method with a S/N of 4. These results were promising in terms of the sensitivity of the assay response in the developed method.

Effect of the NPs type

Despite a good S/N, an important noise representing the Tb emission intensity in absence of insulin was notably observed. Trying to optimize that issue, different types of Ln-NPs were investigated. Tb/Eu codoped NPs (Tb0.85La0.14Eu0.01F3) were the first candidate for their interesting luminescence properties demonstrated in Chapter II.

The assay was performed in the same conditions and the same insulin concentration. TRemission spectra of Tb0.85La0.14Eu0.01F3 NPs are presented in Figure 113a. 

S/N≈4

Interestingly, these NPs exhibited similar signal intensity of Tb emission with a reduced noise.

Consequently, the response of the assay using these NPs provided an enhanced S/N of 20. At first, it was hypothesized that the reduced noise was related to the different crystalline structure of these 2 types of NPs, as demonstrated in Chapter II. This results in a different environment of Tb ions in each crystal and can alter their emission.

As this interesting turn-on ability involved just the Tb emission, the role of Eu ions in La0.14Tb0.85Eu0.01F3 NPs was investigated by a systematic comparison with La0.15Tb0.85F3 NPs.

TR-emission spectra of La0.15Tb0.85F3 NPs are presented in Figure 113b. These 2 types of NPs have both orthorhombic crystalline structures as demonstrated in Chapter II. However, La0.15Tb0.85F3 NPs settled for a S/N of 10, similar to that obtained with La0.9Tb0.1F3

NPs with both higher signal and noise intensities of Tb emission due to the higher Tb doping level. Therefore, the results obtained with La0.14Tb0.85Eu0.01F3 NPs cannot be explained by the different crystalline structure, but rather related to the presence of Eu ions. The previously demonstrated energy transfer from Tb to Eu could be the reason for the reduced Tb emission noise, while at increased presence of the antenna, the Tb emission signal starts increasing as seen in the titration of these NPs in Chapter II. 

Calibration of the final assay

In a final step, the final performance of the developed ELISA was evaluated by establishing the corresponding calibration curve. The assay was performed on a 1-100 µU/mL range of insulin concentration under the same optimized conditions mentioned above.

La0.14Tb0.85Eu0.01F3 NPs were used in this study for providing the best S/N in the assay. The resulting calibration curve describing the intensity of TR-emission of Tb at 545 nm after an excitation at 320 nm is shown in Figure 114. The relative response of the assay as a function of the enzyme concentration was fitted in a Spline curve using Assayfit Pro, an ELISA results data analysis software. 41 Spline is a function defined piecewise by polynomials, allowing the fitting of complex smooth shapes. The 3 replicates show weak standard deviations which indicates a good precision of the method. In this range of insulin concentration, the calibration presented a low response curve shape. 42 Most importantly, the limits of detection and quantification were estimated as detailed in part 3.5 of this chapter. Using the calibration curve and assuming a 95% confidence level, a LOD of 0.5 µU/mL and a LOQ of 1.5 µU/mL were determined.

Meanwhile, the LOD of the assay using the commercial colorimetric detection was evaluated and determined at 1 µU/mL, matching with the LOD provided by the supplier. These results confirmed that with the developed method based on a time resolved detection of Ln-NPs photoluminescence, the sensitivity of an ELISA for the quantification of human insulin was improved by a factor of 2.

The signal of Tb emission was found to be stable for more than 30 min, whereas the absorbance of TMB must be read within 5 min. Otherwise, the results are susceptible to be completely mistaken. In addition, TMB is sensitive to light. Therefore, an overexposure can lead to a high background in the samples and significant noise in the blank of the assay, resulting in a poor S/N and bad quality of the obtained results.

Conclusion

In this chapter, the aim was to use an efficient enzymatic reaction, and set it up to form product that can act as an efficient sensitizer of the Ln-NPs developed in chapter II. In this regard, the oxidation of p-substituted phenols by HRP leading to their dimerization was fully studied. Different substrates were investigated in order to maximize the sensitization ability of the formed dimer. After identifying the MHPA as the substrate with the best turn-on ability, the best conditions of pH, concentrations and temperature were applied for an optimal reaction.

Under optimized conditions, the oxidation of MHPA formed mainly the o,o-dimer responsible of the sensitization of Tb-NPs, while a minor side product was observed but could not be identified. This product is most likely coming from further transformation of the dimer.

Although the latter has a very weak specific reaction rate for a further oxidation by HRP, the formation of a trimer is not excluded. Another potential pathway involves the hydroxylation of the dimer by HO˙ radicals formation by HRP as described in Chapter III.

One aspect that characterizes this reaction in comparison to that developed in Chapter III is that the substrate is the pre-antenna itself and the formation of the antenna involved one typical peroxidative cycle of HRP. Consequently, this reaction proved a decent efficiency at relatively low enzyme concentration. Under optimized conditions, this method provided a LOD of 10 -13

M for the detection of HRP enzyme in solution, 20 times better than those reported in similar assays. 38 Moreover, the application of this method in an ELISA for the quantification of human insulin improved the sensitivity of the assay compared to the commercial detection method.

The main limitation of this method consisted in the strong competition of the substrate to coordinate to the NPs surface due to the low conversion rate at low enzyme concentrations.

Actually, a moderately increased temperature and sequential addition of small amounts of H2O2 were demonstrated to enhanced formation yield of the desired product. 29,43 These procedures were practically unfeasible, but with an automatized assay and using injectors for the different addition steps, these are serious options to improve the response of the assay.

Another way to enhance the reaction yield consists in the addition of a compound that effectively stimulates the oxidation of the phenol by HRP enzyme. O-dianisidine was reported as a strong stimulator which improve the kinetics of this type of reaction. 44 Studies of the influence of such compound on the enzymatic reaction as well as the sensitization of NPs can be useful for further improvements of this system.

Spectroscopic measurements

Steady-state fluorescence measurements of the ligands, time-resolved photoluminescence measurements of Tb-NPs, and absorbance measurements of TMB were all recorded on a TECAN Spark microplate reader working with a high energy Xenon flash lamp. TR measurements were done with a time delay of 50 µs and an integration time of 2 ms.

Enzymatic assays

All enzymatic assays were performed in 96-well non-binding Greiner microplate. 2 mM of the p-substituted phenol and 0.2 mM of H2O2 were incubated in microplate wells in 10 mM succinate buffer at pH 4.6 (HRP) or pH 7.0 (SA-HRP). The reaction was normally initiated by the addition of HRP enzyme. The final volume in the wells was fixed at 200 µL in all assays.

The microplate was agitated in a microplate shaker (400 rpm) at room temperature for 1 h.

Concentrations, pH and temperature conditions can vary in the optimization procedure of each parameter. For kinetics studies, the microplate was instead agitated in the TECAN incubator and the increase in fluorescence (λexc = 289 nm, λem = 402 nm), was recorded for 1 h of reaction.

0.05 mg/mL of CAT were introduced to the mixture, and the elimination of H2O2 was verified by colorimetric peroxide test strips before the addition of the NPs. Finally, 2×10 -8 M of Ln-NPs were added to the reaction mixture, and the microplate was agitated for 5 min before the spectroscopic measurements on the microplate reader. All experiments were repeated at least three times with no significant variation.

The excitation spectra were recorded at an emission of 545 nm of Tb, while the emission spectra were recorded at the maximal excitation. The excitation and emission bandwidths, the gain, as well as the z-position were kept constant in order to compare the different datasets. All Tb photoluminescence spectra were recorded by time-resolved detection with a time delay of 50 µs and an integration time of 2 ms.

Synthesis of the MHPA-dimer

Chemical Formula: C18H18O6 Molecular Weight: MW = 330.33 g.mol -1

Silica gel (3.62 g) was added to a solution of iron(III)chloride hexahydrate (1.76 g, 6.51 mmol) in diethyl ether (95 mL) and methanol (5 mL). The mixture was stirred vigorously. The solvents were removed under reduced pressure and a yellow residue remained. This residue was heated for 18h at 55°C under vacuum. Hydroxyphenyl acetic acid methyl ester (0.068 g, 0.41 mmol) was dissolved in dichloromethane (15 mL) and the yellow residue was added to this solution. After vigorous stirring the solvent was removed under reduced pressure to generate a black residue. This residue was heated at 60 °C under vacuum for 60 hours. The black residue was dissolved in methanol (25 mL) and filtered over Celite®. The solvent was removed under reduced pressure and the remaining residue was purified by column chromatography (petroleum ether/ethyl acetate 2:1). Yield: 30% as an amorphous solid. 

Monitoring of the reaction by HPLC-UV

HPLC from Agilent technologies Series 1100 system equipped with a quaternary pump, autosampler, oven, and DAD.

Samples of the reaction mixture in presence and in absence of HRP as well as the reference compounds were separated on a C18-AQ Interchim puriFlash column (5µm, 4.6 × 250 mm) with an injection volume of 10 μL. MilliQ water and ACN were used as mobile phases with a flow rate of 1 mL/min, and following the gradient described in Table 12. 

ELISA procedure

All reagents were pre-warmed to room temperature immediately before setting up the assay, and the required number of strips was removed from the microtiter assay plate while unused strips were resealed in a foil pouch and stored at 2-8°C.

The washing buffer was 10-fold diluted with milliQ water. Each well was filled with 300 µL of diluted wash buffer and incubated at room temperature for 5 min. Washing Buffer was removed from all wells by inverting the plate and tapping it smartly onto absorbent towels several times.

Then, 20 µL assay buffer were added to the wells. In the blank well, another 20 µL assay buffer were added. 20 µL Human Insulin Standards of ascending concentration were added to the appropriate wells. 20 µL biotinylated detection antibody were then added to all wells. For the best result, all additions should be completed within 30 min. The plate was covered with plate sealer and incubated at room temperature for 1 hour on an orbital microtiter plate shaker set to rotate at moderate speed (400 rpm).

The plate sealer was removed, and the solutions were decanted from the plate. All wells were washed 3 times with diluted washing buffer, 300 µL per well per wash.

100 µL enzyme conjugate solution were added to each well. The plate was covered with sealer and incubated with moderate shaking at room temperature for 30 min on the microtiter plate shaker.

All wells were washed again 5 times with diluted washing buffer, 300 µL per well per wash.

After this step, either the assay was conducted as mentioned in 7.2 for the developed detection method or it was completed following the commercial detection method.

100 µL of TMB substrate solution were added to each well, and the plate was agitated for 15 min. Blue color should be formed in wells of insulin standards with intensity proportional to increasing concentrations of insulin. 100 µL stop solution were added and the blue color should turn to yellow after acidification. Absorbance was read at 450 nm in all wells by the plate reader within 5 min.

In this thesis, the goal was to develop a new ultrasensitive ELISA method based on luminescent Ln-NPs. The aim of the project was to exploit the exceptional properties of Ln to overcome the limitations of commercial ELISA detection methods typically based on organic chromophores or fluorophores. This idea was suggested 20 years ago using Ln-complexes but then abandoned for these last 2 decades due to their limitation in terms of stability and brightness. Herein, Ln-NPs were proposed as alternative for application in ELISA type IAs.

The project was introduced by describing and connecting the different concepts that constitute the context of this research. A brief literature review summarized the evolution of ELISA and highlighted the main limitations of typical detection method in terms of sensitivity.

Subsequently, Ln-NPs were proposed as a serious candidate to overcome these limitations thanks to their exceptional spectroscopic properties.

The first study focused on the synthesis and the characterization of Ln-NPs. The targeted NPs were then investigated for their luminescence ability through sensitization by different antennas. La0.9Tb0.1F3 and Tb0.85La0.14Eu0.01F3 NPs were selected for their stability, remarkable brightness, and extremely long luminescence lifetimes.

The next studies consisted in developing different enzymatic reactions for potential application of the developed NPs in ELISA. By a judicious choice of the substrate, the enzyme and the enzymatic mechanism, the aim was to transform a substrate which cannot photosensitize Ln-NPs into an active form that can be properly coordinated to the surface of NPs and efficiently sensitize Ln 3+ ions as illustrated in Figure 115. In order to simplify the system, the development of the enzymatic system was performed with free enzyme in solution. The first approach adopted in this regard consisted in starting from a well-known efficient sensitizer of Ln-NPs and trying to produce it via proper enzymatic reaction. 2-hydroxyisophthalate units were demonstrated to exhibit strong photosensitization of Tb-NPs with important signal amplification. Therefore, several attempts were evoked trying to enzymatically form this antenna.

The oxidation of NADH by HRP enzyme in presence of H2O2 was demonstrated to mediate the generation of HO˙ radicals. The latter were exploited to hydroxylate an inactive isophthalate pre-antenna, to form the desired sensitizer. The best conditions of buffer, pH, and temperature were applied for an optimal formation of HO˙ radicals. Moreover, different isophthalate derivatives pre-antennas were investigated to optimize the hydroxylation process. The main limitation of this system was the multistep mechanism involving three different enzymatic cycles of HRP, susceptible to competitive reactions altering the species involved in the formations of HO˙ radicals and resulting in slow kinetics and low yields of the reaction.

In order to boost the formation of HO˙ radicals, an exaggerated increase of H2O2 concentration is required. However, this increase causes the hydroxylation of the pre-antenna in absence of the enzyme, potentially due to H2O2 photolysis. Thus, further studies would have to be conducted in order to control the reaction at high H2O2 concentrations, as well as dealing with its prompt quenching effect on the sensitization of NPs. Thus, a different strategy was then adopted and fully studied.

This strategy consisted in starting from a well-known efficient enzymatic reaction, then optimizing the settings in order to form an efficient antenna. This approach was based on the fundamental peroxidative cycle of HRP enzyme in which it catalyzes the oxidation of two phenol molecules in the presence of H2O2 to form phenoxyl radicals. These very reactive compounds can undergo further nonenzymatic reactions generating various dimeric structures, interesting candidates for NPs sensitization. In contrast to the previous approach, the substrate is the pre-antenna itself and the transformation involves one simple catalytic cycle of HRP enzyme which reduces side reactions and enhance the formation yield of the desired antenna.

In this work, the substrate was structurally selected to orientate the formation of an o,o'biphenol able to coordinate to the NPs surface and sensitize Tb ions. Among the tested substrates, the MHPA highlighted the best performance in this enzymatic assay as shown in Figure 117, highlighting very promising turn-on ability. The best conditions of buffer, pH, and concentrations were applied for an optimal antenna formation and a maximal NP sensitization. This method provided a LOD of 10 -13 M for the detection of HRP enzyme in solution, 20 times better than those reported in similar assays. Finally, the main goal of the thesis was accomplished by the application of this method in an ELISA for the quantification of human insulin. It was demonstrated that the TR-detection of Ln-NPs luminescence sensitized by an enzymatically generated antenna improved the sensitivity of the assay compared to the commercial detection method.

Despite the good response obtained with this assay, it still suffers from some drawbacks. The main limitation consisted in the strong competition of the substrate to coordinate to the NPs surface due to the low conversion rate and slower kinetics, which requires to increase the time of reaction to 1 h, relatively long time compared to the reactions used in conventional ELISA.
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Figure 32 :

 32 Figure32: Representation of the three strategies for the design of dye-sensitized Ln-NPs.173 

  The main idea was to exploit the exceptional properties of Ln 3+ doped NPs to overcome the limitations of commercial detection methods typically based on organic chromophores or fluorophores. Several studies have already tried to employ the lanthanides in immunoassays for sensitive time resolved detection. It started with using Ln complexes as a direct label such as the successful dissociation-enhanced lanthanide fluorescence immunoassay (DELFIA), and then developed by the enzymatic amplification strategy.181 Interestingly, in a comparative study, these approaches were shown to give less variability than ELISA. 182 Some works did use Ln-NPs in immunoassays, but they were limited to the use as single labels.183 

Figure 33 :

 33 Figure 33: Comparison of luminescence properties between organic molecules, Ln complexes and dyesensitized Ln-NPs.

Figure 34 :

 34 Figure 34: Principle of ELISA with the developed detection method. 1) Fixation of the analyte 2) Recognition by an enzyme-labeled antibody. 3) Enzymatic reaction and formation of the antenna 4) Sensitization of NPs.

Figure 35 :

 35 Figure 35: Microwave-assisted synthesis of LaxTbyEuzF3 NPs (Tb in green and Eu in red).

Figure 36 :

 36 Figure 36: Transmission electron microscopy image of (a) La0.9Tb0.1F3 and (b) Tb0.85La0.14Eu0.01F3 NPs.

Figure 37 :

 37 Figure 37: Particle size distribution of La0.9Tb0.1F3 and Tb0.85La0.14Eu0.01F3 NPs determined by TEM.

Figure 38 :

 38 Figure 38: X ray diffraction pattern of La1-xTbxF3 NPs with increasing Tb doping level.

Figure 39 :

 39 Figure 39: X ray diffraction pattern of Tb0.85La0.14Eu0.01F3 NPs.

  ζ-potential of the synthesized NPs is measured by Laser Doppler Electrophoresis (LDE). It consists in putting the NPs in movement by applying an electric field. By launching a laser to these NPs, their mobility can be measured (Figure40), and then related to ζ-potential.The measurements in aqueous solution at pH = 5.0 show ζ = (+)37 ± 8 mV for La0.9Tb0.1F3 NPs and (+)35 ± 7 mV for Tb0.85La0.14Eu0.01F3 NPs. Both NPs show good colloidal stability in such conditions, allowing to store the stock solutions at this pH without risk of aggregation.

Figure 40 :

 40 Figure 40: Mobility of (a) La0.9Tb0.1F3 and (b) Tb0.85La0.14Eu0.01F3 NPs measured by LDE.

Figure 41 :

 41 Figure 41: Hydrodynamic diameter of La0.9Tb0.1F3 (blue) and Tb0.85La0.14Eu0.01F3 NPs (red) measured by DLS.

Figure 42 :

 42 Figure 42: Coordination of 2-hydroxyisophtalic acid to the Ln ions at the surface of NPs.

Figure 43 :

 43 Figure 43: Oxidation of 2,6-dimethylanisole with KMnO4 and KOH.

  2 𝑂 + 3 𝑒 -↔ 𝑀𝑛𝑂 2 + 4 𝐻𝑂 - 𝑅 -𝐶𝐻 3 + 7 𝐻𝑂 -↔ 𝑅 -𝐶𝑂𝑂 -+ 5 𝐻 2 𝑂 + 6 𝑒 - 𝑹 -𝑪𝑯 𝟑 + 𝟐 𝑴𝒏𝑶 𝟒 -↔ 𝑹 -𝑪𝑶𝑶 -+ 𝟐 𝑴𝒏𝑶 𝟐 + 𝑯 𝟐 𝑶 + 𝑯𝑶 -

Figure 44 :

 44 Figure 44: O-demethylation of phenol group with HBr and AcOH.

Figure 45 : 1 H

 451 Figure 45: 1 H NMR spectrum of synthesized 2-hydroxyisophtalic acid in D2O + NaOD (300 MHz, 25 °C).

Figure 46 :

 46 Figure 46: Absorption and emission (λexc = 306 nm) spectra of 2-hydroxyisophthalate.

  The TR-excitation and emission spectra of bare La0.9Tb0.1F3 NPs at 5×10 -10 M in 0.05 M HEPES at pH 7.0 are shown in Figure47. The emission spectrum shows very weak Tb characteristic bands at 490, 545, 584 and 622 nm attributed to the 5 D4 → 7 FJ transitions of Tb (J = 6 to 3, respectively). Such weak intensity is explained by the poor absorbance of Tb.

Figure 47 : 1 . 1 . 1 .

 47111 Figure 47: Excitation (λem = 545 nm) and emission (λexc = 350 nm) spectra of bare La0.9Tb0.1F3 NPs.

Figure 48 :

 48 Figure 48: Titration of La0.9Tb0.1F3 NPs by 2-hydroxyisophthalate ligand.

Figure 49 :

 49 Figure 49: TR-emission spectra of La0.9Tb0.1F3 NPs (λexc = 325 nm) upon addition of increasing ligand concentrations. Inset : TR-excitation spectra (λem = 545 nm).

Figure 50 Figure 50 :

 5050 Figure 50 presents the evolution of the integration of the 5 D4 → 7 F5 emission band of Tb peaking at 545 nm as a function of the added ligand equivalents per NP.

Figure 51 :

 51 Figure 51: Example of steady-state emission (λexc = 329 nm) of dye-sensitized La0.9Tb0.1F3 NPs emission.17 

  When a fluorescent compound is excited, the excited state is populated and the return to the ground state (emission) decays exponentially with time, following equation 9.𝐼 𝑒𝑚 (𝑡) = 𝐼 0 𝑒 -( 𝑡 𝜏 )

Figure 52 :

 52 Figure 52: Photoluminescence decay (λexc = 325 nm, λem = 545 nm) and fit curve (black) of Tb in sensitized La0.9Tb0.1F3 NPs.

4 .

 4 Effect of pH on the sensitizationLa0.9Tb0.1F3 NPs are demonstrated to be efficiently sensitized by 2-hydroxyisophthalate at neural pH. The effect of pH on the sensitization is then studied by measuring the intensity of Tb emission at 545 nm at different pH. The results are plotted in Figure53.

Figure 53 :

 53 Figure 53: The intensity of Tb emission (λexc = 325 nm) in dye-sensitized La0.9Tb0.1F3 NPs at different pH.

Figure 54

 54 Figure 54: ζ-potential of bare La0.9Tb0.1F3 NPs as a function of pH.

  The TR-excitation and emission spectra of bare Tb0.85La0.14Eu0.01F3 NPs at 5×10 -10 M in 0.05 M HEPES at pH 7.0 are shown in Figure55. The emission spectrum shows the weak Tb characteristic bands present in that of La0.9Tb0.1F3 NPs. The bands peaking at 490 and 545 nm arise from pure Tb emission.

Figure 55 : 1 . 1 . 2 .

 55112 Figure 55: Excitation (λem = 590 nm) and emission (λexc = 350 nm) spectra of bare Tb0.85La0.14Eu0.01F3 NPs.

Figure 56 :

 56 Figure 56: Titration of Tb0.85La0.14Eu0.01F3 NPs by 2-hydroxyisophthalate ligand.

Figure 57 :Figure 58 :

 5758 Figure 57: TR-emission spectra of Tb0.85La0.14Eu0.01F3 NPs (λexc = 325 nm) upon addition of increasing ligand concentrations. Inset : TR-excitation spectra (λem = 590 nm).

Figure 59 :

 59 Figure 59: Evolution of the Tb emission band peaking at 545 nm and Eu emission band peaking at 692 as a function of ligand equivalents per NP.

Figure 60 :

 60 Figure 60: Jablonski diagram describing the energy transfer from the ligand to Tb ions and finally to Eu ions.

Figure 61 :

 61 Figure 61: Photoluminescence decay (λexc = 325 nm) and fit curve (black) of Tb (green, λem = 545 nm) and Eu (red, λem = 691 nm) in dye-sensitized Tb0.85La0.14Eu0.01F3 NPs.

Figure 62 :

 62 Figure 62: Nalidixic acid

Figure 63 :

 63 Figure 63: Titration of Tb0.85La0.14Eu0.01F3 NPs by nalidixate ligand.

Figure 64 :

 64 Figure 64: Evolution of the Tb emission band peaking at 545 nm and Eu emission band peaking at 692 as a function of ligand equivalents per NP (λexc = 318 nm).

  an AMERIGO system developed by Cordouan technologies, based on dynamic light scattering (DLS) and laser Doppler electrophoresis (LDE), respectively. All measurements were done in milliQ water at room temperature. DLS measurements were performed directly with the stock solution by external probe with laser at 638 nm. The experimental correlograms are fitted by SBL mathematical algorithm and the results are treated by number of NPs. Particle refractive Index : 1.56 ; absorption at 638 nm : 0,01. LDE measurements were performed in solutions diluted 50 times from stock solution at 20.27

Figure 65 :

 65 Figure 65: Example of EALL. Enzymatic formation of salicylic acid followed by Tb 3+ photosensitization. 1

Figure 66 :

 66 Figure 66: Ligands tested for the sensitization of Tb and Eu.

Figure 67 :

 67 Figure 67: (a) Excitation spectrum of La0.9Tb0.1F3 NPs (λem = 545 nm) upon 5-fluorosalicylate addition. (b) Evolution of the Tb emission at 545 nm (λexc = 340 nm) as a function of the ligand equivalents per NP.

5 -

 5 fluorosalicylate seems to have weaker coordination at the surface of NPs in comparison with the typical 2-hydroxyisophthalate sensitizer studied in Chapter II. The latter having two carboxylate groups exhibits better coordination than this monoacid, despite the electronwithdrawing fluoro group aiming to decrease the pKa of the phenol.

Figure 70 :

 70 Figure 70: Hydroxylation of isophthalate catalyzed by HRP in the presence of H2O2 and NADH.

Figure 71 :

 71 Figure 71: Spectroscopic titration of La0.9Tb0.1F3 with IP and 2-HIP (λexc = 325 nm, λem = 545 nm).

1

  min of incubation by slight red shift in the maximal absorbance as shown in Figure72.10 

Figure 72 :

 72 Figure 72: Absorbance spectra signaling the conversion of HRP into compound III after 1 min of incubation.

Figure 73 :

 73 Figure 73: Fluorescence spectra of the reaction mixture (λexc = 306 nm) in the presence and the absence of HRP.

Figure 74 :

 74 Figure 74: Reaction kinetics (λexc = 306 nm, λem = 402 nm) of the enzymatic IP hydroxylation.

Figure 75 :

 75 Figure 75: TR-emission spectra of La0.9Tb0.1F3 NPs (λexc = 325 nm) after their addition to the reaction mixture.
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Figure 76 :

 76 Figure 76: Citrate anion.

Figure 77 :

 77 Figure 77: TR-emission spectra (λexc = 325 nm) of 2-HIP-sensitized La0.9Tb0.1F3 NPs with increasing equivalents of citrate ions.

Figure 78 :

 78 Figure 78: TR-emission spectra (λexc = 325 nm) of 2-HIP-sensitized La0.9Tb0.1F3 NPs with increasing equivalents of H2O2.

Figure 79 : 8 M of 2 -

 7982 Figure 79: An overview of the CAT-catalyzed decomposition of H2O2.20 

Figure 80 :

 80 Figure 80: Peroxide test strips before and after CAT addition.

Figure 81 :

 81 Figure 81: TR-emission spectra (λexc = 325 nm) of 2-HIP-sensitized La0.9Tb0.1F3 NPs before and after CAT addition.

Figure 82 :

 82 Figure 82: TR-emission spectra (λexc = 325 nm) of La0.9Tb0.1F3 NPs after their addition to the reaction mixture.Inset : Reaction kinetics (λexc = 306 nm, λem = 402 nm) of the enzymatic IP hydroxylation.

Figure 83 :

 83 Figure 83: Trimesic acid (left) and 5-cyano isophthalic acid (right).

Figure 84 :

 84 Figure 84: TR-excitation spectra (λem = 545 nm) of Tb0.85La0.14Eu0.01F3 NPs upon addition of the different antennas.

Figure 85 :

 85 Figure 85: Spectroscopic titration of La0.9Tb0.1F3 NPs with the different antennas (λexc = 325 nm, λem = 545 nm).

Figure 86 :

 86 Figure 86: TR-emission spectra (λexc = 328 nm) of La0.9Tb0.1F3 NPs after their addition to the reaction with (a) 5-cyano isophthalate or (b) trimesate.

Figure 87 :

 87 Figure 87: Reaction kinetics (λexc = 310 nm, λem = 405 nm) of trimesate hydroxylation by HRP at different pH.

Figure 88 :Figure 89 :

 8889 Figure 88: Reaction kinetics (λexc = 310 nm, λem = 405 nm) of trimesate hydroxylation by HRP at different temperature.
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Figure 90 :

 90 Figure 90: Oxidation of phenols through peroxidative cycle of HRP enzyme.4 

Figure 91 :

 91 Figure 91: Radicals formed in the HRP-oxidation of phenols and their main coupling products.

Figure 92 :

 92 Figure 92: Reaction sequence of the enzymatic reaction followed by Tb-NPs sensitization.

Figure 93 :

 93 Figure 93: TR-emission spectra of La0.9Tb0.1F3 NPs (λexc = 320 nm) after their addition to the reaction mixture. Left inset : Excitation spectra (λem = 545 nm) at pH 13.0. Right inset : Evolution of Tb emission intensity with the addition of NaOH.

Figure 94 :

 94 Figure94: TR-emission spectra (λexc = 320 nm) of La0.9Tb0.1F3 NPs after their addition to the reaction mixture in the presence or the absence of HRP, followed by increasing the pH to 13.

Figure 95 :

 95 Figure 95: Substrates with different p-substituents tested in the assay.
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Figure 96 :

 96 Figure 96: (a) TR-emission spectra of La0.9Tb0.1F3 NPs (λexc = 320 nm) after HRP catalyzed oxidation of different substrates. (a) amplification factor obtained with all tested substrates.

  Xu et al. 

Figure 97 :

 97 Figure 97: Excitation (λem = 402 nm) and emission spectra (λexc = 289 nm) of the MHPA oxidation product.

Figure 98 :

 98 Figure 98: Reaction kinetics (λexc = 289 nm, λem = 402 nm) of MHPA oxidation by HRP at pH 7.0..

Figure 99 :

 99 Figure 99: Effect of the pH on the formation of the MHPA dimer (λexc = 289 nm, λem = 402 nm).

  Floyd et al. reported differences in the amount and the nature of the products in the enzymatic reaction performed by type II or type VI HRP.

Figure 100 :

 100 Figure 100: Reaction kinetics (λexc = 289 nm, λem = 402 nm) of MHPA oxidation by HRP at different H2O2 concentrations at pH 4.6.

Figure 101 :

 101 Figure 101: Fluorescence spectra (λexc = 289 nm) after MHPA oxidation with different H2O2 addition modes.

Figure 102 :

 102 Figure 102: Variation of the fluorescence of the formed dimer (λexc = 289 nm, λem = 402 nm) and the corresponding Tb photoluminescence (λexc = 320 nm, λem = 545 nm) at different substrate concentrations.

Figure 103 :

 103 Figure 103: (a) Reaction kinetics (λexc = 289 nm, λem = 402 nm) and (b) TR-emission spectra of La0.9Tb0.1F3 NPs (λexc = 320 nm) for MHPA oxidation at different temperature.

Figure 104 :

 104 Figure 104: Reaction kinetics (λexc = 289 nm, λem = 402 nm) of MHPA oxidation under harsh conditions of HRP and H2O2 concentrations.

Figure 105 :

 105 Figure 105: Iron(III)-catalyzed synthesis of dimethyl-2,2'-(6,6'-dihydroxy-[1,1'-biphenyl]-3,3'-diyl)diacetate.32 

MHPA eluted at 4 . 3

 43 min indicates the consumption of 35% of the initial concentration after a 1 h reaction. A first major product of the enzymatic reaction is eluted at 5.3 min, perfectly matching with the retention time of the synthesized o,o-dimer, and with its absorbance spectra (inset of Figure106). A second minor product is eluted later at 5.9 min indicating a compound with weaker polarity. Interestingly, the addition of H2O2 to the reaction mixture increases the intensity of this product and decreases that of the o,o-dimer in a similar behavior observed in the fluorescence study.

Figure 106 :

 106 Figure 106: HPLC chromatograms of the reaction mixture in presence and absence of HRP, and the synthetic dimer (λabs = 220 nm). Inset : UV spectra of the synthetic dimer and the enzymatic product at RT=5.3 min.

Figure 107 :

 107 Figure 107: Calibration curve of the photoluminescence response of the assay as a function of HRP concentration (λexc = 320 nm, λem = 545 nm).

  The coefficients 3.3 and 10 are called expansion factors and are obtained assuming a 95%

  HRP by the SA-HRP conjugate at 10 -10 M of enzyme. The resulting TR-emission spectra of Tb with an excitation at 320 nm are presented in Figure108. Surprisingly, the oxidation of MHPA by SA-HRP resulted in weaker sensitization of Tb-NPs compared to the reaction with HRP at the same enzyme concentration. Actually, the conjugation of HRP to SA should not functionally alter the active site of the enzyme.39 

Figure 108 :

 108 Figure 108: TR-emission spectra of La0.9Tb0.1F3 NPs (λexc = 320 nm) after MHPA oxidation SA-HRP at pH 4.6.

Figure 109 :

 109 Figure 109: Effect of the pH on the formation of the dimer by SA-HRP oxidation (λexc = 289 nm, λem = 402 nm) .

Figure 110 :

 110 Figure 110: TR-emission spectra of La0.9Tb0.1F3 NPs (λexc = 320 nm) after MHPA oxidation by SA-HRP in different buffers at pH 7.0.

Figure 111 :

 111 Figure 111: Procedure of sandwich ELISA for the quantification of human insulin.40 

Figure 112 :

 112 Figure 112: (a) TR-emission spectra of La0.9Tb0.1F3 NPs (λexc = 320 nm) and (b) absorption spectra following an ELISA with 0 or 20 µU/mL of insulin.

Figure 113 :

 113 Figure 113: (a) TR-emission spectra of La0.14Tb0.85Eu0.01F3 NPs and (b) La0.15Tb0.85F3 following an ELISA with 0 or 20 µU/mL of insulin (λexc = 320 nm).

Figure 114 :

 114 Figure 114: Calibration curve of the photoluminescence response of the assay as a function of insulin concentration (λexc = 320 nm, λem = 545 nm).

  1 H-NMR (400 MHz, CDCl3): δ 7.25 (s, 2H), 7.08 (dd, 3 J = 8.3, 4 J = 2.1 Hz, 2H), 6.96 (d, J = 8.3 Hz, 2H), 3.69 (s, 6H), 3.53 (s, 4H).

Figure 115 :

 115 Figure 115: Principle of the developed ELISA method involving the sensitization of Ln NPs.

  The hydroxylation of trimesate, illustrated in Figure116, provided the best formation yield of the desired antenna. Consequently, it provided a 65-fold amplification of Tb emission upon the sensitization of Tb-NPs. At 0.2 µM of HRP and compared to the working concentration range in ELISA (pM), this signal is feeble for an application in such immunoassay.

Figure 116 :

 116 Figure 116: Hydroxylation of trimesate by enzymatic generation of HO˙ radicals from H2O2.

Figure 117 :

 117 Figure 117: Oxidation of MHPA by HRP followed by its dimerization.

  détection et la quantification des biomarqueurs à très faible concentrations dans des matrices complexes, est un outil de diagnostic crucial pour les cliniciens. Des kits de diagnostic actuels sont basés sur des réactions immunologiques très spécifiques entre le biomarqueur à quantifier et les anticorps qui le reconnaissent spécifiquement.1 Les dosages d'immunoabsorption par enzyme liée ou « Enzyme linked immunosorbent assay ELISA » sont largement utilisés. Ils sont basés sur le processus d'amplification du signal de détection via la formation d'un fluorophore/chromophore catalysée par une enzyme liée à l'anticorps de détection.2 Cependant, certains biomarqueurs restent trop dilués pour être détectés.3 D'autre part, la fonctionnalisation de nanoparticules (NPs) à base de lanthanides initialement peu luminescentes, par des ligands photosensibilisateurs adéquats conduit à des NPs ultra luminescentes caractérisées par une signature spectrale propre au lanthanide, avec des durées de vie d'état excité très longues.4 Ceci permet une détection de luminescence ultrasensible en temps résolue, en se débarrassant de la fluorescence résiduelle de la matrice.5 Le principe du projet est d'appliquer les NPs à base de lanthanides dans la détection des tests ELISA. Cela est réalisé par le développement d'une réaction enzymatique qui transforme un substrat non photosensibilisateur en un ligand capable d'être fortement coordiné à la surface des NPs et de les photosensibiliser. La réaction enzymatique et la méthode de détection seront ensuite implémentées dans un système ELISA, comme montré dans le Schéma 1. Schéma 1 : Principe de l'ELISA avec le système de détection à développer. (1) Fixation de l'analyte. (2) Ajout de l'anticorps conjugué à l'enzyme. (3) Ajout du substrat et formation de l'antenne. (4) Photosensibilisation des NPs. Les NPs nues montrent les faibles pics caractéristiques de l'excitation des ions Tb 3+ (Figure 3.a). De même, en présence du substrat non transformé, aucun changement n'a été distingué (3.b), ce qui montre que le substrat ne photosensibilise pas ces NPs de Tb. En présence de HRP, le spectre d'excitation montre une bande intense avec un maximum à 330 nm, qui correspond à l'excitation due à la coordination du dimère formé (3.c). Les spectres d'émission de Tb en excitant à 330 nm montre une amplification du signal jusqu'à 1200 fois pour les NPs photosensibilisées par le dimère formé en comparaison avec les NPs en présence du substrat seul (Figure 4). Cette réaction correspond au principe de notre objectif pour son application dans les tests ELISA souhaités.

Figure 4 :

 4 Figure 4 : Spectres d'émission des NPs de Tb avant et après réaction. (λexc = 320 nm).

Figure 5 : 3 .

 53 Figure 5 : Courbe de calibration de l'émission du Tb en fonction de la concentration en HRP.(λexc = 320 nm, λem = 545 nm)

Figure 6 :

 6 Figure 6 : Spectres d'absorbance en utilisant la méthode commerciale par détection colorimétrique.

  

  

  

  

  

  

  

  

  

  

Table 2 :

 2 List of the main enzymes used in ELISA with their corresponding substrates and detection method.

	Enzyme	Substrate	Detection
		p-nitrophenyl phosphate (p-NPP)	
	Alkaline phosphatase		
	(AP)	4-methylumbelliferyl phosphate (4-	
		MUP)	
		3,3′,5,5′ tetramethylbenzidine (TMB)	Colorimetric
		2,2′-azino-di[3-ethyl-benzothiazoline]	
		sulfonate (ABTS)	
		o-phenylenediamine (OPD)	
	Horseradish peroxidase (HRP)	p-hydroxyphenyl acetic acid (HPA)	
		3-(p-hydroxyphenyl) propionic acid	Fluorescence
		(HPPA)	
		Luminal/luminol	
			Chemiluminescence
		Polyphenols and acridine esters	

Table 3 :

 3 Elemental mass concentrations of Ln measured by ICP-AES and the exact doping percentage calculated

	for La0.9Tb0.1F3 and Tb0.85La0.14Eu0.01F3 NPs.		
	La0.9Tb0.1F3	La	Tb	Eu
	Cm (mg.kg -1 )	9240 ± 228	1187 ± 29	0
	XLn	0.90 ± 0.02	0.10 ± 0.002	0
	Tb0.85La0.14Eu0.01F3	La	Tb	Eu
	Cm (mg.kg -1 )	1342 ± 27	9322 ± 200	127 ± 1
	XLn	0.14 ± 0.002	0.85 ± 0.02	0.01

Table 4 :

 4 Summary of the characteristics of different La0.9Tb0.1F3 and Tb0.85La0.14Eu0.01F3 synthesized batches

	La0.9Tb0.1F3	1		2		3	4
	Volume (mL)	10		10		20	20
	pH	4.5		4.4		4.6	4.6
	Concentration (M)	4.72×10 -7	5.54×10 -7	2.56×10 -7	2.43×10 -7
	Yield (%)	80		90		85	81
	NP diameter (nm)	20 ± 6		-		-	-
	Hydrodynamic diameter (nm)	54 ± 16	52 ± 15	54 ± 15	49 ± 14
	ζ-potential (mV)	37 ± 8		39 ± 8		35 ± 6	37 ± 8
	Tb0.85La0.14Eu0.01F3	1		2	3
	Volume (mL)		10		10	10
	pH		4.5		4.6	4.6
	Concentration (M)	1.70×10 -7	1.69×10 -7	1.82×10 -7
	Yield (%)		86		86	90
	Core diameter (nm)	34 ± 7	-	-
	Hydrodynamic diameter (nm)		58 ± 15	62 ± 17	62 ± 18
	ζ-potential (mV)		42 ± 9	36 ± 7	35 ± 7

Table 5 :

 5 Zeta potential and hydrodynamic diameter of bare La0.9Tb0.1F3 NPs at different pH.

Table 6

 6 summarizes the lifetime measurements of Tb and Eu emission in different NPs and with different sensitizing ligands.

Table 6 :

 6 Summary of Tb and Eu photoluminescence lifetime measurements.

	NPs	La0.9Tb0.1F3	Tb0.85La0.14Eu0.01F3
	Ligand	2-hydroxyisophthalate	2-hydroxyisophthalate	nalidixate
	Tb (ms)	3.41 (54%) 1.28 (46%) 1.07 (94%) 0.124 (6%) 0.59 (97%) 0.07 (3%)
	Eu (ms)	-	9.58 (95%) 1.68 (5%)	9.23 (93%) 1.77 (7%)

Table 7 :

 7 The proportions of added Ln salts for the synthesis of the different NPs.

	NPs	LaCl3	TbCl3	EuCl3
	La0.9Tb0.1F3	0.05 M, 14.4 mL	0.05 M, 1.6 mL	-
	Tb0.85La0.14Eu0.01F3	0.05 M, 2.24 mL	0.05 M, 13.6 mL	0.05 M, 160 μL

Table 8 :

 8 Spectroscopic properties of tested ligands.

		Ligand	λ Absorption (nm)	ε (M -1 .cm -1 )	λ Excitation (nm)	λ Emission (nm)
	(1)	5-Fluorosalicylate	308	4200	308	420
	(2)	Catechol	278	2700	278	310
	(3)	4,4'-Dihydroxybenzil	306	27800	290	380
	(4)	2,2'-Dihydroxy benzophenone	260 335	12300 5400	296	408
	(5)	2,2',4,4'-Tetrahydroxy benzophenone	285 340	10800 16100	296	380
	(6)	2,2'-Dihydroxy-4,4'-dimethoxybenzophenone	285 335	13500 11500	296	366

Table 9 :

 9 Estimated formation yield of each antenna based on the fluorescence response of the synthetic compound.

	Pre-antenna	Isophthalate	5-Cyanoisophthalate	Trimesate
	Yield of antenna formation	10 %	15 %	

Table 10 :

 10 Different H2O2 addition modes for the oxidation of MHPA by HRP.

	Time of addition (min)	0	20	30	40
	[H2O2] (mM)	Exp 1 Exp 2 Exp 3	0.2 0.1 0.067	0.067	0.1	0.066

Table 11 :

 11 Summary of the S/N response of different NPs in ELISA with a 20 µL/mL insulin.

	NPs	La0.9Tb0.1F3	La0.15Tb0.85F3	La0.14Tb0.85Eu0.01F3
	S/N	10	10	20

Table 12 :

 12 Chromatographic conditions adopted for gradient HPLC separation of reaction components.

	Time (min)	ACN	H2O
	00	50%	50%
	08	100%	0%
	10	50%	50%
	15	50%	50%
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Chapter II

Ultrabright lanthanide nanoparticles

Chapter III

Enzymatic reaction: Hydroxylation of isophthalates by HRP Consequently, the 5-fluorosalicylate allowed only 50 times amplification of Tb emission at 100000 ligands/NP, while the 2-hydroxyisophthalate provided an amplification of 500 times upon NPs saturation at 4500 ligands/NP. The inability to provide a high response at low concentrations makes the 5-fluorosalicylate also out of the competition.

Hydroxylation of isophthalate by HRP

The first attempts searching for efficient photosensitizers of the NPs failed to find better than the 2-hydroxyisopthtalate ligand. Therefore, the approach adopted to develop the enzymatic system consisted in starting with this well-known efficient sensitizer and trying to produce it via proper enzymatic reaction.

Horseradish peroxidase (HRP) is a haem-containing enzyme (Figure 68), extensively used in immunochemistry and biocatalytic applications. The full catalytic activity of HRP is described in Figure 69. This enzyme mainly catalyzes the oxidation of diverse hydrogen donor substrates by hydrogen peroxide (H2O2) in a peroxidative reaction cycle. When the hydrogen donor is a substrate like Nicotinamide Adenine Dinucleotide (NADH), the oxidation product NAD˙ can mediate the reduction of O2 in an oxidative cycle, forming the superoxide (O2 -˙). 5 

Chapter IV

Enzymatic reaction: Dimerization of phenols by HRP

Chapter V

Conclusion and perspectives

This low conversion rate is due to the moderate H2O2 concentration required for an optimal formation of the desired compound and to avoid the side reactions or the inactivation of HRP. This can be compensated by a sequential addition of small amounts of H2O2 to enhance the conversion yield to the desired product. In addition, a moderately increased temperature was proven to improve the kinetics of the reaction with free HRP in solution. Particularly, in an ELISA where the enzyme is fixed on the Ab in the bottom of the well, the rate of the reaction is limited by the substrate diffusion to the enzyme active sites. Therefore, an increase of the temperature could have even more effect on the reaction kinetics by improving the diffusion rate.

These optimizations were practically unfeasible, but with an automatized assay and using injectors for the different addition steps, these are serious options to improve the response of the assay. Automated analyzer-based ELISA are widely used, allowing to exploit every process that can significantly enhance the sensitivity of these assays.

On another hand, this enzymatic reaction still has plenty of potential to improve its efficiency in different ways. The first involves further optimization of the substrate. The dimerization of phenol derivatives by HRP is known to be chemoselective when several reactive groups are present on the phenol. The reaction rate was reported to be higher when para and meta substituted phenols were used. Therefore, further studies could be done on the effect of such substituents on the reaction rate and the efficiency of NPs sensitization by the formed dimer.

Another way to promote this reaction consists in the addition of a compound that stimulates the enzymatic oxidation of the phenol. O-dianisidine was reported as a strong stimulator which improves the rate of this type of reaction. The influence of such compounds on the enzymatic reaction as well as the sensitization of NPs could be studied to evaluate any potential improvements of this system.

Finally, among the different strategies developed during the last decades to produce ultrasensitive immunoassays, only a few have made their way successfully into the healthcare and bioanalytical settings. The method developed in this project does need further work to seriously compete with these assays, but with the provided results, it is not far from being there.

Les méthodes sont comparées à l'aide du rapport signal sur bruit S/N pour la même concentration d'insuline. A une concentration de 20 μU/mL, la réponse par détection colorimétrique donne un S/N=4 (Figure 6). Une LOD de 0.5 μU/mL a été estimée, 2 fois plus sensible que la détection colorimétrique du kit, indiquée à 1 μU/mL. 
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• International Symposium on Advances in Pharmaceutical Analysis La première partie a porté sur la synthèse et la caractérisation des NPs Tb et Tb/Eu. Ensuite, deux approches ont été adoptées pour développer la réaction enzymatique. La première consistait en l'hydroxylation de dérivés isophtalates catalysée par la HRP pour former le 2-hydroxyisophtalate, une unité de sensibilisation efficace des NPs. La seconde consistait en l'ortho-dimérisation des phénols catalysée par la même enzyme, où le substrat a été optimisé pour favoriser la formation d'un sensibilisateur efficace des NPs. Ce dernier a fourni des résultats très prometteurs en termes de sensibilité de détection de HRP en solution.

Le système développé a été implémenté dans un ELISA complet pour la détection de l'insuline, où nous avons démontré une amélioration de la sensibilité par rapport à la méthode de détection colorimétrique du kit commercial.
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Résumé en anglais

In this thesis, we developed a new ELISA method based on luminescent Ln-NPs to overcome the limitations of commercial detection methods based on organic chromophores or fluorophores. The principle was to employ an enzymatic reaction to convert a substrate which cannot photosensitize the NPs into an active form that can be coordinated to the surface and efficiently sensitize Ln3+ ions.

A first part focused on the synthesis and the characterization of Tb and Tb/Eu NPs. Then, two approaches were adopted to develop the enzymatic reaction. The first consisted in the hydroxylation of isophthalate derivatives catalyzed by HRP to form the 2-hydroxyisophthalate, an efficient sensitization unit of the NPs. The second consisted in the ortho-dimerization of phenols catalyzed by the same enzyme, while the substrate was optimized to promote the formation of an efficient NPs sensitizer. The latter provided very promising results in terms of sensitivity of HRP detection in solution.

The developed system was then implanted in a full ELISA for insulin detection, where we demonstrated a sensitivity improvement compared to the colorimetric detection method of the commercial kit.