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INTRODUCTION

In the last hundred years, tremendous effort in terms of research initiatives and allocation of economic resources have been made to develop schemes and technologies for more accurate and easy diagnosis of diseases. The importance of medical diagnosis also has been wellemphasized by Gandhi who asserted "A correct diagnosis is three-fourths the remedy." With the advancements in our scientific understanding and abilities to design complex systems, the field of medical diagnostics have progressed to a new era. The available diagnostic technologies are truly numerous in the current scenario; ranging from highly sophisticated MRI, PET-CT scan to simple paper based antigenic tests, all have been developed depending on the targeted applications. Detection of bio-chemical analytes is a crucial step in medical diagnosis. Each of these diagnostic technologies has their own advantages and drawbacks. The detection techniques are often recommended depending on the type of target analyte, required information and desired level of sensitivity. Another major outlook that often plays a big role in choosing a detection scheme is the ease of usage, cost and the portability. ELISA or enzymelinked immunosorbent assay is one of the most widely used biochemical assays used in varieties of applications, ranging from the laboratory based biological analysis to the easy detection of pathogens. But being a heterogeneous assay, ELISA is not always easy to perform owing to the long incubation periods, and multiple washing steps. So recently Förster resonance energy transfer or FRET based homogenous bio-sensing assays have attracted a lot of attention for being rapid, easy to use and highly specific. Additionally, the development of highly fluorescent and photostable semiconductor QD based functional bioconjugates have led to many FRET based biosensing schemes, potentially helping the field to flourish. However, FRET based schemes suffer from some major disadvantages due to some inherited characteristics of the process. FRET only occurs in a significant rate when the donor and acceptor are placed in a distance range less than 10 nm, which makes this technique inefficient for the detection of larger biological molecules (e.g., large proteins, virus DNA/RNA). This results into lack of sensitivity and poor signal to noise ratio, often leading to false/ inconclusive test results. On the other hand, many recent studies showed that sensing schemes based on high quality-resonance modes or so called, whispering gallery modes (WGMs) of optical microcavities can lead to very high sensitivity in bio-detection platforms. But these schemes usually require expensive tunable lasers, tedious and precise alignment of the instrument and the microcavity, and also often suffer from background noises arising from the thermal fluctuations and non-specific interactions. However, another important characteristic of microcavity that is worth mentioning is the characteristic of their resonances that spread out as evanescent fields up to a few tens to hundreds of nm outside the cavity surface. Thus these resonances can engage in energy transfer in ranges that is not achievable with a traditional energy transfer technique, such as FRET.

In this thesis, I propose a scheme to design a hybrid bio-sensing platform by interfacing the FRET based sandwich assay with optical microcavities to exploit the advantages of both the schemes, for example, high specificity of FRET and high sensitivity, longer range of energy transfer from WGM cavities. To be precise, the main motivation of this project is to design microcavity structures where fluorescent QDs are placed inside dielectric microspheres to enable strong coupling of their fluorescence to the cavity modes. In the next step, the goal would be to demonstrate energy transfer from these QDs to some optical acceptors present in the vicinity of the microcavity through the evanescent field of these modes. And in the final step, biofunctionality would be imparted to the microcavities, and also to the acceptors located in the external medium. That would enable a sandwich-like complex formation when the specific analyte is present in the solution, leading to cavity mode mediated enhanced energy transfer from the QDs to the acceptors. This configuration would allow the sensitive and specific detection of very large biomolecules that are not easy to sense using FRET based detection schemes.

To clearly and elaborately present the work done in this project, this thesis includes an introductory chapter to present the context of the work and basis of optical microcavities, Förster resonance energy transfer in the context of bioassays and semiconductor quantum dots. Then the manuscript will be divided into three different chapters, each focused on a particular step of our journey towards building a microcavity based biosensor.

❖ The Chapter-2 will be focused on the fabrication of the optical microcavities. This part will involve synthesizing a few batches of QDs that would fulfil the spectral requirement to engage in the energy transfer process, and also possess other advantages such as high quantum efficiency and photo/chemical stability. The next step will be focused on incorporating this QDs into the dielectric microspheres for the fabrication of our optical microcavities. After the fabrication, the next goal will be to characterize the optical properties of these cavities using spectroscopic and imaging techniques. This will allow us to understand the fundamental characteristics of these cavities, and later utilize them for our targeted applications. A theoretical model should also be constructed to verify whether the WGM characteristics of these cavities match the regular analytical behavior of spherical resonators.

❖ The Chapter-3 will be dedicated towards understanding the optical behavior of these microcavities when they are engaged in an energy transfer experiment. To this goal, a simple donor-acceptor conjugate will be designed using the QD loaded microspheres as optical donors and some dye-based nanoparticles as optical acceptors. The quantitative characterization of the energy transfer process, such as the analysis of the transfer rate and efficiency, is also very important to have a better understanding of the process. Additionally, a side-by-side comparison of the cavity-based energy transfer with the traditional FRET would help us understand where we stand in terms of commercial and practical applications.

❖ The last part of the work, thus Chapter-4 will be focused on designing a real biosensing assay on the basis of the donor microcavity-acceptor nanoparticle conjugated system in the previous chapter. To this aim, the first part of this chapter will involve imparting bio-specificity to the microcavities by some functionalization techniques. After successful bioconjugation, the next step will be to perform a simple model bio-sensing experiment. In our case, I will perform an assay to sense hybridization between two model DNA strands. This will help us to confirm the ability of these technique to successfully translate specific biological interactions.

The final step will be to modify this model assay in order to perform a real biosensing, to be precise, the detection of a cancer biomarker called survivin in solution phase.

❖ In the final section of the thesis, the conclusion of the work and the future perspectives of the project are discussed elaborately. 

LIST OF ABBREVIATIONS

BIO-DETECTION:

1.1.1 Definition and introduction:

Bio-detection or bio-sensing is a general terminology referring to the processes to detect biological substances in vitro or in vivo. Simplifying the IUPAC definition, a bio-detection device uses specific biochemical interactions mediated by isolated enzymes, proteins produced by immunosystems, cells or tissues to detect biological analytes usually by electrochemical, thermal, and optical signals. [START_REF]IUPAC Compendium of Chemical Terminology[END_REF] A bio-detection device generally consists of two important components: a bio-recognition unit and a transducer. The bio-recognition unit helps the biosensor to bind to a target analyte with unique specificity.

Transducers are responsible for translating the bioreceptor-analyte interactions into electrochemical, thermal, magnetic or optical signal. The analytes can belong to a broad range of biological entities, e.g.;

genetic materials of viruses or bacteria, antibodies produced by immunosystems of infected living organisms, peptides or other biological elements 2 . These analytes can also be simple molecules like sugars [START_REF] Van Wijck | Novel Analytical Approach to a Multi-Sugar Whole Gut Permeability Assay[END_REF] (e.g.; glucose, fructose, etc.), pollutants 4 (such as heavy ions like lead [START_REF] Vijitvarasan | Paper-Based Scanometric Assay for Lead Ion Detection Using DNAzyme[END_REF] , mercury [START_REF] Gu | Detection of Mercury Ion by Infrared Fluorescent Protein and Its Hydrogel-Based Paper Assay[END_REF] and arsenic [START_REF] Kalluri | Use of Gold Nanoparticles in a Simple Colorimetric and Ultrasensitive Dynamic Light Scattering Assay: Selective Detection of Arsenic in Groundwater[END_REF] ) in water or toxic elements in food [START_REF] Geißler | Recent Developments in Förster Resonance Energy Transfer (FRET) Diagnostics Using Quantum Dots[END_REF] and crops [START_REF] Arola | Specific Noncompetitive Immunoassay for HT-2 Mycotoxin Detection[END_REF] . Owing to the vast and practical use of bio-detection platforms in clinical diagnosis for the identification of pathogens [START_REF] Aliyu | Rapid Detection and Quantitation of Hepatitis B Virus DNA by Real-Time PCR Using a New Fluorescent (FRET) Detection System[END_REF][START_REF] Wang | QDs-DNA Nanosensor for the Detection of Hepatitis B Virus DNA and the Single-Base Mutants[END_REF][START_REF] Hjertner | Adaptation of an Invader® Assay for the Detection of African Swine Fever Virus DNA[END_REF][START_REF] Jothikumar | Quantitative Real-Time PCR Assays for Detection of Human Adenoviruses and Identification of Serotypes 40 and 41[END_REF] , food [START_REF] White | The Role of HMF and Diastase Assays in Honey Quality Evaluation[END_REF][START_REF] Singh | Evaluation of Gold Nanoparticle Based Lateral Flow Assays for Diagnosis of Enterobacteriaceae Members in Food and Water[END_REF][START_REF] Stewart Anderson | Evaluation of Protein Quality in Fish Meals by Chemical and Biological Assays[END_REF] and water quality [START_REF] Trintinaglia | Cytotoxicity Assays as Tools to Assess Water Quality in the Sinos River Basin[END_REF][START_REF] Palácio | Assessment of Anthropogenic Impacts on the Water Quality of Marreco River, Brazil, Based on Principal Component Analysis and Toxicological Assays[END_REF][START_REF] Slabbert | Microbial Toxicity Assays Used for Water Quality Evaluation in South Africa[END_REF] analysis and even for monitoring blood glucose level, tremendous research effort has been put into the development of this field in the last 50 years. One of the standard biochemical detection techniques that is often preferred for clinical and industrial purposes is called the enzyme linked Immunosorbant assay or ELISA [START_REF] Lequin | Enzyme Immunoassay (EIA)/Enzyme-Linked Immunosorbent Assay (ELISA)[END_REF] which uses specific enzymatic reactions that leads to some physical, such as colorimetric, change in the traditional format of the assay when the specific analyte is present in the sample. But in the recent times, many exotic properties of materials such as fluorescence [START_REF] Mere | Miniaturized FRET Assays and Microfluidics: Key Components for Ultra-High-Throughput Screening[END_REF][START_REF] Liao | A New Trend to Determine Biochemical Parameters by Quantitative FRET Assays[END_REF][START_REF] Takkinen | Recent Advances in Homogenous Immunoassays Based on Resonance Energy Transfer[END_REF] , surface plasmon resonances (SPR) [START_REF] Mitchell | Small Molecule Immunosensing Using Surface Plasmon Resonance[END_REF][START_REF] Haes | A Localized Surface Plasmon Resonance Biosensor: First Steps toward an Assay for Alzheimer's Disease[END_REF][START_REF] Giannetti | Surface Plasmon Resonance Based Assay for the Detection and Characterization of Promiscuous Inhibitors[END_REF] and dielectric cavity resonances 2, [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF][START_REF] Chakravarty | Multiplexed Specific Label-Free Detection of NCI-H358 Lung Cancer Cell Line Lysates with Silicon Based Photonic Crystal Microcavity Biosensors[END_REF][START_REF] Santiago-Cordoba | Nanoparticle-Based Protein Detection by Optical Shift of a Resonant Microcavity[END_REF] are exploited to transduce and amplify detection signals. Label-free detection techniques [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF] are progressively gaining attention for being simple, user friendly and often with improved sensitivity. In this section, I will discuss the mainstream detection techniques, and their principles in addition to their advantages and disadvantages. Finally I will propose a fluorophore loaded microcavity based bio-detection scheme that might be useful for building bio-sensing schemes with improved sensitivity and specificity.

Classification of bio-detection assays:

In the history of recent developments of biosensors, immunoassay is one of the most useful advancements. This analytical bio-chemistry tool, first developed by Rosalyn Sussman Yalow and Solomon

Berson in 1950s is widely used in medical sciences as well as for research purposes in last few decades [START_REF] Rall | In "Biographical Memoirs[END_REF] .

Immunoassays generally use antibodies (ABs) which are carefully designed for detection of specific biomolecules. Antibodies are usually advantageous as bio-recognition units because they can strongly and stably bind to the analytes with very high specificity. There are various kinds of transducer that are widely used in immunoassays. For example, radio-immunoassays utilize antibodies labeled with radio-active isotopes to indicate the formation of the analyte-antibody complex 31 . Other interesting labeling strategies involve the use of chemiluminescent 32 , bioluminescent [START_REF] Bacart | The BRET Technology and Its Application to Screening Assays[END_REF] or fluorescent [START_REF] Geißler | Recent Developments in Förster Resonance Energy Transfer (FRET) Diagnostics Using Quantum Dots[END_REF] tags on the antibodies. In these formats, one antibody is labeled with at most a few reporter molecules. In contrast, ELISA, one of the most regularly used assays, utilizes enzyme-based catalytic activities to indicate the binding of the analyte to the antibody [START_REF] Crowther | ELISA : Theory and Practice[END_REF] , by modifying either the color or absorbance or the fluorescence properties of substrate molecules. Each enzyme therefore acts as a multiplier, leading to an increase in sensitivity. Depending on the functioning mechanism, immunoassays can be of several different kinds, the major formats of operation are direct, indirect, sandwich and competitive.

Direct immunoassays:

In this kind of assays, the analytes directly bind to the bio-recognition units or antibodies. This complex formation can be quantitatively measured by observing the signal from the transducer which is attached to the antibody [START_REF] Lin | ELISA: Methods and Protocols[END_REF] . In general, the signal is measured as the optical, electrical or magnetic property of the system. This technique spares the users from the complexity of using catalytic ligands but the detection limit is comparatively higher than the label based detection.

In Figure 1.1 (A), a direct ELISA scheme is shown, where antigens/analytes are mobilized on the surface, then the primary antibody conjugates are added to it, followed by a washing step to remove the unbound antibodies. After that, when enzymatic substrate is added, depending on the presence of analyte-antibody complex on the surface, enzymatic activity signal would change.

Indirect immunoassays:

Unlike direct assays, indirect ones use a labeled secondary antibody as the transducer. After the formation of the sensor-analyte complex, the transducer antibody is introduced which selectively binds to the primary bio-recognizing antibody [START_REF] Lin | ELISA: Methods and Protocols[END_REF] .

A scheme of indirect ELISA assay is given in the Figure 1.1 (B). Unlike the direct assay, in this case, the primary antibody does not possess the transducer enzyme conjugation, thus a secondary antibodyenzyme conjugate is required that binds to the primary antibody and provide transducing signals by reacting to the enzymatic substrates. 

Sandwich immunoassay:

In this format of immunoassays, two specific antibodies are used to bind to the analyte from two opposite sites and form a 'sandwich complex'. At first, a capture antibody binds to the biomolecule of interest and blocks one face of binding, later the probe antibody binds to the other face of the analyte. The signal from the transducer provides quantitative information about the analyte. This technique is highly specific because it requires two different antibodies to bind to the analyte on the specific sites. This format is the most common one for Enzyme-linked assays (ELISA). During the past few decades, Förster resonance energy transfer (FRET) [START_REF] Wei | Development of an Open Sandwich Fluoroimmunoassay Based on Fluorescence Resonance Energy Transfer[END_REF][START_REF] He | A Highly Selective Sandwich-Type FRET Assay for ATP Detection Based on Silica Coated Photon Upconverting Nanoparticles and Split Aptamer[END_REF] , chemiluminescence [START_REF] Sun | Chemiluminescence-Based Aptasensors for Various Target Analytes[END_REF] and bioluminescence-based [START_REF] Arai | Demonstration of a Homogeneous Noncompetitive Immunoassay Based on Bioluminescence Resonance Energy Transfer[END_REF] immunoassays have been the topics of huge research interest to the scientific community. These assays too utilize the format of sandwich complex formation. A sandwich ELISA scheme is demonstrated in the Figure 1.1 (C).

Competitive immunoassays:

This format of assays is generally used when the size of the analyte is too small to be captured between two antibodies to form a sandwich complex. Instead of using a transducer antibody, this format utilizes the competition between labeled and unlabeled analytes to bind to the primary capture antibodies [START_REF] Hurley | Measurement of Bovine IgG by Indirect Competitive ELISA as a Means of Detecting Milk Adulteration[END_REF] .

Depending on the functional mechanism and ease of using, competitive immunoassays can be of two kinds.

(A) Homogeneous competitive immunoassay: In this mechanism, an assay is prepared where labeled analytes are bound to the antibodies. When unlabeled sample is added, they compete with the labeled analytes and consequently replace a portion of the bound, labeled analytes. The signal from these free labeled analytes is used to know the amount of the sample analyte [START_REF] Pulli | One-Step Homogeneous Immunoassay for Small Analytes[END_REF] . This kind of assays are called homogenous as they do not require any washing steps, making the process much simpler and userfriendly.

(B) Heterogeneous competitive immunoassay: The concept of this assay is very similar to the homogenous one, except in this case, the labeled, unbound analytes are washed away and the signal from the bound labeled analytes is measured to gain the information about the analyte concentration in the sample [START_REF] Dinis-Oliveira | Heterogeneous and Homogeneous Immunoassays for Drug Analysis[END_REF] . This assay is called heterogeneous as it requires an intermediate washing step. Figure 1.1 (D) shows a scheme where both labeled and unlabeled antigens are bound on the capture antibody coated surface.

ELISA is one of the most commonly used heterogeneous immunoassay that has extensive applications in bioanalysis, diagnosis, research labs as well as quality testing of products in industries. In spite of being widely used, ELISA or any other heterogeneous immunoassay involves multiple, long incubation periods and tidy washing steps which create difficulties for the users. In the recent times, a lot of efforts and progress have been made to develop user-friendly homogeneous assays based on Förster resonance energy transfer (FRET) which enables one-step, fast and direct detection of analytes both in competitive and other formats of immunoassays. A FRET sandwich assay scheme is shown in the Figure 1.1 (E), where two sets of antibodies labeled with respectively donor and acceptor fluorophores bind to the specific analyte forming a sandwich complex which enables the energy transfer process from the donor to the acceptor and the signal can be read by observing the enhancement of acceptor emission intensity or the quenching of donor fluorescence.

FRET BASED HOMOGENOUS IMMUNOASSAY 1.2.1 Förster Resonance Energy Transfer (FRET):

Energy transfer between a donor and an acceptor can occur through several different processes. The major ones are resonance energy transfer [START_REF] Algar | FRET as a Biomolecular Research Tool -Understanding Its Potential While Avoiding Pitfalls[END_REF] , electron transfer [START_REF] Soler | Distinguishing between Dexter and Rapid Sequential Electron Transfer in Covalently Linked Donor-Acceptor Assemblies[END_REF] , reabsorption, collisional quenching [START_REF] Tamura | Collisional Quenching of CH(A), OH(A), and NO(A) in Low Pressure Hydrocarbon Flames[END_REF] and excited state complex formation [START_REF] Dhami | Phthalocyanine Fluorescence at High Concentration: Dimers or Reabsorption Effect?[END_REF] . All of these processes are fundamentally and mechanistically different from each other. Dexter electron transfer is a non-radiative mechanism to transfer energy via the exchange of electrons between an excited donor and a relaxed acceptor. The range of transfer is very small, typically less than 1 nm. Reabsorption occurs when a photon is emitted by an excited donor molecule and subsequently absorbed by an acceptor. Intuitively, the complex formation and collisional quenching occur in a similar way [START_REF] Andrews | A Unified Theory of Radiative and Radiationless Molecular Energy Transfer[END_REF] . The donor can form an excited-state complex with the acceptor to transfer its energy whereas the collisional quenching occurs just due to the collision between an excited donor and an acceptor.

In contrast to the mechanisms mentioned above, resonance energy transfer is a radiationless process where the donor and the acceptor are described as two oscillating dipoles with non-perpendicular relative orientation. The energy transfer occurs when they are in close proximity. The transferred energy is dissipated from the acceptor by either radiative (for fluorophores) or non-radiative (for quenchers) relaxation. FRET (Förster or Fluorescence Resonance Energy Transfer) is radiationless that means the energy transfer occurs without the emission of a photon, instead it occurs due to the dipole-dipole interaction between the donor and the acceptor. The story of FRET begins when in an experiment performed in gaseous phase, Cario and Frank observed energy transfer from mercury to thallium atoms.

Also in 1920s, French physicist Jean Perrin first coined the term 'transfert d'activation' to denote the transfer of energy between two molecules through interactions of two oscillating dipoles [START_REF] Deal | Milestones in the Development and Implementation of FRET-Based Sensors of Intracellular Signals: A Biological Perspective of the History of FRET[END_REF] . FRET is named after the German scientist Theodor Förster who developed the theoretical and mathematical understanding of the resonance energy transfer (RET). By 1948, he published his idea of RET and its significance in photosynthesis for plants [START_REF] Clegg | The History of Fret[END_REF] . Since the formulation, FRET has been widely applied in many fields, e.g., medical diagnosis, research experiments in biology and chemistry, bio-sensing assays and imaging. FRET is defined as a mechanism of non-radiative and through-space energy transfer from a donor to an acceptor moiety present within close proximity, usually less than 10 nm [START_REF]Energy Transfer[END_REF] .

The theory of FRET:

The theory of resonance energy transfer has been developed by using both classical and quantum mechanical assumptions on the system which makes the theory reasonably complex. But the idea of the energy transfer and the parameters that control this process can be easily interpreted from these following final equations [START_REF]Energy Transfer[END_REF] .

The rate of energy transfer between a donor and an acceptor separated by the distance 'r' can be given by equation 1.1.

K 𝐸𝑇 (r) = Q D κ 2 𝜏 𝐷 𝑟 [START_REF] Gu | Detection of Mercury Ion by Infrared Fluorescent Protein and Its Hydrogel-Based Paper Assay[END_REF] ( 9000(ln 10) 128π 5 𝑁ƞ 4 ) ∫ 𝐹 𝐷 (λ)ɛ 𝐴 (λ)λ 4 𝑑λ , ∞ 0 (𝐸𝑞. 1.1) where Q D and 𝜏 𝐷 are respectively the quantum yield and radiative lifetime of the donor in the absence of the acceptor, ƞ is the refractive index of the medium, N is Avogadro's number. 𝐹 𝐷 (λ) is the fluorescence intensity of the donor in the wavelength range λ to λ + Δλ provided that the total fluorescence intensity (calculated as the area under the emission curve) is normalized to 1 and ɛ 𝐴 (λ) is the extinction coefficient of the acceptor at λ. The term κ 2 stands for the relative orientation of the dipoles of the donor and the acceptor in space. The value of κ 2 is usually taken as 2/3 which is consistent for dynamic averaging of the donor and acceptor dipoles with random orientations. This equation provides the insight about the sharp dependence of the energy transfer rate on 'r'. Another important factor that determines the rate of the energy transfer is the spectral overlap between the donor emission and acceptor absorption (see Figure 1.2 (A)) which is given by the equation 1.2.

Characteristically 𝐹 𝐷 (λ) is unitless, so the unit of overlap integral J(λ) depends on ɛ 𝐴 (λ) and λ. Usually λ has the unit of nm and ɛ 𝐴 (λ) is expressed in M -1 cm -1 , so the J(λ) is generally given in the unit M -1 cm -1 nm 4 .

The Jablonski diagram for FRET between a donor-acceptor pair has been given in the Figure 1.2 (B).

Figure 1.2: (A) spectral overlap (blue shaded region) between the donor emission (in green) and acceptor fluorescence (in yellow), (B) Jablonski diagram for FRET (the dotted lines represent vibrational relaxation).

In most of the real-lab bio-chemical experiments, the notion of energy transfer rate is not always practical to use, instead the idea of the Förster distance (R 0 ) is more useful and convenient for quick interpretation. R 0 is defined as the distance between the donor and the acceptor when the energy transfer rate is 50%.

The Förster distance can also be expressed as equation 1.3 which can be used to easily calculate R 0 from the quantum yield of the donor and the spectral properties of the donor and the acceptor.

𝑅 0 6 = ( 9000(ln 10)Q D κ 2 128π 5 𝑁ƞ 4 ) ∫ 𝐹 𝐷 (λ)ɛ 𝐴 (λ)λ 4 𝑑λ . R 0 = 0.211(Q D κ 2 ƞ -4 J(λ)) 1/6 Å , (𝐸𝑞. 1.4) R 0 generally lies within the 4-8 nm range for traditional donor-acceptor chromophore pairs. Once the value of R 0 is derived, the rate of energy transfer can be calculated using a simple equation 1.5. Energy transfer is a competitive mechanism with electronic relaxation. Transfer only happens with a significant efficiency when its rate is comparable to the decay rate of the donor excited state, otherwise electronic relaxation dominates and very little RET occurs during the excited state lifetime of the donor.

K 𝐸𝑇 = (
The efficiency of energy transfer (𝐸) can be expressed using the equation 1.6.

𝐸 =

𝐾 𝐸𝑇 (𝑟)

𝐾 𝐸𝑇 (𝑟)+(𝐾 𝑟𝑎𝑑 +𝐾 𝑛𝑜𝑛-𝑟𝑎𝑑 ) , (𝐸𝑞. 1.6) where K rad and K non-rad are respectively the rate of relaxation through radiative and non-radiative processes. Together these radiative and non-radiative processes only are responsible for the relaxation of the donor in the absence of any acceptor.

Equation 1.6 can be re-written in terms of the Förster distance (R 0 ) using the relation of eq.1.5, as:

𝐸 = 𝑅 0 6 𝑅 0 6 +𝑟 6 . (𝐸𝑞. 1.7)
Equation 1.7 suggests that the efficiency of energy transfer strongly depends on the donor-acceptor distance. In the Figure 1.3 (A), it can be seen that when the distance goes below R 0 , the efficiency of energy transfer quickly approaches to 1, contrarily the efficiency drops quickly when the distance increases above R 0 . For example, when the donor-acceptor distance is twice of the R 0 , the efficiency is only 1.54%.

The efficiency of transfer is typically calculated from the relative donor fluorescence intensity of the donor-acceptor conjugate (𝐹 𝐷𝐴 ) and donor-only (𝐹 𝐷 ) using the equation 1.8. 𝐹 𝐷 and 𝐹 𝐷𝐴 respectively can be calculated by integrating the donor fluorescence before and after adding the acceptor, as shown in the One of the key parameters in the dynamics of Förster resonance energy transfer is the orientation factor (κ 2 ) which have been previously used in the equations but has not been widely elaborated. κ 2 is related to the relative alignment of the donor and the acceptor dipoles (given as in Eq. 1.10). The rate of energy transfer is linearly dependent on the orientation factor making it a key parameter. [START_REF]Energy Transfer[END_REF] κ 2 = (𝑐𝑜𝑠𝜃 𝑇 -3𝑐𝑜𝑠𝜃 𝐷 𝑐𝑜𝑠𝜃 𝐴 ) 2 , (𝐸𝑞. 1.10) where, 𝜃 𝐷 and 𝜃 𝐴 respectively are the angles that the donor dipole (μ 𝐷 ) and acceptor dipole (μ 𝐴 ) make with the line adjoining them, and 𝜃 𝑇 is the angle between the donor and acceptor planes (see Figure 1.4 (B)). In solutions where the donors and the acceptors usually do not align themselves in a fixed orientation, the value of κ 2 is taken to be 2/3 which is derived as an average value with the assumption that the fluorophores randomly orient themselves via rotational diffusion at the moment of energy transfer. But in various circumstances, the donors and acceptors orient themselves in a particular fashion which allows to utilize the equation 1.10 to calculate a case-dependent orientation factor. The value of κ 2 can vary from 0 to 4. The value of κ 2 is 0 when the donor and the acceptor dipoles are perpendicular to each other, in that case, theoretically no energy transfer should happen. For parallel dipoles the value is 1 and for head-to-tail parallel orientation κ 2 takes the maximum value of 4 (see all the orientations in Figure 1.4 (B)). Fluorescence anisotropy experiments on the FRET pairs limits the value of κ 2 which in turns minimizes the error for experiments to measure distance using FRET [START_REF]Energy Transfer[END_REF] .

To summarize the key points, the efficiency of FRET is governed by several parameters, but the major ones are:

1. The distance between the donor and the acceptor (r) that should be typically less than 10 nm for a significant efficiency of FRET.

2. The spectral overlap (J(λ)) between the emission spectra of the donor and the absorption spectra of the acceptor.

3. The relative orientation (associated by κ 2 ) between the dipole moments of the donor and the acceptor.

The applications of FRET:

FRET based experimental techniques are extensively used in various fields of sciences including medical and molecular biology, biochemistry, materials and polymer chemistry [START_REF] Sahoo | Resonance Energy Transfer -A Spectroscopic Nanoruler: Principle and Applications[END_REF] . In the field of biology, structural and conformational changes of proteins and DNA can be accurately studied up to sub-nanoscale precision that is the reason why FRET is called 'Spectroscopic nano-ruler' [START_REF] Sahoo | Resonance Energy Transfer -A Spectroscopic Nanoruler: Principle and Applications[END_REF] . Some examples of FRET being applied for scientific studies are discussed below.

Study of Conformational and structural dynamics:

Most of the bio-chemical reactions involve structural changes of bio-moieties in their pathways. For example, Protein and RNA folding [START_REF] Uhm | Single-Molecule FRET Studies on the Cotranscriptional Folding of a Thiamine Pyrophosphate Riboswitch[END_REF] , DNA bending in small and large angles [START_REF] Woźniak | Single-Molecule FRET Measures Bends and Kinks in DNA[END_REF][START_REF] Dragan | Chapter 9 Use of Fluorescence Resonance Energy Transfer (FRET) in Studying Protein-induced DNA Bending[END_REF][START_REF] Yuan | DNA Bending Stiffness on Small Length Scales[END_REF] , DNA-protein [START_REF] Blouin | Functional Studies of DNA-Protein Interactions Using FRET Techniques[END_REF] , RNAprotein [START_REF] Rehman | Development of an AP-FRET Based Analysis for Characterizing RNA-Protein Interactions in Myotonic Dystrophy (DM1)[END_REF] , protein-protein [START_REF] Maurel | Cell-Surface Protein-Protein Interaction Analysis with Time-Resolved FRET and Snap-Tag Technologies: Application to GPCR Oligomerization[END_REF] interactions are widely studied using FRET-based techniques. The most general scheme extracts the distance distribution of FRET pairs from the fluorescence intensity of the donor and the acceptor which can be interpreted to predict the dynamics of biochemical reactions including the formation of the intermediate states. For example, there was an ambiguity regarding the structure of apolipoproteins (ApoA-I) which are responsible for regulating the metabolism of cholesterol.

Because of the formation of discoidal structure, techniques like x-ray crystallography was not sufficient to predict the conformation of apolipoproteins. There were two possible suggestions of arrangement, one is the formation of belt like structure around the lipid and the other one is by folding antiparallel α-helices in a picket-fence conformation. The issue to predict the conformation was resolved using RET where two amino acids were tagged with FRET pairs allowing the energy transfer to occur from the donor to the acceptor that can only occur in one of the proposed possible arrangements. This experiment revealed the actual conformation to be belt-like rather than the formation of fence [START_REF]Energy Transfer[END_REF][START_REF]Time-Resolved Energy Transfer and Conformational Distributions of Biopolymers[END_REF] .

FRET based techniques are exploited to determine the distance between the active sites of a macromolecules (e.g., proteins, DNA, RNA and peptides) by covalently labeling one site with a donor and the other one with an acceptor [START_REF] Sahoo | Resonance Energy Transfer -A Spectroscopic Nanoruler: Principle and Applications[END_REF] . The efficiency of FRET provides very accurate information about the structure and the size of a protein, but the only condition that is applied is that the distance between the donor and the acceptor does not change during the excited state lifetime of the donor.

Material and polymer sciences:

FRET based techniques are widely used to study cell-material interfaces quantitatively. These experiments reveal information which are valuable to comprehend cellular responses and the chemical changes in matrix proteins due to various substrates interacting with the cell surface [START_REF] Sahoo | Resonance Energy Transfer -A Spectroscopic Nanoruler: Principle and Applications[END_REF] .

Numerous studies have been performed where amino acids [START_REF] Stryer | Energy Transfer: A Spectroscopic Ruler[END_REF] , carbohydrates [START_REF] Gemma | Enabling Methodology for the End Functionalisation of Glycosaminoglycan Oligosaccharides[END_REF] and biomolecules [START_REF] Kashida | An Efficient Fluorescence Resonance Energy Transfer (FRET) between Pyrene and Perylene Assembled in a DNA Duplex and Its Potential for Discriminating Single-Base Changes[END_REF] are used as spacers between the donor and acceptor to understand how parameters like chain length influences the rigidity of the polymer. Some other studies have also been done to show how energy transfer rate varies when the number of amino acid units are manipulated in the spacer peptides [START_REF] Sahoo | Distance Distributions of Short Polypeptides Recovered by Fluorescence Resonance Energy Transfer in the 10 Å Domain[END_REF] . These studies help to understand the flexibility of different regions in the three-dimensional protein structures.

RET based sensors:

FRET has been applied extensively to develop sensors for detecting both small molecules and biological macromolecules like proteins, peptides and DNA [START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF] . FRET based sensors have a lot of advantages over the conventional biochemical techniques because resonance energy transfer allows to investigate the conformational states of bio-moieties in real time with high spatio-temporal resolution [START_REF]Energy Transfer[END_REF] .

A lot of research has been done on FRET based pH sensors [START_REF] Chen | FRET-Based Sensor for Visualizing PH Variation with Colorimetric/Ratiometric Strategy and Application for Bioimaging in Living Cells, Bacteria and Zebrafish[END_REF] , assays to detect ions [START_REF] Chereddy | A Highly Selective and Efficient Single Molecular FRET Based Sensor for Ratiometric Detection of Fe3+ Ions[END_REF] and small molecules [START_REF] Peroza | Randomized Development of Genetically Encoded FRET Sensors for Small Molecules[END_REF] and measure intracellular pH [START_REF] Dennis | Quantum Dot-Fluorescent Protein FRET Probes for Sensing Intracellular PH[END_REF] to study the complex biochemical reactions occurring in the cellular level.

In a recent study to understand a variety of cellular functions, a RET based pH sensor have been developed

where a napthalimide fluorophore is used as a FRET donor and a rhodamine B dye is utilized as an FRET acceptor [START_REF] Zhang | A Ratiometric Lysosomal PH Probe Based on the Naphthalimide-Rhodamine System[END_REF] . Morpholine was appended as a potential lysosome targeting group to the FRET donor which can induce chemical reactions responsible for changing the pH of the intracellular matrix [START_REF] Dong | Dual Site-Controlled and Lysosome-Targeted Intramolecular Charge Transfer-Photoinduced Electron Transfer-Fluorescence Resonance Energy Transfer Fluorescent Probe for Monitoring PH Changes in Living Cells[END_REF] . The FRET sensor is capable of switching the fluorescence from green to red within the neutral to acidic pH range. In another study [START_REF] Feng | Conjugated Polymer and Spirolactam Rhodamine-B Derivative Co-Functionalized Mesoporous Silica Nanoparticles as the Scaffold for the FRET-Based Ratiometric Sensing of Mercury (II) Ions[END_REF] , a FRET based chemosensor has been developed by using fluorescein as energy donor and ring-opened rhodamine B as acceptor to selectively detect Hg 2+ .

Perspectives of FRET Based Immunoassays:

1.

Advantages:

Based on the principle of bio-chemical interaction between antibody and antigen, immunoassays are designed for highly specific detection of analytes. ELISA, which is one kind of heterogeneous immunoassays, is widely used for bioanalysis and diagnostics but the multiple incubation and washing steps make it complicated and requiring some expertise from the end-user to perform. On the other hand, homogenous RET based immunoassays have proven to be simple, user friendly and reliable [START_REF] Geißler | Recent Developments in Förster Resonance Energy Transfer (FRET) Diagnostics Using Quantum Dots[END_REF][START_REF] Algar | FRET as a Biomolecular Research Tool -Understanding Its Potential While Avoiding Pitfalls[END_REF] . Recently these are designed to have wide range of applications from biomarking of proteins to the detection of environmental and food toxins. This kind of immunoassay utilizes the spectral dynamics of the donoracceptor complex to detect biomolecules and excludes the complex washing steps used in heterogeneous assays which makes it a rapid and one-step detection technique. For a long time, organic fluorophores were predominantly used as donor-acceptor FRET pairs but in the recent times there have been a lot of research on quantum dots for labeling in FRET based immunoassays [START_REF] Cardoso Dos Santos | Quantum Dots for Förster Resonance Energy Transfer (FRET)[END_REF] , which will be further discussed in section 1.3 of this chapter.

The most common FRET based immunoassay operates in non-competitive design which is widely known as "sandwich immunoassay". In this format, two different kinds of capture probes such as, antibodies, one attached to an optical donor and the other one connected to an optical acceptor, are mixed together and then the sample of interest is added to the mixture. If the specific analyte is present in the sample, then the two different kinds of antibodies will bind to their corresponding binding sites and form the sandwich complex (Figure 1.1 (E)). An optimal range of wavelength is selected to specifically excite donor and minimize the contribution of direct excitation of the acceptor. Due to the close proximity (~ 10 nm)

and spectral overlap, FRET occurs from the sensitized donor to the acceptor which can be qualitatively and quantitatively followed by looking at the quenching of donor fluorescence or the emission from the acceptor. Time resolved spectroscopy is also used to observe the binding kinetics. The efficiency of FRET can be accurately determined from the change in the fluorescence lifetime of the donor. Due to the presence of acceptor's decay channel, the lifetime of the donor will decrease. Time resolved fluorescence energy transfer (TR-FRET) which is a practical combination of time-resolved fluorescence spectroscopy and FRET, is often preferred over the steady-state fluorescence techniques due to lower background related problems and improved sensitivity and fewer false positive/negative results [START_REF] Varghese | FRET for Lab-on-a-Chip Devices -Current Trends and Future Prospects[END_REF] .

Various simple coupling chemistry techniques are widely used to react the functional groups of antibodies to donor/acceptor fluorophores that enables us to detect a vast range of analytes. The simplicity of this test and reduced complexities regarding washing steps, makes it a very useful detection platform even suitable for non-professional end users. ). An analyte (morphine) specific antibody fragment is labeled with donor organic fluorophores which yields an immune complex upon binding with morphine. On the other hand an antibody-fragment with very high binding-specificity to the immune complex has been tagged with acceptor fluorophore. This one step homogenous FRET assay could detect the presence of morphine already at a concentration as low as 5 ng/mL without any cross-reactivity to other opiates like codeine or heroin. Later the same principle was applied for the efficient detection of (-)-Δ9-tetrahydrocannabinol (THC) [START_REF] Niemi | A Structural Insight into the Molecular Recognition of a (-)-Delta9-Tetrahydrocannabinol and the Development of a Sensitive, One-Step, Homogeneous Immunocomplex-Based Assay for Its Detection[END_REF] and mycotoxin from wheat extracts 9 .

Disadvantages:

Even though FRET based immunoassay has been adopted as a useful, simple and cost-effective biodetection technique, but there are some disadvantages such as the limitation of the maximum size of the analyte that can be detected which results into lack of sensitivity and low accuracy of the outcome. The major issue that FRET based detection platforms face, appears due to its strong inverse dependence on the donor-acceptor distance.

As mentioned in the equation 1.5, the efficiency of FRET (𝐸) varies inversely with the 6 th power of r, donoracceptor distance. The optimum D-A distance where the FRET pairs have significant efficiency is between 1-10 nm. Beyond 10 nm distance, the rate of resonance energy transfer become significantly low [START_REF] Sahoo | Distance Distributions of Short Polypeptides Recovered by Fluorescence Resonance Energy Transfer in the 10 Å Domain[END_REF] . In case of majority of the homogenous fluorescence assays, the FRET efficiency significantly depends on the size of the sandwich complex produced due to the coupling of the donor and the acceptor labelled antibodies to the target analytes. The large dimensions of many antibodies (e.g.; Immunoglobulin G or IgG antibody has the dimension of 14.5 nm × 8.5 nm × 4.0 nm, with antigen binding sites separated by 13.7 nm) [START_REF] Tan | A Nanoengineering Approach for Investigation and Regulation of Protein Immobilization[END_REF] and target analytes (e.g.; antigen proteins, long stranded DNA and mRNA sequences) frequently yields complexes where donor and acceptor are placed above the suitable FRET range. Not only does it decrease the signal-to-noise ratio but also it leads to false read-out of signals. Also the relative dipole orientation of the donor and acceptor is a critical factor in FRET assays, the FRET efficiency theoretically drops down to zero if the dipoles are perpendicular to each other.

In the recent time, many alternative methods have been proposed to augment the distance range of energy transfer using, for example, energy migration in nanoassemblies [START_REF] Achermann | Picosecond Energy Transfer in Quantum Dot Langmuir-Blodgett Nanoassemblies[END_REF] , energy transfer to metallic nanoparticles [START_REF] Cao | Plasmon Resonance Energy Transfer: Coupling between Chromophore Molecules and Metallic Nanoparticles[END_REF][START_REF] Naghdi | Green and Energy-Efficient Methods for the Production of Metallic Nanoparticles[END_REF][START_REF] Hohenester | Interaction of Single Molecules With Metallic Nanoparticles[END_REF] , or energy transfer between lanthanides and semiconductor quantum dots (QDs) [START_REF] Algar | Emerging Non-Traditional Förster Resonance Energy Transfer Configurations with Semiconductor Quantum Dots: Investigations and Applications[END_REF][START_REF] Geißler | Lanthanides and Quantum Dots as Förster Resonance Energy Transfer Agents for Diagnostics and Cellular Imaging[END_REF][START_REF] Díaz | Quantum Dots as Förster Resonance Energy Transfer Acceptors of Lanthanides in Time-Resolved Bioassays[END_REF] ,

and using the resonances of optical microcavities which we will present in the following section. that these nanocrystals exhibited a substantial blueshift of their absorption compared to bulk CdS, which supported the theory of quantum confinement of electrons and holes 84,85 .

During the initial stage of developments, more efforts were focused on the controlled and uniform synthesis and understanding the fundamental properties of QDs. Later, resonance energy transfer (RET) was thoroughly demonstrated by Bawendi Lab in 1996, who introduced the idea to use smaller QDs as optical donor and larger ones as acceptors (see Figure 1.6 (B)). This long range RET was well-explained by assuming QD-QD dipole coupling which is a classic hallmark of Förster resonance energy transfer (FRET) [START_REF] Kagan | Electronic Energy Transfer in CdSe Quantum Dot Solids[END_REF][START_REF] Kagan | Long-Range Resonance Transfer of Electronic Excitations in Close-Packed CdSe Quantum-Dot Solids[END_REF] . The development of QDs as potential FRET based biosensor passed the landmark when the first demonstration of QD-bioconjugates came around in 1998 which was both stable in aqueous environment and functional as cellular probes [START_REF] Chan | Quantum Dot Bioconjugates for Ultrasensitive Nonisotopic Detection[END_REF][START_REF] Bruchez | Semiconductor Nanocrystals as Fluorescent Biological Labels[END_REF] . Later many reports of QD based bio-sensors were designed to probe biological interactions, such as biotin-avidin [START_REF] Willard | CdSe-ZnS Quantum Dots as Resonance Energy Transfer Donors in a Model Protein-Protein Binding Assay[END_REF] , antibody-antigen [START_REF] Wang | Antigen/Antibody Immunocomplex from CdTe Nanoparticle Bioconjugates[END_REF] and even to precisely quantify the amount of proteins [START_REF] Tran | Use of Luminescent CdSe-ZnS Nanocrystal Bioconjugates in Quantum Dot-Based Nanosensors[END_REF] present in a solution. Most of these studies performed steady state emission as well as time-resolved lifetime measurements to provide insight into the underlying energy transfer processes which indeed fits the theory of FRET. During the last two decades, myriad of research groups have studied and published many demonstrations involving QD-bioconjugates for sensing applications [93][START_REF] Carion | Encapsulation, Purification and Coupling of Single Quantum Dots in Phospholipid Micelles for Their Use in Cellular and in Vivo Imaging[END_REF][START_REF] Medintz | A Reactive Peptidic Linker for Self-Assembling Hybrid Quantum Dot-DNA Bioconjugates[END_REF][START_REF] Pons | Solution-Phase Single Quantum Dot Fluorescence Resonance Energy Transfer[END_REF][START_REF] Muro | Small and Stable Sulfobetaine Zwitterionic Quantum Dots for Functional Live-Cell Imaging[END_REF] which have made this platform more available, advantageous and user-friendly for being used in practical purposes. Many examples can be found where QD-bioconjugates have been used to detect DNA [START_REF] Zhang | Single-Quantum-Dot-Based DNA Nanosensor[END_REF][START_REF] Zhang | Single Quantum Dot-Based Nanosensor for Multiple DNA Detection[END_REF] , RNA 100,101 , proteins [102][103][104] , antigens 105,106 and even small molecules 107,107 . 

Opto-electronic properties of QDs:

Since the beginning of their discovery, QDs have appeared as a topic of interest for their unique optical and electronic properties which has a great dependence on their dimensions. Similar to the original semiconductor material, QDs also have an intrinsic bandgap. Incident light must have equal or higher energy than the bandgap for an electronic transition to occur from the valence to the conduction band.

This electronic transition consequently creates an excited state electron in the conduction band and a positively charged hole in the valence band, which are bound to each other by Coulombic attraction force.

Such kind of electron-hole pair is often referred as a "quasiparticle" called "exciton". The exciton has a certain lifetime which greatly depends on the material and the size of the particle, but in general when the electron and the hole recombine radiatively, it emits the energy of the exciton as a photon. The major difference in between QDs and their bulk counterparts lies in their electronic structure 109 . Bulk semiconductors generally form a continuous valence and conduction bands whereas QDs have electronic structure formed by discrete states that is similar to individual atoms which gives them the name "artificial atoms".

Probably the most interesting and widely exploited fact about QDs is their size-dependent optoelectronic properties which allow us to precisely tune their bandgap, thus the color of their emission 108 as shown in which can be precisely interpreted with the "particle in a box" theory. When the radius of a particle is smaller than the Bohr excitonic radius for that particular material, the particle enters the quantum confinement regime and start to exhibit stronger correlation between its opto-electronic properties and dimension, and discretization of its electronic states due to the charge wavefunction going to zero at the border of the nanocrystals. In that case, the exciton is squeezed to fit into the low dimensional structure, and the energy of the exciton drastically varies with the size. Not only QDs, depending on the degree of quantum confinement which can vary in different directions in a nanostructure can lead to different kinds of electronic properties in materials. If the exciton is spatially confined in all directions, a QD is formed, whereas if the exciton is trapped in 2-axes, it results into a quantum wire. If the exciton is confined only in one direction, a quantum well is formed 108 . Thus, the electronic structure for nanomaterials also varies with the shape. How the density of electronic states for these materials vary is given in Figure 1.6 (C).
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The quantum confinement effect on the opto-electronic properties of a particle is determined by how the size of it is compared to the bulk Bohr excitonic radius (𝑎 𝐵 ) 110,111 . The Bohr excitonic radius can be calculated using the following equation 1.11.

𝑎 𝐵 = 𝑎 𝐻 𝜀 𝑟 ( 𝑚 𝜇 ) , (𝐸𝑞. 1.11) where 𝑎 𝐵 is the Bohr exciton radius, 𝑎 𝐻 is the hydrogen atom Bohr radius (~ 0.53 Å), ε r is the dielectric constant of a semiconductor, 𝑚 is the mass of a free electron, and μ is the reduced mass of the exciton defined as;

1 𝜇 = 1 𝑚 𝑒 * + 1 𝑚 ℎ * , (𝐸𝑞. 1.12)
where 𝑚 𝑒 * and 𝑚 ℎ * are, respectively, the effective masses of the electron and the hole in the semiconductor materials.

For weak confinement regime, the radius (R) of the particle should be smaller than 𝑎 𝐵 and R > 𝑎 e , 𝑎 h ,

where 𝑎 h and 𝑎 e are the Bohr radius respectively for the positive hole, and the negative electron. In this case the dominant energy is the Coulomb term that takes effect by shifting the excitonic energy states to a higher energy 110 . This energy shift (ΔE) for the excitonic ground state can be calculated by equation 1.13 112 .

ΔE = ℏ 2 𝜋 2 2𝑅 2 ( 1 𝑚 𝑒 * + 1 𝑚 ℎ * ) = ℏ 2 𝜋 2 2𝜇𝑅 2 . (𝐸𝑞. 1. 13)
For moderate confinement regime, the radius of the particle is in the same range as 𝑎 𝐵 . And the other condition which should also be satisfied is 𝑎 h < R < 𝑎 e , 𝑎 𝐵 . This kind of confinement is evident in small QDs,

where the motion of a photo-excited hole is well-restricted 110,112 .

The strong confinement regime 110,111 is achieved when the following conditions such as, R << 𝑎 𝐵 and R << 𝑎 e , 𝑎 h all are satisfied. The most important two factors in case of strong confinement regime are,

(1) The Coulomb interaction of electron-hole is small, and it's acting as a perturbation,

(2) The electron and the hole behave independently within the exciton.

The confinement energy (𝐸 𝐶𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 ) which causes the excitonic states to shift, can be calculated using the equation 1.13.
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There is also an additional energy associated to the Coulombic attraction between the positive hole and negative electron of the exciton, which can be given by 𝐸 𝑐𝑜𝑢𝑙𝑜𝑚𝑏 in equation 1.14 112 .

𝐸 𝐶𝑜𝑢𝑙𝑜𝑚𝑏 = -1.8 𝑒 2 𝜀 𝑟 𝑅 , (𝐸𝑞. 1.14) where ε r the size dependent dielectric constant of the semiconductor, and 𝑒 is the charge of an electron.

So the total energy corresponding to the radiative recombination of an excited QD can be given as the sum of the bandgap energy, the quantum confinement energy and, the bound excitonic energy related to the Coulombic attraction between the electron and the hole (equation 1. 

Various types of core-shell QDs:

Growing shells on the cores of QDs increases the quantum efficiency of particles as well as protect them against external conditions which can lead to their oxidation. It also allows the surface dangling bonds to be passivated. The growth of a shell can also modulate the optical properties of the nanocrystal, it can widen their spectral emission window beyond that of the core. Forming shells allows to manipulate the delocalization of the wave function of each charge carrier (the electron and the hole), thus control the bandgap of the material. The shell is necessarily made of a semiconductor material different from the core. There are several types of core/shell QDs depending on the alignment of the valence and conduction bands of the shell relative to the core, Figure 1.7 109 .

For type I QDs, the shell possesses a larger bandgap than the core. In particular, the valence band for the core is located in a higher energy than that of the shell, potentially trapping the hole at the core. On the other hand, the conduction band of the core has lower energy than that of the shell which confines the electronic wavefunction at the core. As both the charge carriers are trapped inside the core, the excitonic recombination takes place there. The bandgap of the shell material has minimal effect on the emission wavelength of the QDs in this scenario, but in many cases, the quantum efficiency have been improved 108 , thanks to the passivation of the core surface. The examples of type I QDs are CdSe/ZnS and InAs/CdSe. For quasi-type I QDs, either of the bands (valence or conduction) for both the core and shell have similar energy so that the wavefunction for one of the charge carriers is delocalized all over the volume of the QD. In contrast, the other charge carrier is strictly confined in either of the materials. One of the examples is CdSe/CdS QDs 108,113 .

A crucial factor that has to be considered while choosing the shell material is the crystallinity of it with respect to the core. If the lattice parameters of the core and the shell are very different from each other, then defect or trap states are formed at the interface which reduces the photoluminescence efficiency by introducing more non-radiative recombination pathways 114,115 .

For in vivo biological applications of QDs such as live cell imaging, it is very important to choose a biocompatible or low-toxic material to grow shells on core QDs to minimize leaching of toxic core 

Insights into the synthesis of QDs:

Many synthesis schemes to achieve bright, photo-and chemically stable nanoparticles and QDs have been reported in the literature. These schemes can be sorted out in two different methods for understanding, which are respectively "top-down" and "bottom-up". "Top-down" method generally induces strong force to break down larger particles into smaller ones. This kind of techniques suffer from some disadvantages like the lack of precise control over the size and shape of the particles and also very strong force can induce damages to the properties of the materials. "Bottom-up" synthesis on the other hand, provides much more precise control over the size and the shape of the particles. Individual atoms or molecules work as the building blocks for constructing nano/microstructures, which allows to promptly manipulate the dimensions of the resulting structures.

Traditionally, inorganic materials have mostly been synthesized by high-temperature ceramic methods that typically goes beyond 1000 0 C. This kind of techniques do not allow much flexibility in terms of size and shape control or choosing the precursors or reaction conditions (e.g., pH). During the exploration of new synthesis routes, solution phase methods have gained much popularity due to much greater chemical flexibility and potential for size and shape control. Hydrothermal or solvothermal synthesis techniques have been proven advantageous from many aspects. In this kind of techniques, precursor solutions are heated in a sealed vessel, which allows to control many parameters regarding the reactions such as, the choice of solvent, pH, reagents, precursors, dopants, etc. As the reactions occur in moderate temperatures, it is also possible to isolate metastable intermediates which is not possible in case of high temperature synthesis schemes. Also the resultant products are in general, highly (nano)-crystalline and with low polydispersity 116 .

Understanding the reaction kinetics: LaMer model for NP synthesis:

To obtain nanoparticles with controlled size and shape, and narrow size distribution, many parameters concerning the reaction can be carefully controlled. The LaMer model, proposed in the 1950s, provides conceptual insight regarding the reaction process for the formation of nanoparticles in solution based processes 117 . Upon mixing and solubilization of the precursors into the reaction media, the concentration of the reactants increases creating a degree of supersaturation. When the level of supersaturation In conventional solution-based synthesis schemes, such as sol-gel or hydro/solvothermal reactions, precursor solubilization continuously happens due to the factors like slow heating and sufficient initial precursor amount, most of the time that is enough to maintain the precursor concentration above the critical nucleation threshold. It results into continuous nuclei formation, parallel to the growth of the nanoparticle. If the reaction is carried out for sufficiently long enough time, then the particle average size will 'focus' onto a narrow size distribution. As suggested by Sugimoto in 1987, the rate of diffusion limited growth will vary with particle size in such a way that small particles will grow faster than the large ones 119 .

Focusing of the particle size distribution takes place, which minimizes the dispersity but increases the average size of the particles.

Another approach to minimize the reaction time and obtain a narrow size distribution is being often used by separating the nucleation and the growth periods. In this scenario, precursor solubilization happens very fast surpassing the critical nucleation concentration and a rapid nucleation burst happens which brings down the precursor concentration below the critical point which ceases the formation of new nuclei. This can be achieved by limiting the precursor amount, so that the rapid nucleation consumes the whole precursors, or quenching the reaction or by removing the driving force (e.g., heat source) so that further nucleation does not happen. This leads to the formation of nuclei of similar size, which then grow homogenously. This allows us to both control the average size and obtain narrow distribution. This approach has been used extensively in hot-injection methods for the growth of metal, metal oxides, and particularly in the production of QDs 118 .

Role of ligands:

Surface ligands play very important roles in terms of controlling shape and size during synthesis, providing a template for assembly, and improving the photoluminescent quantum yield, which are not quite intuitive from the LaMer model. Peng et al. reported that the concentration of ligands in a noncoordinating solvent can be a deciding factor to tune the balance between nucleation and growth, thus allowing the fine control on the size and dispersity 120 . The growth nature of different inorganic crystal facets are often anisotropic, that results into high energy facets growing faster than the low energy ones.

Ligands in other hand, are often used to kinetically control the shape of nanoparticles via selective adhesion.

In case of biological applications of nanoparticles (or QDs), ligands play many major roles such as making them dispersible in water/buffer, protecting the surface from oxidation in aqueous medium, providing surface functionality to attach biomolecules (e.g., proteins, amino acids, DNA, RNA and small molecules).

The main approach to render nanoparticles stable in aqueous media is to replace the hydrophobic capping ligands with hydrophilic ones (e.g., with carboxylic acid, thiols, phosphines and amines anchoring groups attached to hydrophilic functions). Another approach is to use an amphiphilic polymer to encapsulate the nanoparticles into a micelle like structure via hydrophobic interaction, providing a spacer between the solvent and the nanoparticle's surface. For nano-biomaterials, ligands affect their toxicity, cell permeability and even in vivo fate.

Biocompatible ligands can improve the circulation time of nanoparticles in blood by reducing non-specific interactions with other proteins, and attached receptor molecules can guide them to reach target by specific interactions [START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF] .

Advantages of QDs in energy transfer experiments:

QDs have many desirable opto-electronic and chemical properties that makes them convenient to be used for biological applications. Vast variety of QD based bio-conjugates have been designed in the last two decades with diverse functionalities and superior performance. Numerous literatures can be found where

QDs have shown unprecedented advantages in FRET based experiments.

One of the properties that makes QDs advantageous from the perspective of FRET experiment and fluorescent labelling is their narrow and symmetrical photoluminescence spectrum which allows us to finely tune the spectral overlap for energy transfer while using them as optical donors 122,123 (see in Figure 1.9 (A)-QD photoluminescence spectra). In contrast to organic dye donors which present a red tail in their emission spectrum, their narrow photoluminescence spectrum is easy to separate from the acceptor signal.

QDs also have broad absorption cross section that increase steadily toward UV from their first absorption band. This makes it possible to excite the donor QDs far deep in the blue/UV without directly exciting the organic dye acceptors which most often absorbs in the visible range. The absorption cross section can approach values 10-100 times than that of dyes [START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF]124 .

Core-shell QDs have been proven to be very valuable for FRET applications for their extraordinary photoluminescence quantum yield 125,126 , and unparalleled photo-and chemical-stability [START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF]127 compared to regular organic fluorophores. Another property that makes QDs a precious option is their spectral tunability [128][129][130] . QDs also have two perpendicular dipole emission, compared to just one in case of molecular fluorophores 131 . It is possible to cover the whole visible spectrum (green to red) just by changing the size of the QDs even with the same material composition (see in Figure 1.9 (A)).

Many opportunities are also available to exploit the versatile surface chemistry of QDs to design innovative materials. Due to their non-trivial size and surface area, QDs can typically be conjugated to multiple copies of proteins, nucleic acid sequences, drugs and bio-receptor molecules 132 . Many QDbioconjugates have been demonstrated that are stable in aqueous medium and with particular biofunctionality [START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF] . A scheme with commonly used bio-conjugation strategies is given in the Figure 1.9 (B).

One of the early studies demonstrating the use of bioconjugated QDs as optical donors in FRET based sensing was reported by Goldman et al. in 2005 133 . This study reports the detection of 2,4,6-trinitrotoluene (TNT) explosive in aqueous environment using a competitive FRET scheme. Here an analyte specific antibody fragment conjugated to CdSe/ZnS QD acts as the donor and a quencher dye-labeled TNT analogue acts as the acceptor. Prior to the addition of sample, the donor and the acceptor are bound A study in 2014 by Wegner et al. reported a FRET based sensing scheme for the detection of epidermal growth factor receptor (EGFR). In this scheme a time gated detection mechanism was used to study the FRET from a Tb-complex donor to a QD acceptor 134 .

Even though QD labeled bioconjugates have shown to possess several advantages in FRET based biosensing platforms, still there are a few drawbacks in these schemes leading to problems, such as lack of sensitivity, and even false/inconclusive experimental output. One of the major problems of QDbioconjugates is due to the large size of QDs compared to single dyes. Additionally, large surface area of QDs makes it difficult to precisely control the number of acceptors or biomolecules attached to the surface.

Now, as the principles of FRET assays and the properties of semiconductor QDs have been presented, I will briefly discuss the last building block of the sensing modality developed in my thesis, mainly whispering gallery mode microcavities and their use as biosensors.

WHISPERING GALLERY MODE MICROCAVITIES:

1.4.1 Dielectric micro-sensors:

In the modern era, dielectric micro-sensor systems have emerged as the foundation of many advanced applications, the ubiquity of which can be attributed to their low-cost fabrication methods, speed and flexibility of using and the vast applications in optical technology such as photodiodes, optical fibers and light sources. One of the basic properties that makes dielectric microstructures distinctive is their ability to confine an electromagnetic wave and bringing it to interfere with itself so that only a few resonant specific frequencies can reside within the cavity without suffering much loss of energy [135][136][137] . These specific optical frequencies inherently depend on the geometry and the material properties of the microstructures, any change in these parameters such as heating and deformation of the geometry or changes in the relative refractive index can be detected by monitoring the change in the intensity or the shifts in the resonant frequencies. Thus microcavity based sensors can act as an optical signal transducer which opens up a crucial path to realizing the next generation of high-performance optical sensors 138 .

With the recent advances in the field of sensor technologies, the need of mankind has come to the realization of sensors with ultra-sensitivity in the areas such as bio-medical and environmental sciences.

One special kind of optical sensors that has attracted significant research interest is whispering gallery mode (WGM) enabled microcavities which have been shown to have sensitivity to detect even single molecules and their dynamics.

Whispering gallery mode cavities: Brief history and introduction

An optical cavity or a resonator is defined as a structure consisting of a set of two or more number of mirrors or mirror like structures that can restrict a propagating light wave in a closed path. Because of their ability to confine large optical powers into a small volume, cavities can enhance the possibility of light-matter interaction inside or in the surrounding vicinity which makes them ideal for applications like in the fabrication of nonlinear optical elements, optical signal processing and sensing 139 Not only in the acoustic domain, WGMs have been widely studied in the optical domain and many applications based on WGMs are available in the field of optical technologies and sensing. For WGMs to occur in electro-magnetic (EM) domain, a similar enclosed concave interface is required to retain the reflecting propagating light. In general, WGM optical resonators have higher refractive index than the environment which enables the trapping of light inside the resonator via total internal reflections (TIRs).

Consequently, when the propagating light makes a full turn and comes back with the same phase, constructive interferences take place forming these very sharp WGM resonances 134 .

Useful topics regarding WGM resonators:

Even though considerable progress has been made in transferring optical microcavity based technology to real life applications, still significant amount of exploration is required towards further applications, to improve the quality and cost-efficiency of fabrication, to design proper system integration and also to have even better theoretical understanding. With the motivation towards having a compatible resonator for a particular application, here, I will discuss some general ideas regarding the commonly used micro resonators. 

Insights into the shapes:

WGMs have been studied in various kinds of geometric structures, the simpler ones such as spherical 144 , disc 142 and ring resonators 147 and also more complex ones like toroidal 141 , tubular 145 , and microbubble resonator 146 . Cylindrical cavities are easy to fabricate but a major disadvantage of them is that the coupled light generally migrates along the long axis and eventually disappears, even if there is negligible material absorption, additionally they are difficult to couple to the excitation source 139,148 

Common fabrication techniques:

Numerous techniques are available that are often exploited to fabricate optical micro resonators depending on their targeted applications. Three major parameters that are taken into account for the fabrication of a microcavity, are (A) the targeted Q-factor, (B) ease of fabrication, and (C) the suitability for the integration into devices.

Cylindrical microcavities can be easily constructed from a jacket removed optical fiber. The cladding thickness of the cavity which is quite important for controlling the optical path length of the WGMs, can be manipulated by careful etching using hydrofluoric acid 160 . Many of the toroid or disc shaped cavity fabrication relies on sophisticated mechanical polishing techniques 161 . A conventional method is, at first a small cylinder of a high refractive index material (such as CaF 2 ) is loaded onto a rotor, and then a diamond abrasive separates a WGM supporting region on the cylinder 139 . Spherical micro resonators are comparatively the easiest to prepare. Silica micro resonators are often prepared by melting the tip of a glass fiber 135,162 . This technique is cost-effective and allows fine control of the size, but only one microsphere can be prepared at a time which makes the process slow. Commercial fiber splicer technique is also used to cut fiber edges and heat them up to form spherical microspheres 163 . Polymer microspheres (made of materials such as poly (methylmethacrylate) or PMMA, polystyrene (PS) etc.) have also gained popularity due to their ease of fabrication and the flexibility to finely control their size dispersity by colloidal synthetic methods 164 . Polymeric spherical cavities can be prepared by physical methods, such as emulsification 165 , coacervation 166 and spray drying 167 , or by chemical methods such as heterogeneous polymerization 138 . Another convenient technique to prepare polymer microsphere is to prepare a long fiber (made of PMMA or other polymers) with a controlled thickness, then melt the tip of the fiber for making microspheres, similar to the process of making glass microspheres 168 . Microfluidic techniques are also used to prepare highly monodispersed spherical cavities already loaded with fluorescent dyes. Solgel chemistry technique that uses molecular precursors as building blocks to obtain high performing optical materials are also gaining a growing interest for being cost effective and flexible 169 . For example, silica microspheres can be prepared via base catalyzed hydrolysis of tetraethylorthosilicate (TEOS) 170,171 .

Fabrication technique like reflow smoothing greatly improves the quality of these spheres by minimizing the surface roughness 138 . Lithographic techniques are also often used to fabricate on-chip resonator arrays with precise control over size parameters.

Understanding TIRs in spherical WGM cavity:

The total internal reflections and the consequential WGMs can be easily understood in a spherical resonator 135 . WGMs are generally represented as closed-trajectory rays confined within the cavity by total internal reflections from the surface of the cavity, as seen in the Figure 1.12.

Let us consider a dielectric microsphere with radius 𝑎, refractive index 𝑁 and a ray of EM wave with wavelength (λ) << 𝑎, is propagating inside the sphere. If the ray is hitting the surface of the sphere with an angle 𝑖 that is greater than the critical angle (𝑖 c ), then the ray would be trapped inside by total internal reflection. The relation can be expressed as:

𝑖 > 𝑖 𝑐 = sin -1 ( 1 𝑁 ) (𝐸𝑞. 1.16)
Figure 1.12: Total internal reflection of a ray inside a spherical microsphere (𝑖 and 𝑗 respectively are the incident and reflection angle of the ray).

All of the subsequent incident angles should be equal due to the spherical symmetry of the microsphere.

As the trapped ray propagates just below but very close to the surface, the distance covered by the ray should be ≈ 2𝜋𝑎. If the total traveled distance is an integer-multiple of the wavelength in the medium, then the wave should return to its starting point with the same phase, leading to constructive interferences 139 . It can be simply expressed as:

2𝜋𝑎 ≈ 𝑙 × 𝜆 𝑁 , (𝐸𝑞. 1.17)
where λ/𝑁 is the wavelength of the light in the medium and 𝑙 is an integer. The resonance condition written in terms of size parameter (𝑥) would be:

𝑥 = 2𝜋𝑎 𝜆 ≈ 𝑙 𝑁 . (𝐸𝑞. 1.18)
The number of wavelengths 𝑙 which covers the total one trip around the equator of the microsphere can be considered as the angular momentum in usual sense. If we consider the ray to be the trajectory of a photon, its momentum can be written as:

i 𝑝 = ℏ𝑘 = ℏ × 2𝜋𝑁 𝜆 , (𝐸𝑞. 1.19)
when the incident ray hits the interface at a near-glancing angle, such as 𝑖 ≈ 𝜋 2

, then the angular momentum (𝐿) can be expressed as:

𝐿 ≈ 𝑎𝑝 = 𝑎 × 2𝜋ℏ𝑁 𝜆 = ℏ𝑙 . (𝐸𝑞. 1.20)
As an example, if we consider a polystyrene microsphere of 5 µm radius and the trapped light inside has λ = 625 nm, then we can calculate 𝑙 ≈ 80, thus whispering gallery modes can be simply understood as high angular momentum electromagnetic modes resulting from in-phase interference of light, propagating inside a resonator via total internal reflections.

Coupling light into a resonator:

Power stored in a WGM follows a Lorentzian line shape which can be expressed as:

𝑃(𝜔) = 𝑃 0 ( 𝛾 0 2 ) 2 (𝜔-𝜔 0 ) 2 +( 𝛾 0 
2 )

2 , (𝐸𝑞. 1.21) where P(ω) signifies the power stored in the mode, ω 0 = the resonant frequency, γ 0 = full width at half maxima (FWHM) and 𝑃 0 = the amplitude of the WGM.

There are many ways to couple light into WGM cavities. A widely used and quite effective technique is to adiabatically couple a tapered optical fiber close to the surface of the resonator and use it at as excitation channel (see the Figure 1.13 (A)). The transmitted power from the cavity can be monitored as a function of scanning frequency which should theoretically exhibit a dip that can be fitted with a Lorentzian function [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF] . The central frequency should be the same as the WGM frequency and the width should give the value of FWHM of the WGM, and the corresponding quality factor of the cavity can be calculated. But there is an experimental parameter that controls the intensity of the dip which is called the coupling efficiency, β. That can be written as; where 𝑃 0 stands for the total input power throughout the range of scanning frequency. Among the other coupling techniques, through-prism coupling is among the earliest ones, where a laser beam is directed into a prism, and then performs TIR on its surface 172,173 . The resulted evanescent field at the prism surface is utilized to couple into the WGM resonator (see Figure 1.13 (B)). Both the reflected and transmitted intensities well-explored is spherical resonator that is either coated or embedded with fluorophore entities. As seen in Figure 1.13 (C), a direct laser beam from a microscope objective can directly excite the emitters located inside the microspheres. The fluorescence then would excite the WGMs of the resonator 174,175 . It has been observed that if the emission wavelength overlaps with the position of the WGMs then the spontaneous emission is highly enhanced due to the densification of local density of states (LDOS). This phenomenon is widely known as Purcell effect 176 .

𝑃 𝑡 (𝜔) = 𝑃 0 -𝛽𝑃(𝜔) , (𝐸𝑞. 1.22)

Purcell effect:

Optical microcavities have long been known to enhance the spontaneous emission of a fluorophore as well as altering the energy transfer rates between donor-acceptor pairs. This phenomenon can be directly comprehended from the expression of transition probability of spontaneous emission given by Fermi's golden rule as:

Γ ij ∝ |𝑀 𝑖𝑗 | 2 𝜌(𝜈 𝑖𝑗 ) , (𝐸𝑞. 1.23)
where Γ ij is the rate of the transition between the excited state 𝑖 and ground state 𝑗; M ij is the transition matrix element determined by the wavefunctions associated with the electronic levels; ρ(ν ij ) is the density of states of the photons at the transition frequency often called the photonic mode density or PMD 177 . PMD is altered when the fluorophore is present close to an interface of different refractive indices or inside a polymer microcavity which consequently influences the rate of spontaneous emission of a fluorophore, also the energy transfer between molecules. 176 In the vicinity of a resonant cavity, the PMD is increased which enhances the radiative decay rate of the fluorophores. This phenomena was first described by Edward Mills Purcell during 1940s 178 . The enhancement factor of the emission rate is called

Purcell factor (F P ) which is given by the following;

𝐹 𝑃 = 3 4𝜋 2 × 𝜆 𝑁 × 𝑄 𝑉 , (𝐸𝑞. 1.24)
where, λ is the wavelength of the light in air (or vacuum), 𝑁, 𝑄 and 𝑉 respectively are the refractive index, quality factor and the mode volume of the cavity. Since the cavity is resonant only for specific wavelengths, the Purcell effect manifests itself as the appearance of narrow peaks on top of the broad envelope emission spectrum: at these specific wavelengths, the radiative decay rate of the emission is increased thanks to the Purcell effect, and hence the proportion of light emitted at these resonance positions is enhanced compared to the free space emission spectrum (see in Figure 1.14) 179 . This is an easy and useful trick one can use to characterize the position of the resonances.

Applications of WGM resonators:

Optical resonators composed of two or more mirrors are of great interest in the branches of linear and non-linear optics but their system integratibility and mode stability are quite inadequate for building compact devices which promotes dielectric WGM resonators as great alternatives due to their high Qfactor, ease of fabrication and usages. These resonators have found their ways for practical applications in the field of linear, non-linear, quantum optics and optical communications 180,138,181 . Another field in which WGM cavities have now been widely desired is in sensing of biological and chemical analytes [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF]182,183 . The applications of these resonators make up a long list depending on their structures, optical properties, and targeted applications, here I will just discuss them in brief, considering two major perspectives: one for applications in opto-photonic elements, second one for sensing applications.

Opto-photonic applications of WGM resonators:

WGM resonator based Photonic filters have been a useful development in the field of advanced communications and radar technologies to overcome the shortcomings of microwave filters by simultaneously providing narrow bandwidth and wide-tunability 181 . WGM cavities are also used as optical and photonic single-resonator filters for the generation of monochromatic EM waves 184 . Wavelength tunable filters have also been demonstrated by using micro-ring resonators with a photosensitive coating but they have disadvantages of having small speeds and low accuracy 185 . Coupled optical fiber resonators are widely used as high-order optical filters 186 . WGM resonators with high Q-factors have also found usages as stabilization filters in optoelectronic oscillators and feedback elements for external lasers 181,187 .

Another important and widely recognized application of WGM resonators is continuous wave micro- Other applications of WGM resonators involve the fabrication of efficient and compact optical switches and modulators, in oscillators and hyper-parametric wave mixing process 181 .

Sensing applications:

Many sensing platforms have been demonstrated that uses WGM enable optical resonators. Probably the most research has been focused on bio-chemical sensing to attain assays with improved sensitivity. The high-quality factor of the resonance modes makes it possible to detect the binding activity of a very small analyte that changes the effective refractive index when it binds to the surface of the resonator. As the main motivation of this thesis is to finally fabricate a bio-detection platform, the available sensing strategies based on micro-cavities, their advantages and perspectives should be discussed in detail (see the next section).

Refractive index sensing has been demonstrated in many studies using simple spherical micro-cavities.

The WGM resonances of a cavity shift when the external refractive index changes due to events, such as alteration of the outside medium/solvent, absorption or adsorption of analytes onto the cavity surface.

This change can be correlated to precisely measure the refractive index of an unknown medium 195 . This principle is also adopted to build humidity, and gas sensors 196 . For example, a humidity sensor 197 based on hydrophilic coating of silica nanoparticles on a glass microsphere is reported. A group has performed the detection of ethanol vapor using a porous ZnO coating onto a silicon-on-insulator micro-ring resonator 198 . Even though the detection principle is almost same for these applications, but careful surface modification is required for the detection of specific analytes. resonator. An experiment performed with a 960 μm hollow PMMA spherical resonator showed that the cavity resonances have a force sensitivity measured as, dλ/d𝐹 = 7.664 nm/N, which suggests the potential use of WGM cavities in building micro-optical force sensors 199,200 .

Another study was attempted towards building a miniature optical gyroscope by sequentially coupling several WGM resonators to a waveguide. Even though attaining a perfect configuration where all the resonators are perfectly coupled in a single waveguide and all of them possess the same resonant frequency is very challenging, this conformation brings in the potential of improving the sensitivity by several order of magnitude compared to conventional ones 201 .

WGM cavity-based biosensors: Principles and progress

As the main motivation of this thesis is oriented towards developing a bio-detection scheme using WGM active micro resonators, so the current state of the art for WGM based bio-sensing techniques, general principles and their perspectives should be discussed into details.

The quality of a good bio-sensor is characterized by factors like, selectivity, sensitivity, stability and reversibility, most of which is controlled by the bio-chemical receptor 139 . The sensitivity, however, is also often influenced by the transducing mechanism. In a high performing bio-sensing scheme, the receptor and the transducer together work to enhance the signal-to-noise (SNR) ratio, shorten the response time and lower the detection limit. The primary goal of a sensor is to bring out the maximum amount of information, both qualitative and quantitative, regarding the analyte present in the smallest amount of sample with high sensitivity and specificity.

General schemes of bio-sensing with WGM cavities:

WGM resonators are progressively finding applications as transducers for specific detection of biomolecules. One of the major advantages of WGM based sensor is the capability of label-free bio detection which means, no chemical modification of the analyte is required. This makes the detection process non-invasive as well as probing light usually do not influence the biophysical interactions of the bio-analytes [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF] .

Most of the WGM based schemes involve the functionalization of the resonator surface with molecular receptor probes specific to the analytes. When present, the target analytes bind to the specific receptors located on the resonator's surface, providing a detectable change of opto-electronic signal suggesting the binding activity. A typical setup generally involves a tunable laser coupled to a fixed micro-resonator (via techniques such as, using tapered fiber etc.) and the transmitted intensity is being recorded with a photodetector (see in Figure 1.15) [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF] . The laser, at first is tuned to match a WGM frequency of the microcavity which is characterized by a Lorentzian dip in the transmission spectra. The minimum of the dip represents the WGM wavelength, and the corresponding Q-factor of the mode can be calculated by using the simple relation: 𝑄=λ WGM /Δλ, where λ WGM and Δλ are respectively the wavelength and the FWHM of the mode. The binding of an analyte would change the effective refractive index and alter the WGM propagation path length, which would consequently cause the resonant wavelength to shift, the magnitude of which is denoted as Δλ Shift . This shift can be correlated to a particular analyte, and even allow to measure the number of analytes bound to the surface 202 . As these analytes act as scattering (or other loss mechanism) sources, the rate of cavity relaxation also increases, thus effectively degrading the Qfactor of the cavity which can be characterized by the broadening of the resonance mode.

Figure 1.15:

The WGM microsphere coupled to a tunable laser (excitation source) and a photodetector (to record transmitted intensity) through a tapered fiber. Analytes (in red) are interacting with the evanescent field of the microsphere.

In the Figure 1.16 (A), the WGM resonance wavelength before and after the binding are respectively λ 1 and λ 2 , and their corresponding FWHMs are Δλ 1 and Δλ 2 . The resonant shift is thus represented as Δλ Shift , and the peak broadening is characterized as 𝛿λ. This resonance wavelength shift in case of a spherical resonator can be derived from the first order perturbation theory 203,204 , and given as the following;

𝛥𝜆 𝜆 𝑊𝐺𝑀 = 𝛼 𝑒𝑥 𝜎 𝜀 0 (ƞ 𝑠 2 -ƞ 𝑒 2 )𝑎 , (𝐸𝑞. 1.25)
Where 𝛼 ex is the excess polarizability of a single bio-analyte, 𝜎 is the analyte density on the resonator surface, 𝜀 0 is the free-space permittivity, ƞ s and ƞ e are respectively the refractive index of the resonator and the environment, and 𝑎 is the radius of the spherical resonator. The limit of detection (LOD) of a specific bio-analyte can also be expressed by equation 1.26 assuming that the analyte is not influenced by its neighbors [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF]202 ; When the analyte is a nanoparticle (NP) that interacts with the evanescent WGM field, the degeneracy of the clockwise and counterclockwise mode can be lifted resulting the splitting of the mode (see Figure 1.16 (B)). However, the maximum reactive resonant shift can be obtained when the NP binds to the equator of a spherical resonator. This shift then can be expressed as the following 138 ;

𝜎 𝐿𝑂𝐷 = 𝜀 0 𝑎(ƞ 𝑠 2 -ƞ 𝑒 2 )𝐹 𝛼 𝑒𝑥 𝑄 , ( 𝐸𝑞 
𝛥𝜆 𝜆 𝑊𝐺𝑀 ≅ 𝐷 𝑅 𝑁𝑃 3 𝑅 5 2 𝜆 𝑊𝐺𝑀 1 2 exp (- 𝑅 𝑁𝑃 𝐿 ) , (𝐸𝑞. 1.27)
where, D is a factor related to the refractive indices of the resonator, its environment, and the NP, 𝑅 𝑁𝑃 is the radius of the NP, and 𝐿 is the characteristic evanescent field length. The exponential factor is This equation (1.28) relates the resonance shift for the NP located at distance 𝑍 from the cavity surface 138,205 . It also allows to determine the potential that the NP faces due to the evanescent field.

Figure 1.17: Some of the interaction probing schemes with bio-functionalized glass microspheres: (A) antibody-antigen, (B) streptavidin-biotin, (C) aptamer-protein, and (D) enzyme-amino acid.

Another important step for building a WGM based biosensor is to introduce surface functionality for facilitating specific interactions with the analytes as well as to reduce non-specific interactions.

Nonspecific binding can be a governing factor when working with the plasma or blood serum where interference can be caused by secondary biomolecules. For example, proteins can be easily adsorbed onto the glass cavity surface. Thus processes like silanization of glass microcavities are required that would minimize nonspecific binding, as well as allow further attachment of receptor biomolecules such as, biotin/streptavidin 206 , proteins 150,207 , DNA 208 or antibodies 209,210 . Usage of bio-conjugation pairs such as streptavidin-biotin complexes that has strong interaction affinity enhances the chances of specific interactions, moreover, opens up vast possibilities of further conjugation of other biomolecules. Some of the sensing platforms with bio-functionalized glass microsphere is given in the Figure 1.17. However, these functionalization layer must be less than a few 10s of nm thick so that the evanescent field can effectively reach the analyte 135 .

1.4.8.2 Some recent progresses in the WGM based sensing:

In the last two decades, a number of exciting applications of WGM resonators have been reported ranging from label free and labeled in vitro detection to in vivo sensing of biomolecules. All these experiments together attempt towards a common goal of translating WGM based biosensing platform to real life applications. Here, I will discuss some of the state-of-the-art schemes that have been developed in the recent time.

One of the earliest works on label-free bio-detection with micro-resonator was reported in 2003 by Vollmer et al., where they used a silica microsphere functionalized with receptor DNA strands to quantify the DNA hybridization on the microsphere surface with the LOD ~ 6 pg/mm 2 , moreover a multiplexed DNA detection scheme was also shown to discriminate a single nucleotide mismatch in an 11-mer oligonucleotide 211 . The same group later also reported the detection of cylindrical E.Coli bacteria with the sensitivity of ~ 10 2 bacteria/mm 2 , introducing a factor to correct for the shape of the bacteria 212 . Later in 2008, they demonstrated the detection of a single influenza virus from the reactive mode-shifting, and the size and mass of the bound virion (below the mass of a HIV virus) was also directly inferred from the resonance shift. They managed to achieve the LOD for an icosahedral shaped virus called MS2 down to 0.2 pg/mm 2 213 . With the advancement of the instrumentations and analysis techniques, a WGM sensor was reported to exhibit single molecule sensitivity and possess selectivity to specific single binding events 182 . The platform allowed the monitoring of specific molecular interactions transiently, hence mitigating the need for high binding affinity and avoiding permanent binding of targets to the receptors, thus sensor lifetime had to be increased, allowing long timespan kinetics to be observed 138 .

Myriad of studies with different kinds of resonator platforms targeted towards diverse applications found their ways following the footprints of some of the earlier studies. In recent time, liquid-core optical ring resonator (LCORR) fabricated from fused silica capillary has been employed for bio-sensing 183,214 . The circular cross-section of the LCORR supports high quality WGMs that have been exploited to build a labelfree digital platform for target DNA detection as reported by Lee et al. In this scheme, they coated the interior surface of the LCORR with a layer of capture DNA probes that acted as the gain media and intercalating dyes were used to ensure WGM lasing only when complementary target DNA was present 215 .

Another report demonstrated protein sensing in blood sample where indocyanine green (ICG) fluorophore was dissolved in blood plasma and then injected into a LCORR. ICG molecules bound to the plasma proteins and lipoproteins, resulting in enhanced fluorescence and WGM intensity 189 .

Biosensor made of liquid crystal has also been reported for real-time sensitive tracking of the adsorption and desorption kinetics of acetylcholinesterase enzyme and its inhibitors, which leads to the potential ability of the platform for studying enzymatic reactions 216 sensitivity comes with a cost of expensive fabrication techniques and complex electronics for signal measurement or amplification. Thus, in terms of ease of usage or simplicity and cost-effectiveness commercial enzymatic assays, such as ELISA still hold major advantages. To be desired in mainstream diagnostic or industrial product-quality checking assays, the WGM based techniques would have to be more accessible and economical, at the same time preserving the advantages such as great sensitivity.

WHISPERING GALLERY MODE MEDIATED ENERGY TRANSFER (WGET) SENSORS: A PROPOSED SCHEME OF BIODETECTION:

As discussed in the previous section, most of the WGM based bio-sensing techniques are based upon the reactive shift of the WGM resonances which makes this technique highly sensitive to the external environment. However, this shift is subjected to thermal instability caused by undesired fluctuations in cavity size and relative refractive index. This might result in large nonspecific background fluctuations. In addition, most of these techniques require expensive tunable lasers and high-resolution spectrometers very precisely aligned with the WGM resonators.

On the other hand, FRET based homogenous (sandwich) assay is one of the most common immunoassays.

It is highly specific due to the usage of capture probes (antibodies, DNA strand etc.) and easy to perform: the excitation and detection occur in the far field of the fluorophores and only necessitate broad band fluorescence detection with two spectrally distinct spectral filters, one for the donor and the other for the acceptor. On the other hand, the strong inverse dependence (see equation 1.29) of the rate of this nonradiative energy transfer (K FRET ) to the donor-acceptor distance (r) limits the size of the analyte that can be efficiently detected to 1-10 nm.

𝐾 𝐹𝑅𝐸𝑇 ∝ 1 𝑟 6 . (𝐸𝑞. 1.29)
Biomolecules of large sizes lead to the formation of sandwich complexes which are not usually detectable using FRET based assays. Therefore, the sensitivity of these FRET based schemes are limited.

Interestingly, the evanescent field of microcavity resonators decays exponentially outwards from the cavity surface as seen in equation 1.30, effectively extending up to tens to hundreds of nanometers above the surface.

𝐼 𝑧 ∝ 𝐼 𝑆 exp (-𝑧 𝐿 ) , (𝐸𝑞. 1.30) where 𝐼 𝑠 and 𝐼 𝑧 respectively represent the WGM field intensity at the cavity surface at distance 𝑧 from the surface, and 𝐿 is the characteristic decay length of the WGM. Any particle present within this evanescent field experiences the electromagnetic potential of the resonator, introducing losses to the cavity modes through scattering and absorption. From the EM theory of resonators, if the particle acts as fluorescent acceptor, an energy transfer might take place from the microcavity to the acceptors through the coupled modes. We name this energy transfer mechanism whispering gallery mode mediated energy transfer or WGET. This however introduces another additional loss mechanism to the resonator which reflects as the quenching of mode intensity and degradation of the Q-factor, in addition to the enhancement in acceptor's fluorescence. Here, I propose a detection scheme interfacing the FRET based sandwich assay and WGM cavities where the advantages of both schemes, for example the specificity of FRET assay, and sensitivity and long-range sensing ability of WGM cavities can be realized. To this aim, I propose to design microcavity structures in which fluorescent QDs are located inside dielectric polymer (PS) microspheres to enable strong coupling of their fluorescence with the cavity WGM modes. This cavity modes then can be utilized as optical donors for long range energy transfer to fluorescent acceptors via the evanescent field. In contrast to traditional FRET donors which are generally single dyes or QDs, these cavities possess significant brightness arising from the accumulation of emission from thousands of QDs. In addition, the QDs would provide great photostability to these cavities which would enable them for sensing under continuous illumination for prolonged period. The bio-specificity can be introduced to these microcavities by surface conjugation of capture probes such as antibodies or capture DNA strands. On the other hand, a fluorescent entity, such as a nanoparticle with high brightness and absorption cross section, conjugated to capture probes can be utilized as the acceptor probe. As seen in the Figure 1.18, in the presence of the specific bio-analyte, a 'WGET enabled' sandwich complex would form allowing energy transfer from the QD fluorescence to the acceptors via the cavity modes. The figure shows two schemes corresponding to the detection of antigens and target DNA biomarkers.

There are several major advantages of this scheme such as, large biological assemblies that are difficult to detect using FRET schemes can be easily and efficiently sensed owing to the long evanescent tail of the cavity modes. Moreover, unlike in FRET, a photon trapped inside a high Q-resonator circulates around the microsphere and comes into contact hundreds to thousands of times with the acceptor, which potentially increases the chances of interaction, making the detection mechanism even more sensitive.

Consequently, this should significantly lower the limit of detection of an analyte.

MOTIVATION AND OUTLINE OF THE THESIS:

In the previous section, I have discussed the advantages of using WGM cavities in bio-sensing and proposed a bio-detection scheme to avail these advantages in an energy transfer-based sandwich assay.

In this thesis, I will discuss a step-by-step attempt towards building this WGET cavity-sensor and demonstrate the sensing of a target analyte. It is important to mention here that I will mainly focus on the donor microcavities and assembling them with the acceptor counterpart to build the WGET biosensor, whereas the acceptor moieties which are dye-loaded polymeric nanoparticles (dyeNPs) will be provided to us by the group of Dr. Andreas Reisch and Dr. Andrey Klymchenko (LBP, University of Strasbourg).

In the second chapter I will concentrate on the fabrication of these donor microcavities. The first step of building these fluorescent micro-resonators is to synthesize an appropriate batch of QDs that is bright, photo-stable, and also fulfills the spectral requirements to be able to engage in energy transfer to the The next challenge will be to find a strategy to incorporate these QDs into the polymeric microcavities and examine the coupling of the QD emission to the cavity resonance modes. The scheme then should be optimized to attain the best conditions for obtaining high Q-resonators. Detailed optical characterization should also be performed to attain better understanding regarding these cavities.

The third chapter will be dedicated to the in-depth study of the energy transfer process through whispering gallery modes in a simple donor-acceptor conjugate (donor microcavity+ acceptor dyeNPs) before going into building a more complicated assay. This would clarify our understanding regarding WGET and allow us to characterize the rate and efficiency of this process. A detailed comparison between FRET and WGET process might also help us to realize which one of these two processes is more advantageous so that we can evaluate the potentials of WGET sensors towards commercial and practical applications. Later this intensive study would assist us towards designing a real bio-sensing assay.

In the final chapter of the thesis, I would focus on designing a WGET assay for the specific detection of a target biomarker DNA strand. The first step towards this goal should be imparting biospecificity onto the microcavities. An easy and effective bio-conjugation strategy should be explored in detail to coat the microspheres with capture DNA probes. The final goal would be then to execute the 'WGET based DNA assay' by mixing the probe attached donors (microcavities) and acceptors (dyeNPs) with the target DNA strands and evaluate the performance of the detection. The measurement of limit of detection (LOD)

would then give us the idea of achievable sensitivity with this assay.

CHAPTER 

INTRODUCTION:

Whispering gallery resonators have been a topic of extensive research in the past few decades due to their peculiar optical properties and potentials to be used in practical applications, such as, bio-and chemo-sensing [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF]174,227 , low-threshold lasing 228 , and to fabricate optical and photonic elements 229 .

Numerous studies can be found that report diverse fabrication strategies of WGM microcavities depending on the targeted applications. One of these techniques to make WGM enabled microspheres is to incorporate fluorophores (e.g., dyes, QDs etc.) into polymer and silica microstructures with higher refractive index than the environment. In this chapter, we will elaborately discuss the fabrication and opto-electronic characteristics of a novel spherical WGM resonator, to be more precise, fluorescent quantum dot (QD) loaded optical microcavities. I will start the discussion with the brief procedure to synthesize the quantum dots (QDs) followed by their structural and optical characterizations. I will also analyze the advantages that QDs bring when used as optical donors. Then I will set out on the process of incorporating the QDs into polymer microbeads to form the optical microcavities. The distinct optical properties of these resonators will be discussed in detail. Other important aspects, such as, stability and spectral tunability of these microcavities, will be also examined to show the advantages for using them as potential participant in energy transfer experiments. The analytical and physical expressions of resonances in WGM enabled microcavities will also be explored in detail as it will help us to comprehend its properties and engage them in suitable applications.

QDS FOR THE FABRICATION OF THE FLUORESCENT MICROCAVITIES:

QDs are widely used as nano-emitters in case of many applications, such as, light emitting diodes 230 , displays 231 , sensing 232 and cell imaging 233 , due to their interesting optoelectronic properties, ease of synthesis and stability in various solvents. QDs have also previously been reported to be used as emitters in optical microcavities 234 . Here, in this chapter, I will talk about the fabrication and characteristics of polystyrene microcavities loaded/doped with semiconductor QDs.

Specifications of the QDs:

For the experiments performed in this thesis, type I CdSe/CdZnS and CdSe/ZnS QDs have been used. The CdSe/ZnS QDs are comparatively smaller in size with fluorescence emission centered at 505 nm. From now-on, these QDs will be referred as QD505. The other type I CdSe/CdZnS QDs are slightly larger in size with emission wavelength around 525 nm, which will be referred as QD525.

There are several advantages of using these QDs to construct the optical microcavities, such as their high brightness, photostability and ease of loading into the microspheres. Additionally, the emission range of these QDs are of great importance too. The main motivation of this thesis is to finally construct an energy transfer-based biosensor where QDs placed inside microcavities will act as optical donors and fluorescent entities present in the vicinity of the cavities will act as optical acceptors. Thus, a significant spectral overlap between the donor and acceptor is very important to achieve a high efficiency of energy transfer, thus these two batches of the QDs are chosen in the way to ensure that -the optical properties of the acceptors will be discussed in the next chapter.

Synthesis procedures of QDs:

For our experiments, core multi-shell quantum dots were used that have been synthesized and dispersed in organic medium. The cores are composed of cadmium selenide (CdSe) and the shells are made from cadmium zinc sulfide (Cd x Zn 1-x S). For simplicity, the scheme can be broken into two steps: (A) Synthesis of core, (B) the growth of shells. Detailed protocols, adapted from the literature and lab expertise, are presented in the annex.

Synthesis of core:

The synthesis of the core has been carried out under inert argon atmosphere using a Schlenk line system To prevent oxidation of the cores, complete removal of water and oxygen is necessary by degassing using a vacuum pump through the Schlenk line. The dynamics of core formation during the reaction can be easily followed by recording the emission spectra of the reaction solution. The fluorescence intensity of the solution enhances and red shifts as the reaction proceeds by growing the cores larger. Once cores are formed, the reaction can be quenched by cooling the solution down to room temperature. To obtain a stable colloidal suspension of cores, organic ligands like oleic acid or oleylamine are added to the solution.

Ethanol, a polar solvent, is suitable to wash and purify the cores by precipitation. The cores are finally redispersed in non-polar hexane.

Synthesis of shells:

Shell growth on colloidal QDs serves very important purposes such as to provide protection from oxidation, enhance the fluorescence, modulate dispersibility in solvents and introduce surface functionalities. Here the shell of the QD505 batch was composed of ZnS, to ensure an optimal confinement of the exciton in the CdSe core and prevent red shifting of the emission wavelength. The shell of the QD525 was composed of CdZnS, which enables growing thicker shells, thanks to a lattice parameter that is closer to CdSe, at the expense of a slightly larger emission redshift. The shell was deposited using either a single precursor as metal and sulfur source (cadmium and zinc diethyldithiocarbamate) in a layer-bylayer injection sequence, or by dropwise injection of a mixture of zinc diethyldithiocarbamate and zinc stearate.

Structural characterization of QDs:

There are many different techniques available that are usually employed to get structural information of nano-and micro-structures such as transmission electron microscopy (TEM) [238][239][240][241] , scanning electron microscopy (SEM) [242][243][244][245] , atomic force microscopy (AFM) [245][246][247][248] and scanning tunneling microscopy (STM) [249][250][251][252] . Each of the techniques have their own advantages and drawbacks but the most commonly used technique that is often exploited to characterize QDs is TEM which ideally gives information such as shape, size, morphology, dispersity, crystallinity and even, compositions of QDs 253 .

The high-resolution mode of TEM can typically reach the resolution as low as 0.1 nm which makes this technique ideal for imaging even very small QDs 254 . This technique also makes it possible to differentiate between the core and the shell of a QD due to their different compositions and crystallinity 255 . TEMs use high energy electrons as probes, have much better resolution compared to optical microscopes due to the significant difference of diffraction limits between electrons and photons. TEM can be operated in two very different modes that are named respectively, bright-field and dark field. Here we have employed bright-field TEM to investigate the shape and average size of respectively QD505 and QD525, with the help of Xiangzhen Xu at LPEM. is typically very small with an average diameter of 3.5±0.2 nm and QD525 has an average size of 6.4±0.3

nm. The size distributions of these QDs can be found in Figure 2.2 (E) and (F). Both QDs are not perfectly spherical.

Absorption and emission properties of the QDs:

The absorption and fluorescence properties of the QDs (QD505 and QD525) in hexane were investigated using an absorption spectrophotometer and a fluorimeter (see in Figure 2.3). Broad absorption feature with increasing values in the shorter wavelengths and narrow emission spectral feature can be observed in the spectra. There is a significant Stoke's shift between the excitonic absorption peak and the emission maxima. 

PREPARATION OF QDS-POLYSTYRENE MICROCAVITIES:

Process for loading QDs into microspheres:

A one step infusion technique is used to load the QDs into the polystyrene microspheres (average diameter 10 µm) to prepare the QD based microcavities. The microspheres are bought from Sigma-Aldrich) as an aqueous suspension (concentration = 10% solid, density = 1.05 g/cm [START_REF] Van Wijck | Novel Analytical Approach to a Multi-Sugar Whole Gut Permeability Assay[END_REF] , whereas the QDs are dispersed in organic medium (hexane). As the first step of the loading process, it is important to separate the microspheres from the aqueous medium and resuspend in a mixture of chloroform and butanol. On the other hand, a QD-chloroform solution is prepared and injected into the suspension of microspheres.

The chloroform causes swelling of the polystyrene matrix and opens up nanopores into which QDs may diffuse from the outer solution phase (see the scheme in Figure 2.4). The microspheres are then separated from the excess QDs and resuspended into water.

In a typical experiment, QDs are precipitated from hexane using ethanol and resuspended in chloroform Table 2.1: The ratio of solvents and QD concentration used for loading the microspheres.

Critical discussions regarding the loading process of the microspheres:

A few critical points here are to be noted; first, the ratio of the chloroform and butanol has to be optimized depending on the QD batch (see solvent ratio in table 2.1). Lower amount of chloroform than the optimal volume causes the QDs to aggregate, due to the higher polarity. They form clusters, increasing the inhomogeneity and degrading the quality of the cavity resonances. Higher amount of chloroform in the mixture makes the QDs more soluble in the loading infusion which limits their diffusion into the microspheres. At the optimal chloroform: butanol ratio, QDs are still individually soluble in the solution, but migrate efficiently inside the low polarity, chloroform-swelled, polystyrene microspheres. Secondly, the concentration of QDs in the infusion solution also play a crucial role in terms of brightness and the QD-homogeneity of the microcavities. Very low concentration of QDs results into less bright microcavities and more concentrated than the optimal one causes the QDs to form clusters. Figure 2.5 (C) and (D) respectively represent the confocal images of microspheres with lower and higher QD concentration than the optimal range in loading infusion. A series of experiments suggested that the optimum amount of QD525 that can be loaded into total 10 6 microspheres is ~ 0.5 nmol (see section

2.3.3).

In third, the longer infusion time helps to confirm that the QD diffusion process has reached an equilibrium resulting into bright QD-microcavity systems. 

How much QDs are loaded into the microspheres?

A series of experiments were performed to find out the approximate amount of QDs that is loaded into each microsphere. Due to slight inhomogeneity in the distribution of QDs from one microsphere to another, each of them might not contain the exact same amount of QDs, thus an average loading for each of the microcavity can be calculated.

Figure 2.6:

The absorption spectra of the loading infusion before (corresponds to 5 times dilution) and after the loading for (A) experiment 1, (B) experiment 2.

In the previous section describing the loading process of microspheres, it has been mentioned that 0.375 nmol (= 25 μL at 15 μM concentration) of QDs in the infusion results in bright and homogenous microcavities. Here, two experiments of QD (QD525) loading have been performed and, in each case, the amount of QDs used in the infusion is higher than 0.375 nmol to ensure maximum possible loading.

In experiment 1, a solution of QDs in hexane is prepared from the stock. The concentration of the solution is deduced from the absorption spectra using Beer-Lambert's law (Absorbance (A(λ)) = molar extinction coefficient (ε(λ)) × concentration × optical path length) assuming that the molar extinction coefficient of the QDs is approximately 1 μM -1 .cm -1 at 350 nm (measured at the end of the synthesis) and the optical path length = 1 cm. Then 500 μL of the QD solution (containing 0.545 nmol QDs) is centrifuged, then redispersed in 20 μL CHCl 3 and added to the infusion of butanol and chloroform for the loading of the (~10 [START_REF] Gu | Detection of Mercury Ion by Infrared Fluorescent Protein and Its Hydrogel-Based Paper Assay[END_REF] ) microspheres (as explained in the section 2.3.1). In Figure 2.6 (A), the absorption spectrum of the QD solution (corresponding to 5 times dilution of the loading solution) is given in the black curve. After the completion of the loading process, the microcavities are separated from the infusion and the absorption of the supernatant is measured (red curve, Figure 2.6 (A)). And the calculated concentration of QDs in the supernatant is negligible, ~ 0.001 nmol. Thus, the amount of QDs loaded into the microspheres is ~0.544 nmol.

To confirm this observed limit of QDs amount in loading, another similar experiment (experiment 2) has been performed where the loading was performed with even more QDs (~0.711 nmol). After the loading, the absorption spectrum of the supernatant solution (Figure 2.6B) shows contribution from QD absorption and from diffusion, suggesting that small QD clusters started to form at this higher QD concentration.

These clusters remain in the supernatant and thus not incorporated into the microspheres.

Thus, under optimal conditions, the total amount of QDs loaded into 10 6 microspheres can be approximated to be ~ 0.5 nmol. Each of the microspheres in average contain ~ 3×10 [START_REF] Geißler | Recent Developments in Förster Resonance Energy Transfer (FRET) Diagnostics Using Quantum Dots[END_REF] QDs. This corresponds to a surface density of QDs in the microspheres ca. 1 QD/nm 2 . This density is higher than that of a compact monolayer, suggesting that the QDs are not simply deposited on the microsphere surface, but instead penetrate the outer polystyrene polymer layer.

OPTICAL STUDIES OF THE QD BASED MICROCAVITIES:

After the preparation of the QD based microcavities, the next step is to thoroughly understand and characterize their structural and optical properties. 

Images and the emission spectra from the microscopes:

In A typical emission spectrum of the collected fluorescence is shown in Figure 2.9 (B), where the confocal volume has been placed at the equator of the microsphere loaded with QD525. The spectrum shows a broad envelope emission, corresponding to the spectrum of QD emission in free space.

In addition, the spectrum shows a series of regularly spaced pairs of peaks, corresponding to coupling of the QD emission to the transverse magnetic (TM) and electric (TE) whispering gallery modes of the QDmicrocavity. QD intensity is brighter at these particular wavelengths due to the Purcell effect, as will be discussed later. The whispering gallery mode intensity at a peak is denoted here as I WGM , and the envelope intensity, on the other hand, is denoted as I Env . Emission spectra collected from the whole microsphere in a wide-field microscopy setup (Figure 2.9 (D)) also show similar feature as in Figure 2.9 (B). The image of a microsphere obtained with the CCD (10 s exposure time) is given in the Figure 2.9 (C). A photon emitted by a QD and traveling in a whispering gallery mode eventually exits the microsphere, at a point which may be distinct from the QD location. An experiment was performed to see if the relative location of excitation and detection volumes on the surface of the microcavity have any effect on the spectra. Figure 2.10 (A) represents the emission spectra from the microcavity when the excitation and detection volume are the same. Then, the pinhole of the confocal microscope was slowly moved to a different location to decouple the excitation and detection volumes. An interesting observation regarding the fluorescence emission of the microcavity is when the detection pinhole is located away from the excitation spot, the emission spectrum consists mainly in the WGM peaks with a smaller contribution from the free space emission as shown in Figure 2. 10 (B). This observation can be well explained as, when the fluorescence is collected from the excitation volume, most of the free space emission of QDs is also collected in addition to the propagating WGMs. Whereas, when the detection volume is located away from the excitation volume, the free space emission is not much collected, only the fraction of light traveling within the microsphere by total internal reflection effectively reach the detector. The lifetime of QD525 decreased substantially when loaded into the microcavities compared to the solution phase (in hexane) as seen in Figure 2.11. This can be a consequence of Purcell effect (due to the presence of dielectric environment) and/or increase in the non-radiative decay channels. It is difficult to draw any concrete conclusion from this as the microenvironment of the QDs in these two cases are not comparable.

THEORETICAL UNDERSTANDING OF WHISPERING GALLERY MODE CAVITIES:

A thorough theoretical understanding of WGM is very important for further realization of various applications based on optical microcavities such as a highly sensitive biological sensor or opto-photonic elements. Here, in this section, I will discuss the fundamentals of the WGM resonances occurring in spherical micro resonators to gain better analytical perspectives. This will help us to exploit the advantages of these resonators and utilize them for practical applications. Moreover, it will allow us to confirm that the behavior observed in case of QD loaded microcavities is consistent with the principles of spherical resonators. As our main interest lies in building an energy transfer-based bio-detection scheme using the QD loaded microcavities as optical donors, it is of foremost interest to estimate the electromagnetic (EM) field distribution both below and above of the cavity interface which will be elaborately discussed in this section. (Eq. set 2.1)

With the help of the mode numbers and the angles in polar co-ordinates, we can express the electric and magnetic field for both the polarizations, as in equation set 2.4 and 2.5. 

𝐸 𝑙𝑚

Positions of resonances:

One of the primary motivations of building this analytical model is to find the positions (in terms of wavelength or frequency) of these WGM resonances. If the tangential components of the electric and magnetic field of the WGMs are assumed to follow the continuity principle, then the positions of the resonances can be calculated as follows,

𝜓 𝑙 (𝑁𝑘 0 𝑎) = 𝛼𝜓 𝑙 (𝑘 0 𝑎) + 𝛽𝜒 𝑙 (𝑘 0 𝑎) (Eq. 2.8)

𝑃𝜓 𝑙 ′ (𝑁𝑘 0 𝑎) = 𝛼𝜓 𝑙 ′ (𝑘 0 𝑎) + 𝛽𝜒 𝑙 ′ (𝑘 0 𝑎) (Eq. 2.9)
Where P = N for TE polarization and P = N -1 for TM polarization 135,258 . To find the exact solutions to this pair of equations, we need to find the values of the constants α and β, which eventually lead to complex frequencies. A method developed by Lam et al. 259 can be used to numerically evaluate the positions of the whispering gallery mode resonances analytically. This method leads to several solutions for the positions of resonances, associated with the radial mode numbers or 𝑛.

(Eq. set 2.4) (Eq. set 2.5)

Mode numbers of WGM:

The WGM resonance peaks can be represented using a set of three integers 𝑛, 𝑙 and 𝑚. To summarize, 𝑛 is associated with the radial function, 𝑙 and 𝑚 signify the classical quantization of the angular momentum.

In case of a perfect spherical resonator, the resonances have degenerate 𝑚 values, leading to no particular dependence on 𝑚. The physical interpretation of these mode numbers can be easily explained from the Figure 2.14. In Figure 2.14 (A) the effective potential energy has been plotted as a function of radial distance for a TE mode (𝑙 = 100) with radial mode numbers respectively 𝑛 = 1 and 𝑛 = 7 for a silica microsphere with size, 𝑎 = 10 μm and refractive index (N) = 1.45. The number of nodes in the potential curve in radial direction for a given radial mode number, 𝑛, can be calculated as (𝑛-1). Thus there is no node in the effective potential function in radial direction for 𝑛 = 1, whereas, for 𝑛 = 7, the potential energy curve contains 6 nodes 135 .

On the other hand, the number of nodes in the energy flux on the microsphere surface for a mode can be calculated from the angular and azimuthal mode numbers (𝑙 and 𝑚). The lowest lying state which has the radial mode number 𝑛 = 1 resides as close as possible to the surface of the sphere and has the maximum angular momentum possible, so that the condition 𝑙 ≈ 𝑁𝑘𝑎 ≈ 𝑁𝑥 can be fulfilled. Light trapped into this strongly confined state can only escape via tunneling through the potential energy barrier which extends to 𝑁𝑎 for this particular state. This far-extended tail of this state suggests a very weak coupling of this mode to the outside medium and very high quality factors 135 .

Modes that have higher radial mode number (𝑛>1) are not as well confined as the 𝑛 = 1 modes, thus they have lower Q-factor and easily leak through the surface. They are not generally identifiable in the WGM spectra of the resonator.

Free spectral range of the WGMs:

Free spectral range (FSR) that represents the spacing between two adjacent modes with same polarization and 𝑛 value, but with a difference of one unit in their 𝑙 value can be calculated for a spherical microcavity using the equation 2.10 135,258 . To a first approximation:

∆𝜈 𝑛,𝑙 ∆𝑙=1 ≈ 𝑐 2𝜋𝑁𝑎
(Eq. 2.10)

The spacing between two adjacent TE and TM modes with same 𝑛 and 𝑙 value:

∆𝜈 𝑛,𝑙 𝑇𝐸,𝑇𝑀 ≈ 𝑐 2𝜋𝑁𝑎 √𝑁 2 -1

𝑁

(Eq. 2.11)

Quality factor:

The electromagnetic field of a WGM decays in the form of radiation from the resonator. The quality factor is the physical parameter to determine the damping process in a resonator, in other words it characterizes the ability of a microcavity to store energy inside for a time, τ. The general way of representing quality factor is as the ratio of the central frequency to the bandwidth of the resonant mode as seen in equation 2.12.

𝑄 = 𝜆 𝛥𝜆 = 𝜔 𝛥𝜔 = ωτ (Eq. 2.12)
Where ω stands for the central frequency, Δω signifies the linewidth of the resonant mode, λ is the central wavelength and Δλ denotes the full width at half maximum of the resonance mode. For simple understanding, the rate of relaxation of a cavity is inversely proportional to its quality factor 135,260 . High quality resonators are better at storing energy inside which makes them more desirable for practical applications in the field of opto-electronics. Not only spherical resonators, but also other structures like cylindrical, micro disks, toroidal structures have been demonstrated to have very high-quality factors.

To characterize various loss mechanisms from a resonator, we can simply represent the quality factor as, The first term Q Rad is associated with the radiative losses which can be calculated using a semi-classical WKB approximation. Q Rad is inversely proportional to the rate of radiative losses (𝛤 Rad ). The solution reveals that the quality factor associated with the TM mode is slightly lower than the TE mode. Also, the radiative loss is inversely proportional to the size of the cavity. When the ratio of the diameter of the cavity to the wavelength of the trapped light or 𝑎/λ ≥ 15, then Q Rad > 10 

Q-FACTOR OF THE QD LOADED MICROCAVITY:

The Q-factor of the microcavity provides much information regarding the decay process of the propagating electromagnetic resonances of the microcavity. Presence of an analyte within the evanescent field of the microcavity affects the Q-factor by altering the effective refractive index of the cavity; this phenomena has been widely exploited to construct many microcavity based bio-sensors [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF]266 . Also, if the whispering gallery modes of a microcavity engage in energy transfer to an optical acceptor present near the surface, the quality factor value will be affected. With the help of a high-resolution spectrophotometer, it is possible to evaluate the Q-factor of a microcavity.

The spectrophotometer attached to the confocal microscope (at LPEM, ESPCI Paris) that has been utilized to record the fluorescence spectra of the microcavities, does not possess resolution high enough to resolve the width of the WGMs which is important for the direct estimation of the Q-factor of the modes.

Therefore, another spectrophotometer facility with higher resolution (ca. 0.1 nm) at the Laboratoire Interdisciplinaire Carnot de Bourgogne (ICB) in the University of Bourgogne was utilized. I thank Dr. Jean-Claude Weeber for his help with the measurements. Even though this high-resolution spectrophotometer does not have enough resolution to completely resolve the width of the WGMs, still it makes it possible to have a better estimation of the lower limit of the Q-factor of the QD loaded microcavities. 

Measurement of Q for the QD-microcavity:

A spectrum recorded with a high-resolution spectrophotometer is shown in Figure 2.15 (A). As the detection volume is placed away from the excitation volume, the spectrum mainly consists of propagating WGMs with minimal contribution from the free space emission. The modes have been fitted with Lorentzian function (Figure 2.15 (B)) and the linewidth is typically 0.125 nm. This corresponds to the spectrometer resolution limit. This shows that we are not able to resolve the mode spectral width with this technique, and that the quality factor of the modes, Q = λ/Δλ, is greater than 4200. This value is only a lower bound, and previous studies showed that WGM quality factors in similar polymer microspheres can exceed 10 6 in water 264 .

Another relation that can be derived from the expression of Purcell effect, might be useful for qualitative comparisons. Purcell factor (F P ) is defined by the factor of enhancement of a fluorophore's spontaneous emission rate due to the change in its environment, for example, by incorporating the fluorophore inside a resonant cavity 267 . Thus, this enhancement of relaxation rate can be expressed as the following: where, Q, 𝛤 Cavity and 𝛤 Free are respectively the quality factor of the cavity, rates of spontaneous emission of the fluorophore inside the cavity and in free space. Now, the equation 2.17 can be related to the spectra, as

𝛤 𝐶𝑎𝑣𝑖𝑡𝑦 𝛤 𝐹𝑟𝑒𝑒 (𝜆) ∝ 𝐼 𝑊𝐺𝑀
𝐼 𝐸𝑛𝑣 (𝜆). Thus, a practical and useful relation can be written as:

𝑄(𝜆) ∝ 𝐼 𝑊𝐺𝑀 𝐼 𝐸𝑛𝑣 (𝜆) -1 ∝ 1 𝛤 , (Eq. 2.18)
where Q(λ) is the quality factor of the microcavity at wavelength λ, I WGM and I Env are respectively the intensity of the WGM and the envelope at wavelength λ. 𝛤 is the total relaxation rate of the microcavity which can be expressed as, 𝛤 = 𝛤 r + 𝛤 nr , where 𝛤 r and 𝛤 nr are respectively the radiative and non-radiative decay rate of the cavity 174 . This relation can be useful to understand how the Q-factor of the QDmicrocavities depend on the loading QD concentration.

Dependence of Q on the QD loading concentration:

A series of experiments were performed to determine how the Q-factor of these microcavities change with the amount of QDs in the loading solution. The concentration of QDs during incubation with the microspheres was varied in between 0.0003 µM to 2.22 µM and the corresponding ratio (averaged on a set of 8-10 beads) of WGM peak intensity, I WGM , to envelope emission intensity, I Env , were plotted as a function of the wavelength. It is observed that the I WGM /I Env stayed within a close range (~5-6) when the concentration was varied between 0.0003 µM to 0.3 µM which suggests that the Q factor of the microspheres (using Eq. 2.18) does not change much with the loading concentration of QDs within this range. Two confocal images of microspheres within the loading concentration range of 0.15 μM and 0.3 μM are given in the Figure 2.17 

WGM POSITIONS: A COMPARISON BETWEEN THE EXPERIMENT AND THEORY

The experimental fluorescence spectra of the QD-microcavities as seen in Figure 2.18 (A), consists of sharp peaks as discussed before. To confirm that these peaks originate due to the resonances occurring inside the microcavity, the positions of the resonances can be numerically calculated considering a system with same size, shape and refractive index as the QD-loaded microcavities. As mentioned in section 2.5.1 for solving equations 2.8 and 2.9 to get the positions of resonances, the method described by Lam et al. 259 can be used where the wavelengths of WGMs of a microsphere of radius R can be expressed where 𝜈 = 𝑙 + 1 2

, N = n s /n e , where N is the relative refractive index, n s and n e are the refractive indices of the microsphere and the environment solution. p = 1 for TE and p = 1/N 2 for TM modes, and a i is the i th zero of the Airy function. Here we only consider 𝑛 = 1 modes, since the widths of higher order modes are much higher and are not distinguishable in our spectra. Assuming a refractive index of 1.33 for the water solution, the series of peaks can be fitted with a unique set of a and N parameters. For the spectrum 96

Chapter 2: Quantum Dot Loaded Optical Microcavities shown in Figure 2.18 (A), for angular mode numbers ranging from 475 nm to 575 nm, this corresponds to a radius of 3.82 µm and a refractive index of 1.798 (see the corresponding theoretical vs experimental peak position in Figure 2.18 (B)). In general, all the fitted radii lie within the 3.5-6 µm range of the distribution of the microspheres. The fitted microsphere refractive indices are all above the refractive index of polystyrene (ƞ PS = 1.59-1.6) 268 , which can be attributed to the contribution of the QDs to the effective refractive index of the microsphere outer layer.

SOME INTERESTING ADVANTAGES OF THE QD-MICROCAVITY:

There are some distinguished advantages of these QD-based microcavities which arise mainly due to the interesting properties and stability of the QDs. Some of the advantages are the following:

Tunable fluorescence of QD-microcavity:

It is possible to load the microspheres with QDs of various emission wavelength and cover a broad range (500-700 nm) of the visible spectrum (Figure 2.19 (A)). The important advantage here is that even though the shape of the envelope or free space emission varies with the original emission profile of the QDs, the quality of the WGMs are equivalent for all of the different populations.

Photostability of the QD-microcavity:

The photostability of the QD-microcavities depend on the stability of the QDs itself. In the wide-field microscope setup, fluorescence intensity of microspheres loaded with QD505 and QD525 under continuous illumination of a white lamp at 450 nm excitation wavelength and 5 W/cm 2 excitation power at the sample plane for 200 seconds, at 10 acquisitions per sec were recorded. The intensity remains at ca. 95% of the initial value, for a period of time enabling 2,000 measurements (Figure 2.19 (B)). 

Broad emission range from the same microcavity:

Broad range of emission from the same microcavity can be achieved by loading more than one population of QDs into the same microspheres. In Figure 2.19 (C), two different populations of QDs, with emission maxima respectively centered at 525 nm and 640 nm, have been loaded into the same microcavities to obtain a very broad range of WGM emission (500-690 nm). 

CONCLUSION:

In this chapter, we have thoroughly discussed the fabrication process and important opto-electronic properties of the QD loaded optical microcavities. Our final goal is to utilize these microcavities as optical donors (in a system similar to FRET) for energy transfer to perform highly efficient and sensitive biosensing. To do that, it is very important to understand their basic optical and chemical properties at first.

In the beginning of the chapter, we have discussed the synthesis processes of the QDs, followed by their structural and optical characterizations. We then focused on constructing the optical microcavities by placing these QDs as nanoemitters inside PS microspheres. A series of experiments and optical measurements were performed to understand and control the characteristics of WGMs. Spectroscopic characterization revealed the efficient coupling of the quantum dot emission to the modes of the microcavity with high (> 4000) quality factors. We also discussed the fundamental physics behind the cavity resonances to have a clear understanding of the system. These QD-loaded microcavities have shown great photo-and chemical stability, and brightness.

This study will help us to proceed to our next challenge of engaging this QD-microcavities as optical donors in energy transfer experiments and further towards building a bio-sensing scheme. 

CONTENTS

INTRODUCTION:

In the past few years, whispering gallery mode (WGM) microcavities have emerged as a potential candidate for many applications, such as, bio-sensing [START_REF] Vollmer | Whispering-Gallery-Mode Biosensing: Label-Free Detection down to Single Molecules[END_REF] , low threshold lasing 271 , sensing of thermal and mechanical changes 272,273 , and elements for optics and photonics 274 . The physics behind the characteristics of WGM microcavities have long been studied and well understood, but their development in the field of practical applications is quite recent and still a subject of extensive research. In this chapter, we will discuss the advantages and properties of QD loaded WGM microcavities for long range energy transfer, and how these properties can be exploited for highly sensitive bio-sensing applications. Förster resonance energy transfer or FRET is widely celebrated as one of the cornerstones for fluorescence-based biosensing, but these methods come with their own disadvantages inherited to FRET itself. Here, we will sideby-side compare FRET and whispering gallery-mediated energy transfer (WGET) to discover which one is more advantageous in terms of constructing sensitive biosensors. In particular, the success of microsphere WGM sensors relies on the extension of the mode as an evanescent field within a few tens to hundreds of nanometers above the microsphere surface. Many studies have revealed that the efficiency of energy transfer can be enhanced by several orders of magnitude when the donor and acceptor moieties are present inside the same cavity at both small (<λ/10) or large (>λ/10) separation 275,177 . In these configurations, energy transfer is not much influenced by the environmental conditions since both the fluorescent species are located inside the microsphere. Here in our configuration, only donors are embedded within the microcavity, and acceptors come from the outside within its evanescent field. This configuration makes it possible, for example, to design assays in which the acceptors bind to the surface of the cavity when a biomolecular target is present, similarly to FRET sandwich assays.

EFFECT OF A MICROCAVITY ON ENERGY TRANSFER:

The physical nature of the excitation energy transfer mechanism depends on the separation distance (d)

of the donor and the acceptor. For long separation distances (d ≳ λ/10), the transfer is radiative, coupling being mediated by a real photon. For example, when a donor-acceptor pair resides inside a dielectric microcavity with a high separation distance, a photon emitted by the donor may travel inside the cavity medium to finally reach the acceptor and get absorbed. The high Q-factor of the cavity might increase the probability of reabsorption, often leading to the enhancement of radiative energy transfer process 177 .

Whereas, for short separations (typically d ≲ 10 nm), the transfer may occur through FRET, which is a non-radiative process, being mediated by a virtual photon. However, both processes occur through the interactions between the dipole moments of the donor and the acceptor; the radiative transfer takes place through far field dipole interactions; in contrast, the non-radiative FRET proceeds through near field coupling. In many articles, microcavities have been shown to have an effect in energy transfer for both short and long ranges. 176 In the last 20 years, many experiments have been performed to characterize the effect of photonic environment on energy transfer processes. The outcome of all these experiments, however, do not always point to the same conclusion. Some reports suggest the enhancement of non-radiative FRET whereas other studies found null effect and even suppression of FRET when the donor-acceptor pair is placed in a photonic environment. In an attempt to unify the diverse experimental descriptions, Cortes et al.

proposed a general model in 2018 to case-wise understand the effect of photonic, such as dielectric and plasmonic environment on resonance energy transfer 276 . The enhancement of the spontaneous emission of a fluorophore in a photonic environment, characterized by Purcell factor (F P ) have been well

understood since its first observation by Edward Purcell in 1940s. However, the effect of dielectric or plasmonic environment on non-radiative energy transfer processes was a matter of debate until recently, which can now be carefully analyzed using macroscopic QED and semi-classical approximations 276,277 . Let us assume, a donor-acceptor pair is located near a photonic interface of two medium having different permittivity (as seen in Figure 3.1). The rate of spontaneous emission of the donor in that case can be expressed as the following using Fermi's Golden rule and the first order approximation. where ω 𝐷 is the radial frequency, ε 0 is the permittivity of free space, c is the speed of light, ℏ is the reduced Planck's constant, {𝐺 ̿ (𝐫, 𝐫; 𝛚)} is the classical dyadic Green function related to the electric field dipole, and μ D = 𝑝 𝐷 𝐧 𝐷 represents the donor dipole moment. The subscript 𝐷 stands for the parameters of the donor. However, the spontaneous emission rate depends on the PMDs of the photonic environment quantized by partial local density of states (LDOS). The Purcell factor is used to quantify the enhancement of spontaneous emission, thus can be given as;

𝐹 𝑃 = Γ 𝐷,𝑅𝑎𝑑 Γ 𝐷,𝑅𝑎𝑑 0 , (𝐸𝑞. 3.2)
where, Γ 𝐷,𝑅𝑎𝑑 Γ 𝐷 Γ 𝐷 0 = (1 -𝑄 𝐷 ) + 𝑄 𝐷 𝐹 𝑃 .

(𝐸𝑞. 3.3) On the other hand, assuming a semi-classical picture for non-radiative FRET that occurs through near-field dipole-dipole coupling between a donor and an acceptor, the rate of FRET can be given as the following;

Γ 𝐸𝑇 = 2𝜋 ℏ ∫ 𝑑𝜔 |𝑉 𝐸𝐸 (𝜔)| 2 𝜎 𝐷 (𝜔)𝜎 𝐴 (𝜔) , (𝐸𝑞. 3.4)
where 𝜎 𝐷 (𝜔) and 𝜎 𝐴 (𝜔) represent the single-photon emission and absorption spectra of the donor and acceptor, 𝑉 𝐸𝐸 is the term signifying resonant dipole-dipole interaction (RDDI) which is an analogous expression to LDOS but represents the magnitude of FRET dipole-dipole coupling, here the subscript 𝐸𝐸 stands for electric field components of the two dipoles. 𝑉 𝐸𝐸 can also be written as the following;

𝑉 𝐸𝐸 (𝐫 𝐴 , 𝐫 𝐷 ; 𝜔) = -𝜔 2 𝜖 0 𝑐 2 𝛍 𝐴 . 𝐺 ̿ (𝐫 𝐴 , 𝐫 𝐷 ; 𝜔 𝐷 ). 𝛍 𝐷 .

(𝐸𝑞. 3.5)

It can be understood simply by considering that the electromagnetic field emitted by the donor can reach the location of the acceptor through free-space or via an intermediate interaction with the surrounding photonic environment (e.g., reflection on a dielectric interface, see Figure 3.1). The final electromagnetic field at the acceptor locations may either be enhanced or suppressed by the interaction with the photonic environment, leading to acceleration or deceleration of the energy transfer rate. Analogous to the Purcell factor, the enhancement in case of FRET can also be characterized as F ET .

𝐹 𝐸𝑇 = Γ 𝐸𝑇 Γ 𝐸𝑇 0 (𝐸𝑞. 3.6)
So the total decay rate of the donor in the presence of the acceptor and in a photonic environment can be given as the expression 3.7.

Γ 𝐷𝐴 = 𝐹 𝑃 Γ 𝐷,𝑅𝑎𝑑 0 + 𝐹 𝐸𝑇 Γ 𝐸𝑇 0 + Γ 𝐷,𝑁𝑜𝑛-𝑟𝑎𝑑 , (𝐸𝑞. 3.7)
where the first term is associated to the modified spontaneous emission and the second one denotes modified FRET rate, and the last term signifies non-radiative decay of the donor which is independent of the environment. Apart from the modification of the donor radiative decay rate, the non-radiative FRET rate and the acceptor's radiative decay rate are also modified due to the presence of the interface 278 .

Whether the rate of FRET will be enhanced or suppressed or remain unchanged in the presence of a photonic surrounding depends on various factors such as the permittivity (both the real and imaginary parts) of the two medium, and location of the donor-acceptor pair with respect to the interface.

Additionally, the efficiency of FRET is given by the ratio of energy transfer rate to the total relaxation rate of the donor excited state. The enhancement factor (F Eff ) for FRET efficiency in photonic environment can be given as;

𝐹 𝐸𝑓𝑓 = 𝐸 𝐸 0 = 𝐹 𝐸𝑇 𝐹 𝐸𝑇 𝐸 0 + [(1 -𝑄 𝐷 ) + 𝑄 𝐷 𝐹 𝑃 ](1 -𝐸 0 ) (𝐸𝑞. 3.8)
Where 𝐸 and E 0 respectively are the FRET efficiency with and without a photonic environment. With other parameters known, it is possible to deduce whether the FRET efficiency will increase or not in a photonic environment. However, the FRET efficiency can be enhanced even if F ET < F P if the initial donor quantum yield is particularly low.

How does this translate in situations when the donors and acceptors are located within a microcavity, and, in particular, interaction with WGMs? Druger et al. first provided experimental evidence of enhanced long range radiative energy transfer between Coumarin-1 donors and Rhodamine 6G acceptors placed inside a single glycerol aerosol particle of ca. 10 μm in diameter 275 . They observed more than 5 times enhancement in the acceptor emission compared to the bulk system. According to their model, this enhancement of the acceptor luminescence is a consequence of the long-range energy transfer that occurs when the donor emits a photon into a cavity resonance mode which is damped through the absorption by the acceptor.

The influence of microcavities on FRET was first experimentally demonstrated by Barnes et al. In this report, they fabricated optical cavities where the donors (Eu 3+ complex) and acceptors (tetramethylindocarbocyanine based dye) were deposited in separate layers of particular thickness, and monolayers of 22-tricosenic acids were used as spacers in between so that the donor-acceptor separation distance can be precisely fixed within the FRET range. 177 When this donor-acceptor layers were encapsulated inside a full silver mirror cavity configuration, the enhancement of acceptor emission accompanied by faster decay of the donor excited state were observed. In addition, these changes also depend on the separation distance of donor-acceptor layers, which is a classic signature of non-radiative FRET process. This enhancement of short-range energy transfer processes was attributed to the alteration of PMDs at the cavity interface. In all the above-mentioned studies, energy transfer occurs between donor and acceptor species located within the same microsphere at high concentration. In these configurations, energy transfer is not very sensitive to environmental conditions since the concentration and location of both fluorescent species are fixed. In order to enable sensing, either of the donor or the acceptor chromophore should have the flexibility to couple or decouple itself to/from the cavity upon an external stimulus, thus conditionally take part in the cavity enhanced energy transfer. This kind of configuration would allow us to provide biological selectivity to one of the chromophores so that this phenomenon can be harnessed for designing a sensitive and selective bio-sensing tool.

RATIONALE BEHIND THE WHISPERING GALLERY MEDIATED-ENERGY TRANSFER (WGET):

In a common FRET system, the rate of energy transfer is proportional to the sixth power of the separation distance between the donor and the acceptor that only allows efficient energy transfer to occur within the typical range of 10 nm. Optical microcavities with high quality factors are exceptional in confining light via total internal reflections 280 . The trapped electromagnetic radiation is distributed among many whispering gallery modes of the cavity. In the context of the final motivation of biosensing, our interest lies in the system where the QD donors are placed inside the microcavity (within a few hundreds of nanometers from the surface) where part of the QD emission couples to the WGMs as shown in the previous chapter, and fluorescent acceptors are present within close proximity outside of the cavity surface. The whispering gallery modes, which extend as an evanescent field outside the surface of the microsphere, can also engage in energy transfer to or from fluorescent analytes present in the vicinity of the microspheres. In general, the field decays exponentially, typically extending up to a few tens to hundreds of nm normal to the surface of the resonator. 135 Thus we expect that the distance range upon which energy transfer may occur with WGM microcavities will be much larger than that of FRET. 

THE VARIATION OF THE WGM DECAY LENGTH:

How far the WGM extends outside the surface of the microcavity plays a major role in the sensitivity of it if to be used as sensor. The characteristic decay length of the WGM evanescent field depends on many parameters of the microcavity such as the size, refractive index, and the wavelength of the mode. The evanescent field extension length can be extracted from the intensity profiles outside of the microspheres.

The electric field (𝐸 ⃗⃗ ) for both the TE and TM modes can be calculated using the equations in chapter 2 (Section 2.5, Equation set 2.4 and 2.5). The WGM intensity profiles as a function of the distance from the center of microcavity (r), and mode numbers (l and m) can be calculated using the relation 3.9. the WGM wavelength for a 10 μm sized microsphere.

In Figure 3.4 (B), it can be seen how the penetration length of the evanescent field varies with the wavelength of the WGM. In this case, the microsphere radius is fixed at 5 µm and the mode number is varied from l = 70 to l = 89.

In both scenarios, even though the WGM decay length changes slightly with various characteristic parameters of the microcavity, still it stays within a close range (70 nm -125 nm for the microspheres used in our experiments) which is many times higher than the typical FRET range.

To conclude, the extended evanescent tail of WGMs can engage in energy transfer in a much larger range (up to a few hundreds of nanometers) which is compatible for sensing very large biological assemblies.

Thus it is of greater interest to build biosensors based on WGM microcavities. In later sections, we will thoroughly compare these two processes side by side to find their advantages and disadvantages.

INSIGHTS INTO THE WGET DONOR-ACCEPTOR PAIR:

An important step towards building a WGET based bioassay is to choose a suitable pair of donor and acceptor. In the previous chapter, we have introduced fluorescent QDs as optical donors and also thoroughly discussed the fabrication process of the QD loaded microcavities, where the emission of the QDs is efficiently coupled into the modes of the cavity. The desired properties that should be possessed by an ideal WGET acceptor are the follows, (A) Similar to donor-acceptor pairs in FRET, there must be a significant spectral overlap between the donor emission and the absorption of acceptor moieties for WGET to occur. 

OPTICAL ACCEPTORS: POLYMERIC DYE NANOPARTICLES

Before the significant development in the field of QDs and nanoparticles, organic dyes have dominated as both FRET donors and acceptors. For sensitive bio-detection or single molecule sensing, the brightness of organic dyes is limited by molar extinction coefficients below 3×10 5 M -1 cm -1 and quantum yield below unity. Therefore, the use of very high excitation power and smaller detection volume is unavoidable to achieve a good signal-to-noise ratio. Higher excitation power can also cause the organic dyes to photobleach quickly, resulting into short experiment spans. To improve the performance and stability of organic dyes, another approach has been explored by the "Nanochemistry and bioimaging" group at the University of Strasbourg. The dyeNPs were synthesized through nanoprecipitation of poly (methylmethacrylate-co-methacrylic acid) (PMMAMA) together with the salt of a rhodamine B octadecyl ester (R18) with a bulky hydrophobic counterion, tetrakis(pentafluorophenyl)borate (30 wt% loading relative to the polymer) (see Figure 3.6).

The use of bulky counterions as spacers and high loading concentration of the Rhodamine dyes ensure that short inter-dye molecular distance (ca. 1 nm) be achieved.

These dyeNPs have a hydrodynamic diameter of 60 ± 4 nm with polydispersity index of 0.11, as measured by dynamic light scattering (DLS). The dyeNPs incorporate about 3000 dye molecules per particle (based on their core size of about 35 nm, as determined previously by TEM, and their loading). 281 This results in a per particle absorbance of about 3.7×10 8 M -1 •cm -1 . The use of the hydrophobic, bulky counterion prevents aggregation of the dyes, as indicated by the absorption spectrum approaching that of the dye in organic solution, though a red shift of the emission spectrum was observed (see in Figure 3.6 (E)). The insulation of the dyes through bulky counterions allows maintaining a high quantum yield (QY) even at very high loadings, 281,282,283 which was determined here to be 36 ± 5%, resulting in a per particle brightness of 1.3×10 8 M -1 •cm -1 .

ASSEMBLING THE DONOR (MICROCAVITY) -ACCEPTOR (DYE NANOPARTICLES) SYSTEM:

Before setting out on the journey to explore the possibilities of using WGET for biosensing, it is of great importance to thoroughly understand various aspects of this energy transfer process. Previously, the QDmicrocavities have already been introduced as optical donor, and highly absorbing and bright dyeNPs are chosen to be used as optical acceptors. To construct and study a simple whispering gallery modemediated energy transfer system, the dyeNPs were conjugated to the surface of the QD-microcavity via electrostatic assembly.

As shown in Figure 3.7 (A), the QD525 and QD505 loaded microcavities were first coated with polyethyleneimine (PEI, MW = 1800 g/mol) to provide a positively charged surface. To do that, the QDloaded beads (10 6 ) were incubated for 2 h in 500 μL aqueous solution of PEI (10 μg/mL) at room temperature. The sulfonate (SO 3-) groups on the surface of the microspheres help the positively charged PEI to be adsorbed.

in Figure 3.7 (B) has been acquired from a QD525-microcavity conjugated to acceptors, consists of regularly spaced pairs of sharp WGM peaks on the top of a broad free space emission envelope. But the spectrum has now two different emission regions; the one around ca. 525 nm arises from the emission of the QDs, and the other one around ca. 580 nm comes from the dyeNPs.

On the wide-field microscope setup (section 2.4.1.2), a white lamp and a set of appropriate filters (see the filter descriptions later in Table 3.1) were used to excite and observe the emission of the QDs inside the microspheres which appeared green with bare eyes, but weaker than the microspheres without any acceptor. When the microcavities were observed through the emission channel for dyeNPs fluorescence, they showed strong red emission.

WHAT EXCITES THE DYE NANOPARTICLES? DIRECT EXCITATION OR ENERGY TRANSFER:

The emission spectra (see Figure 3.7 (B)) acquired from QD-microcavity + dyeNPs systems showed a strong red emission from the dyeNPs. There are two major possibilities regarding how the acceptor dyeNPs were excited which are the following,

• Direct excitation by the lamp or laser.

• Energy transfer from the QDs to the acceptors.

I performed three different experiments with the motivation to understand and evaluate this question.

Experiment 1: Comparing the total dyeNP emission in the absence or presence of QDs, at the single microsphere level, by spectrometry

To find out which one causes the excitation of the dyeNPs, we compared the fluorescence intensity of individual microspheres with and without QDs, coated with the same amount of dyeNPs and illuminated by the same laser intensity.

For the experiment, 100 μL (containing ~ 2×10 5 microspheres) of PEI coated QD505-microsphere suspension were incubated with 50 μL of 0.04 g/L dyeNP solution for 2h. After the assembly, the microspheres were purified and redispersed in 150 μL water as described in the section 3.7. The same procedure was followed to prepare microcavities coated with same amount of dyeNPs but without QDs.

Then, using a confocal microscope, fluorescence emission from the confocal volumes located at the equator of microspheres were recorded for both the samples, with and without QDs. The emission spectra from ~20 microspheres for each sample were averaged and plotted in Figure 3.8. Despite some variation in the dyeNP adsorption from one microsphere to another, Figure 3.8 clearly shows that the dyeNP fluorescence intensity is much higher in the presence of QD donors (red curve) than in absence of QDs (black curve), suggesting that dyeNP emission originate from energy transfer. For the sake of easy visualization, the wavelength ranges of excitation and emission filters for all the filter sets are superimposed with the absorption and emission spectra of the QDs and the dyeNPs in the Figure 3.9.

The observation of microspheres labeled with only QDs or only dyeNPs (Figure 3.10, upper two rows)

shows minimal contributions from emission cross-talks and dyeNPs direct excitation. Finally, acquisition of images from microspheres labeled with both QDs and dyeNPs (Figure 3.10, bottom row) shows a strong The images in the first column (1,4,7) were acquired by exciting and detecting the QD fluorescence, whereas images in the 2 nd column (2,5,8) were acquired by exciting and detecting the dyeNP fluorescence and images in the 3 rd column (3,6,9) were acquired by exciting the QD and detecting fluorescence from the dyeNP. (The insets in panels 5,6 shows a bead coated with 10 times more dyeNP for clarity.) Scale bar: 10 µm.

emission in the energy transfer channel. Direct excitation of dyeNPs (panel 8) is minimal compared to the sensitized emission (panel 9). This confirms that the observed emission from dyeNPs in the QD+dyeNPs microspheres indeed originate from energy transfer from QDs, not from direct dye excitation.

Experiment 3: What happens if we change the refractive index of the cavity environment?

The energy transfer from the donor QDs to the acceptor dyeNPs can happen in a combination of two different pathways which are the following,

• Through the evanescent field of propagating WGMs.

• Via direct FRET from the QDs to the dyeNPs at the microcavity interface. As FRET only occurs in between fluorophores present within close range (< 10 nm), QDs that are located within a few nanometers from the surface may engage in direct FRET to the acceptors. An experimental attempt was made to separate the contribution of each process, WGET and direct FRET, in the total energy transfer rate. At first, the QD525-microspheres conjugated to dyeNPs was prepared in water using the same protocol of experiment 1.

Fluorescence emission spectra were recorded using a confocal microscope as described before. Then the solution of the microspheres was centrifuged at 2000g for 10 s so that the cavities sediment. The surrounding water medium (ƞ = 1.33) of the QDs-microcavity + dyeNPs then was removed and replaced with the same volume of DMSO (ƞ = 1.48). This will completely suppress the WGMs, so that the energy transfer can happen through only direct FRET (see Figure 3.11). This could help us to understand the influence of each process, but the experiment was inconclusive as even though the QD-microcavity system is chemically stable in DMSO, the polymeric shell of the dyeNPs would dissolve in the organic solvent, resulting in the leaching of dye molecules into the solution.

ORIGIN OF THE WGM PEAKS: COMPARISON BETWEEN THE EXPERIMENT AND THEORY:

To verify that the WGM peaks in the spectral region of dyeNP emission have emerged due to the coupling of dye fluorescence to the modes of the same microcavity, we can compare the experimental peak positions to the ones obtained from the theory. As described in previous chapter, Lam et al. analytically expressed the wavelengths of WGMs of a microsphere of radius R asymptotically as a function of the angular mode number l, radial mode number n. (See section 2.7, chapter 2).

As the higher order modes are not distinguishable in the spectra (Figure 3.12 (A)), we only consider n = 1 modes. The best fit for the WGM peaks in the whole emission range can be obtained with a unique set of R and n s parameters. For the spectrum shown in Figure 3.12 (A), the best fit (see Figure 3.12 (B)) can be achieved for the value of radius = 4.9 μm and refractive index = 1.593, for angular mode numbers in between 500 nm and 620 nm. It suggests that the WGMs in the dyeNP emission indeed originate from the same set of WGMs. 

CHARACTERIZATION OF WGET:

We have successfully demonstrated the energy transfer from the QD emission coupled to the WGMs of polystyrene microcavities to acceptor dyeNPs. In order to build a bio-sensing platform based on this, it is of great importance to first thoroughly understand and quantitatively characterize this energy transfer process.

We now set out to analyze in more detail the energy transfer rates and efficiencies. The rate of energy transfer,  ET , depends on several factors of the donor-acceptor WGET system, such as the absorption cross section of the acceptor, the density of acceptors within the evanescent field, mode volume and the intensity of the mode at the acceptor position. Before getting into the details to calculate the energy transfer rate, some of the important parameters should be discussed.

Mode volume (V mode ):

The energy stored in a mode can be calculated as a product of mode volume (V mode ) and the maximum intensity of that particular mode. Thus, the mode volume is defined as the ratio of total energy stored inside the cavity for a particular mode and the maximum energy density of that mode. V mode can be expressed as in Eq. 3.10.

𝑉 𝑚𝑜𝑑𝑒 = 1 𝑀 ∭ ( 𝜀(𝑟) 2 ||𝐸(𝑟)|| 2 + 1 2𝜇(𝑟) ||𝐵(𝑟)|| 2 ) ℝ 3
𝑑𝑟 , (Eq. 3.10) where E(r) and B(r) are the electric and the magnetic field of the WGM at distanced r from the center of a spherical resonant cavity respectively, μ and ε are the magnetic permeability and electric permittivity respectively and || || denotes the Euclidian norm, in ℂ 3 . The normalization factor (M) is the maximum energy density of the mode.

𝑀 = (

𝜀(𝑟) 2 ||𝐸(𝑟)|| 2 + 1 2𝜇(𝑟) ||𝐵(𝑟)|| 2 ) 𝑟∈ℝ 3 𝑚𝑎𝑥 . (Eq. 3.11)
For a non-magnetic dielectric sphere (where μ = μ 0 ), neglecting losses by diffraction and diffusion of the WGM, the energy conservation law implies that the contribution of the electric and the magnetic field to the energy density are equal (Eq. 3.12)

∭ 𝜀(𝑟) 2 ||𝐸(𝑟)|| 2 𝑑𝑟 = ∭ 1 2𝜇 0 ||𝐵(𝑟)|| 2 𝑑𝑟 ℝ 3 ℝ 3 .
(Eq. 3.12)

Consequently, the mode volume of a WGM can be expressed in terms of the electric field part only, and is often calculated as in Eq. 3.13, where E max indicates the maximum value of the Euclidean norm of the electric field.

𝑉 𝑚𝑜𝑑𝑒 = 1 𝜀 0 𝑁 2 𝐸 𝑚𝑎𝑥 2 ∭ 𝜀(𝑟) ||𝐸(𝑟)|| 2 ℝ 3
𝑑𝑟 .

(Eq. 3.13) The normalization factor (M) related to the maximum energy density is a constant for a particular mode, thus can be taken as 1 for simplicity if 𝐼 is normalized. As shown in chapter 2, the expression of the electromagnetic field as a function of r,   is separable in these variables, so that: (Eq. 3.15) where, I radial and I angular respectively stand for the integrals of radial and angular components of the mode intensity.

𝑉 𝑚𝑜𝑑𝑒 = ∭ 𝐼(𝑟, 𝜃, 𝜑) 𝑟 2 𝑠𝑖𝑛𝜃 𝑑𝜃 𝑑𝜑 𝑑𝑟 = ∫ 𝐼(𝑟)𝑑𝑟 ∞ 0 ∫ 𝐼(𝜃)𝑠𝑖𝑛𝜃 𝑑𝜃 ∫ 𝑑𝜑 2𝜋 0 𝜋 0 = 𝐼 𝑟𝑎𝑑𝑖𝑎𝑙 × 𝐼 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 × 2𝜋 ,

The Energy transfer rate:

A thin strip of surface area on the microsphere is chosen to represent the WGET rate from a WGM to the dyeNPs present in this strip. As shown in Figure 3.14,  is the angular width of the mode at the surface, thus the width of the strip is Rδθ, where R is the radius of the sphere and as the strip is present along the equator of the sphere, thus the length of it is 2𝜋R. So, the surface area of the strip is 2𝜋R × Rδθ. Assuming that the acceptors are homogenously distributed on the surface of the microsphere with surface density  s and at a distance z from the surface, then the numbers of dyeNPs present within this area is

 s × 2𝜋R × Rδθ.
So, the rate of energy transfer,  ET , from the WGM at wavelength  to an acceptor located at a distance z from the surface of the microsphere can be estimated as:

Γ 𝐸𝑇 (𝜆) = 𝜎 𝐴 (𝜆) × 𝑐 𝑛 𝑠 × 𝜌 𝑆 ×𝛿𝜃×2𝜋𝑅 2 𝑉 𝑚𝑜𝑑𝑒 × 𝐼(𝑧)
𝐼 𝑚𝑎𝑥 (Eq. 3.16) where  A () is the acceptor absorption cross section, c is the speed of light. The third factor of the rightside term in Eq. 3.16 therefore represents the effective concentration of acceptor species in interaction with the mode. I(z)/I max is the ratio of the WGM intensity at a distance z from the surface of the microsphere to the mode maximum. The factor, I max × V mode actually represents the total energy density of the WGM as per the definition. Intuitively, the quality factor of a WGM relates to the time that a photon remains confined in this mode before exiting it by scattering or absorption. Thus, when the quality factor is high, a photon circulating in a WGM with a dyeNP adsorbed on its surface comes back many times in contact with this acceptor, increasing the probability of interaction.

Since the Purcell factor of the WGM cavity, and thus the efficiency of the coupling of the QD emission to the WGM, are proportional to the quality factor Q, the emission spectrum of a microsphere provides a wealth of information about energy transfer from WGMs to dyeNPs. Here, these two typical spectra, 3.15 (A) and (C) that have been obtained from microspheres loaded with respectively QD505 and QD525 and coated with dyeNPs following the protocol mentioned in control experiment 1 and 2 will be used to continue the discussion. Considering I WGM () as the intensity of a WGM peak (blue points in Figure 3.15 (A) and (C)) at wavelength  and I Env () as the envelope intensity at the same wavelength, derived by interpolating the spectrum local minima (red points in Figure 3.15 (A) and

(C)) we can estimate the variation of the quality factor at different wavelengths using Eq. 3.17.

𝑄(𝜆) ∝

𝐼 𝑊𝐺𝑀 𝐼 𝐸𝑛𝑣 -1 (Eq. 3.17) where the absorption of the dyeNP is maximal, and is maximal in regions of minimal dyeNP absorption, as expected from Eq. 3.16. More quantitatively, the quality factor is inversely proportional to the rates of relaxation of the cavity mode, including contribution from scattering, re-absorption from QDs and absorption from dyeNPs. Considering that the quality factor Q(λ) of QD-only beads is mostly constant across the spectrum as seen in chapter 2, Figure 2.16, we assume that the rate of WGM relaxation due to all scattering and absorption processes other than energy transfer to dyeNP,  0 , is independent of wavelength within our limited spectral range. It can thus be inferred from values of Q observed outside of the dyeNP absorption range, at wavelengths longer than 600 nm. The variations of the energy transfer rate with the wavelength,  ET () can thus be estimated from Q(), as: . 3.18) This dependence of the energy transfer rate on the emission wavelength was calculated for several microspheres, then averaged (over ~ 20 spectra from individual microspheres for each batch) and are shown in Figure 3. 16 (A,B). As shown in these figures, the variations follow the same shape as the dyeNP absorption spectrum for both the populations of QDs, as expected from Eq. 3.16. 

Γ 𝐸𝑇 (𝜆) ∝ 1 𝑄(𝜆) - 1 𝑄(600 𝑛𝑚) (Eq

Energy transfer efficiency:

The energy transfer efficiency can be expressed as a function of  ET , the energy transfer rate from Eq. 3.16

and  0 , the rate of WGM relaxation due to all other scattering or absorption processes:

𝐸 𝐸𝑇 = Γ 𝐸𝑇 Γ 𝐸𝑇 +Γ 0 . (Eq. 3.19)
Here, for easy understanding, the variations of the energy transfer efficiency with the wavelength, E ET (λ) can be estimated also from Q(), since the quality factor is inversely proportional to the loss rates of the cavity:

𝐸 𝐸𝑇 (𝜆) = 1 - 𝑄(𝜆) 𝑄 0 , (Eq. 3.20)
where Q 0 is the quality factor of the microcavity without any acceptor. The efficiency of the energy transfer for both QD batches were calculated from the ET rate ( ET ) (previous section) using the Eq. 3.20. As expected, when compared to the absorption of the dyeNPs, the efficiency curves (Figure 3.17 (A, B)) also follow similar spectral features, as observed previously for  ET . 

Dependence of WGET on the acceptor density:

Another experiment was carried out to understand the effect of the acceptor concentration on this energy transfer process. To perform this experiment, the QD505-microspheres coated with different amount of dyeNPs were prepared using the protocol described before. Four different samples were prepared with the dyeNP concentrations in the final solution, respectively, 2.8 nM, 5.6 nM, 11.2 nM and 28 nM. The average energy transfer efficiencies for these samples were estimated from their emission spectra (18-20 for each sample) of individual microspheres using Eq. 3.18 and 3.20, as described previously. In addition, when the quantity of adsorbed dyeNP acceptor increases, the energy transfer efficiency increases. As shown in Figure 3.18 (B), at each wavelength, E() varies with the dyeNP acceptor concentration,  S , as expected from Eq. 3.16 and 3.19, which can be rewritten as:

𝐸(𝜆) = 𝜌 𝑆 𝜌 𝑆 +𝜌 0 (𝜆)
, (Eq. 3.21) where  0 () is a constant corresponding to the concentration of acceptors needed to reach E() = 50% at this specific wavelength.

 0 can also be expressed as a function of the system characteristics;

𝜌 0 (𝜆) = Γ 0 × 1 𝜎 𝐴 (𝜆) × 𝑛 𝑠 𝑐 × 𝑉 𝑚𝑜𝑑𝑒 𝛿𝜃×2𝜋𝑅 2 × 𝐼 𝑚𝑎𝑥 𝐼(𝑧) , (Eq. 3.22)
where, for  S =  0 ,  ET =  0 (from Eq. 3.19 and 3.21), and

𝑄 0 = 𝜔 Γ 0 = 2𝜋𝑐 𝜆𝛤 0 ⟹ Γ 0 = 2𝜋𝑐 𝜆𝑄 0 (Eq. 3.23)
Q 0 is the quality factor of the cavity without any acceptor.

Variation in absolute Q due to WGET:

In the previous sections, I have elaborately discussed how we can extract the dependence of Q qualitatively from the typical emission spectra, and then utilize this to understand the energy transfer process. We can also confirm this dependence by calculating the absolute Q of the microcavities as a function of emission wavelength.

Analyzing the spectra obtained with the high-resolution spectrophotometer, the variation of Q (either from TE or TM modes) with the wavelength is calculated from the width of each resonance peak using Eq.

2.12 (Chapter 2). A clear minimum is observed, corresponding to the absorption maximum of the dyeNPs (Figure 3.19). It confirms that the gallery modes at the range where the dyeNPs absorbs the highest are mostly affected due to the energy transfer. In this section, the specificities of energy transfer from WGM donors to dyeNP acceptors (WGET) that are expected to make them particularly efficient compared to FRET, will be thoroughly discussed. For this, the system is evaluated from a theoretical point of view to obtain an estimation of its possibilities: at first, it is to be noted that, in the case of WGET, the donor is a WGM mode, which is excited by many QDs, which provides a considerable brightness when compared with single donors.

COMPARISON BETWEEN FRET AND WGET IN REGARD OF BIOSENSING APPLICATIONS:

As an illustration, I would like to compare energy transfer to dyeNPs from WGM donors (WGET) and from isolated QDs (FRET). In the context of biosensing, where for example capture antibodies would be used to bring dyeNP acceptors in close proximity of FRET or WGET donors, the energy transfer efficiencies are compared in conditions where the same amount of capture antibody is used. Assuming that in both cases, antibodies are linked to the different surfaces at similar surface densities, this is equivalent to comparing FRET and WGET at the same surface density of dyeNP acceptors (see Figure 3.20/Scheme 1).

The size correction factor (S WGET ) can be mathematically written as; So, the corrected energy transfer rate for a particular WGM mode (here, λ WGM = 516.6 nm) will be,

𝑆 𝑊𝐺𝐸𝑇 = ∫ [𝜋(𝑟 𝑑𝑛𝑝 𝑠𝑖𝑛𝜃) 2 𝜋 0 × 𝑟 𝑑𝑛𝑝 𝑠𝑖𝑛𝜃] × 𝑒 - 𝑟 𝑑𝑛𝑝 (1-𝑐𝑜𝑠𝜃) 𝑟 * × 1
𝛤 𝐸𝑇 (𝑑 = 0)(𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) = 𝑆 𝑊𝐺𝐸𝑇 × 𝛤 𝐸𝑇 (𝑑 = 0) (Eq. 3.25)
Where d is the surface-to-surface distance between the cavity and the dyeNP.

So finally, WGET efficiency (E ET ) can be expressed as Eq. 3.26;

𝐸 𝐸𝑇 = 𝜌 𝑠 𝜌 𝑠 +𝜌 0 (Eq. 3.26)
With ρ 0 being estimated from Eq. 3.16 and 3.22. In the case of FRET, dyeNPs present very large absorption cross-sections, and the most extreme case is considered where QDs undergo a FRET efficiency of 1 as soon as they are conjugated to at least one acceptor. Taking into account the surface chemistry of the QDs and a typical hydrodynamic radius R H of 6 nm, 284 the total FRET efficiency can be expressed as a function of  S , the acceptor surface density, as Eq. 3.27) corresponding to the fraction of QDs conjugated to at least one acceptor, assuming a Poisson distribution of the acceptor:QD ratio. 96 FRET efficiency that can be achieved is 0.67 which corresponds to acceptor surface density that is 100-1000 times more than what is required to achieve the same WGET efficiency.

𝐸 𝐹𝑅𝐸𝑇 (𝜆) = (1 -𝑒 -𝜌 𝑆 * 4𝜋𝑅 𝐻 2 ), ( 
The strikingly superior efficiency of WGET originates from the delocalized and collective nature of the WGM: instead of being confined to 4𝜋𝑅 𝐻 2 ~ 400 nm 2 as in the case of FRET, the WGM is delocalized over 𝛿𝜃 × 2𝜋𝑅 2 ~ 42 µm 2 , an effective surface that is 10 5 larger. In addition, the high-quality factor enables multiple interactions between the WGM field and each acceptor. This largely compensates for the lower electromagnetic intensity at the surface of the microsphere, compared to the higher near-field intensity in the case of FRET.

WGET and FRET rate vs the donor-acceptor distance:

I have already discussed before that the long evanescent tail of the WGM should provide a strong advantage over FRET in terms of achieving longer range for energy transfer. Now I will quantitatively compare how the rate of these two processes vary with the distance between the donor and the acceptor.

When the dyeNP acceptor is located farther away from the surface, as would be expected in a biosensing scheme, the acceptor experiences a donor intensity that decays as a function of the separation between the donor surface and the acceptor surface, d. In the case of FRET, the donor intensity varies as d -6 . In contrast, in the case of WGET, the intensity decay is well approximated by a mono-exponential with a characteristic length of r* = 85 nm as described before.

Using the help from the expression of S WGET , the rate of WGET for a particular mode can be expressed as a function of the surface-to-surface distance (d) between the donor and the acceptor. As,   (d) ∝ I(d) (from Eq. 3.16) where I(d) is the WGM intensity at distance d, the rate of WGET after size correction of dyeNP can be written as: As mentioned before for WGET, the dyeNPs, due to their large size, cannot be approximated by a single dipole, thus FRET transfer rate also should be integrated over the volume of the dyeNP. Thus, the rate of FRET can also be represented as the donor-acceptor separation distance;

Γ 𝐸𝑇 (𝑑)(𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) = Γ 𝐸𝑇 (𝑑) × ∫
Γ 𝐹𝑅𝐸𝑇 (𝑑) ∝ ∫ 𝑠𝑖𝑛𝜃 × 𝑑𝜃 {𝑅 𝐻 +𝑑-𝑟 𝑑𝑛𝑝 (𝑐𝑜𝑠𝜃-1)} 6 𝜋 0 (Eq. 3.29)
The rate of energy transfers through WGM and Förster process have been plotted (normalized) in Figure 3.23 which suggests that the FRET rate drops quickly to close to 0 when the D-A distance goes above 10 nm, but the WGET rate stays significant even at the distance that is more than 100 nm. 

WGET and FRET efficiency vs the donor-acceptor distance:

To compare how energy transfer efficiency varies with separation distance in FRET and WGET, I assume a surface density of 1 acceptor dyeNP for 400 nm 2 -in the case of FRET this corresponds to a 1:1 dyeNP:QD ratio. The WGET efficiency for microcavities with Q = 10 4 and 10 6 can be calculated as described before (section 3.12.1). For FRET, the efficiency can be calculated using the Eq. 1.6 and 1.7 (Chapter 1),

𝐸 = Γ 𝐹𝑅𝐸𝑇 (𝑑) Γ 0 +Γ 𝐹𝑅𝐸𝑇 (𝑑) (Eq. 3. 30)
At a separation distance R 0, the efficiency of energy transfer = 50% and  0 = FRET . For our donor-acceptor system here, the R 0 has been found to be 23.2 nm. As shown in Figure 3.24 FRET efficiency reaches 50% at a QD surface-to-dyeNP surface of ~10 nm. In comparison, WGET is efficient over larger distances: when Q=10 4 , the 50% distance is ~47 nm, while it reaches ~100 nm when Q = 10 6 . This makes WGET advantageous to probe large biomolecular assemblies such as antibody-antigen sandwiches, large oligonucleotides, or even small viruses.

CONCLUSION:

In summary, we have explored the use of QD based PS microcavities to perform energy transfer from the resonance modes (WGM) to outside optical acceptors, in the context of optical sensing. In the previous chapter, we discussed the fabrication of polystyrene micro-cavities where bright and photostable colloidal quantum dots are placed inside to act as optical donors. Bright and highly absorbing dye NPs were assembled on the micro-cavities to act as optical acceptors. Analysis of the emission spectrum from the cavity enabled us to determine the nature of the energy transfer processes from WGM to these acceptors both qualitatively and quantitatively, as a function of the spectral overlap and the density of acceptors.

Our experimental data and modeling show that energy transfer from WGM to acceptors placed in the vicinity of the cavity surface is greatly enhanced by the quality factor of the cavity. The energy transfer can be efficient over distances larger than 100 nm, compared to typically 10 nm for FRET. This would enable the use of WGET to design highly sensitive homogenous assays to detect large biomolecular entities from peptides, proteins or oligonucleotides to large antibody-antigen sandwiches or small viruses.

Bio-specificity could be easily imparted on these microspheres by conjugating whole antibodies or other capture probes without the size constraints encountered in FRET assays. Further developments of WGET could thus enable faster, user friendly and more sensitive tools for bio-detection.

INTRODUCTION:

In the previous two chapters, I have introduced a QD loaded whispering gallery micro-resonator presenting interesting advantages in terms of ease of fabrication, stability and convenience of usage.

Subsequently, a simple energy transfer conjugate was studied in detail where these microcavities were used as optical donors and dye loaded polymeric nanoparticles (dyeNPs) acted as optical acceptors. Due to the extension of evanescent field outside the surface of the resonators and high Q-factor of the resonance modes, the microcavity mediated energy transfer (WGET) have shown to be efficient over longer donor-acceptor distance ranges, when compared to non-radiative FRET. The significantly high brightness of the resonators arising from the trapping of fluorescence from many QDs, combined with the great energy transfer efficiency inspire us to fabricate a bio-sensing platform with enhanced sensitivity.

One of the major challenges in building a good biosensor is to provide specificity to it so that biological entities can be detected selectively. Thanks to the vast variety of available chemical reaction techniques, physical absorption and adsorption of molecules that can be performed to modify the surface of the microcavities which would allow us to conjugate specific biomolecular capture probes covalently or noncovalently, moreover, to even reduce non-specific interactions. Here in this chapter, I will proceed towards building a microcavity based sandwich assay to detect a cancer biomarker DNA named survivin in aqueous buffer. DNA-based sensing is comparatively 'simpler' than the antibody-based detection schemes due to robustness and strong affinity of capture probes towards the complementary target strands. Thus, it is a good way to test the WGET-based sensing scheme with biomolecules without running into complex issues of antibodies, such as denaturation, structural changes in the binding site and high cost. I will also focus to translate this principle of detection to higher level of simplicity in terms of detection technique and instrumentation so that the work would be more appealing towards real life applications.

PREREQUISITES: THE STRUCTURE AND PROPERTIES OF DNA:

Deoxyribonucleic acid or in short DNA, is a biological macromolecule essential for the existence of life and found in all prokaryotic and eukaryotic cells and in many viruses carrying genetic information regarding 

Structure:

The DNA is composed of two polynucleotide chains that coil around a common axis forming a double helix 287 , where the two chains are held together by H-bonding (see Figure 4.1 (A)). Individual strand of DNA is called polynucleotide because they are composed of simpler monomeric units called nucleotides 285 . Another polynucleotide macromolecule which plays crucial roles in the regulation and expression of genes is called RNA or ribonucleic acid. Like DNA, RNA also plays many necessary functions in the sustenance of cellular functions of organisms, one of which is to actively participate in the synthesis of proteins 288,289 .

Each nucleotide unit is composed of one of the four nitrogen-rich nucleobases, deoxyribose sugar and a phosphate group. A chain of nucleotides is formed by phospho-diester covalent linkage between the sugar of a nucleotide and the phosphate group of the next one, resulting into an alternating sugar-phosphate backbone. In particular, this chain structure is derived as the phosphodiester bonds are formed between the third and fifth carbon atoms of two adjacent sugar rings in a polynucleotide chain. These two carbons on the sugar ring are quite significant as they are used to represent the directionality of a single strand.

One end of a polynucleotide chain consists of a phosphate group attached to the 5' carbon of a sugar ring, this end is denoted as 5' (phosphoryl) end, whereas the other end of the same polynucleotide has a free hydroxyl group attached to the 3' carbon of the terminal sugar ring on this end of the chain, and this end is denoted as 3' (hydroxyl) end. The directionality of a DNA single strand is given either by 5'→3' or 3'→5'.

In general, two single strands in a double helix have opposite directionality, hence antiparallel to each other 285 (See Figure 4.1). The four nitrogenous bases found in the structure of DNA are adenine (A), guanine (G), cytosine (C) and thymin (T). These bases from two different single helix form hydrogen bonds between them to construct a double helix. This base pairing occurs based on a certain exclusive rule where adenine forms two H-bonds with thymin, whereas guanine forms three H-bonds with cytosine (See Figure 4.1 (B)) 285 .

A process called transcription takes place in cells to create RNA strands using a DNA strand as template.

The transcribed RNA strand has complementary nucleotides to the template DNA and the type of the sugar that forms the sugar-phosphate backbone is ribose instead of deoxyribose in DNA. Another important characteristic in RNA structure is that the thymin in the polynucleotide chain is replaced by uracil (U) 290 . DNA is predominantly found in the form of double helices in nature, whereas RNA is in general single stranded but many of the RNA such as tRNA contains self-complementary segments in its structures that allow them to form intra-strand local double helices and form folded configurations 291 .

DNA/RNA hybridization:

Even though most naturally occurring DNA are found in duplex form, two strands can be separated from each other by providing enough energy, for example in the form of heat or chemically breaking the Hbonding interactions between two strands. This process is called DNA denaturation or melting 292 . It is a key step for the generation of single stranded DNA that subsequently are used as probes for DNA hybridization based biological assays such as polymerase chain reactions (PCR) 293 . DNA hybridization or annealing is the process of pairing two complementary DNA strands by facilitating the H-bonding interactions between the base pairs of two strands. If appropriate conditions are achieved, then two RNA single strands or one RNA to one DNA strand can be hybridized together to form a duplex. The hybridization process is one of the most crucial ones for designing assays, such as, Southern Blot, Dot-Blot and sandwich hybridization assays 294 .

Environmental factors such as temperature and pH of the solution play crucial role in the hybridization of two single strands. The negative charges arising from the phosphates in the backbone of the polynucleotides would cause repelling interactions with complementary strands. Using a particular salt (e.g., MgCl 2 ) concentration to screen the effect of the phosphates is necessary for the hybridization to proceed. As comparatively stronger (triple H-bonding) interaction takes place between guanine (G) and cytosine (C) than between the other two bases, the ratio G:C in the target strand plays an important role in the hybridization process 292,295 .

DNA based probes are now widely used in many applications, such as, in the diagnosis of infectious diseases (e.g., human papilloma (HPV) 296,297 , hepatitis-B [START_REF] Aliyu | Rapid Detection and Quantitation of Hepatitis B Virus DNA by Real-Time PCR Using a New Fluorescent (FRET) Detection System[END_REF]298 and HIV 299 viruses), in cytogenetic studies (for example, to study numerical and structural disorders in chromosomes) 300,301 and DNA fingerprinting 302,303 .

In the recent time, techniques based on DNA or RNA sensing assays are being employed to detect certain genetic sequences as structural bio-markers in cells, offering many advantages over the current immunohistochemical methods for the identification of tumor cell types 304,305 . This chapter will be focused on detecting a cancer bio-marker called survivin, the identification of which has been a center of immense research in the field of clinical biology, especially for the diagnosis of cancers and targeted gene and Immunotherapy 306 .

ENERGY TRANSFER DNA ASSAYS:

Non-radiative energy transfer (FRET) based bio-sensing schemes have been a topic of extensive research due to the simplicity of performance, high specificity and potentials to be executed in homogenous format [START_REF] Sahoo | Resonance Energy Transfer -A Spectroscopic Nanoruler: Principle and Applications[END_REF] . Homogenous FRET assays, as they do not require any intermediate washing step, have made bio-sensing of specific analytes very simple for end-users. Since the beginning of the era of nano-sciences, many researchers have focused to design nanomaterial (NM) conjugated biomolecules for energy transfer assays, thanks to the interesting opto-electronic properties of low dimensional materials [START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF] . Numerous QD-bioconjugates have been designed to detect vast varieties of biological elements such as DNA [START_REF] Zhang | Single-Quantum-Dot-Based DNA Nanosensor[END_REF] , RNA 307 , amino acids 308 , proteins 309 , and ions 310 .

Depending on the type and properties of analytes, FRET assays can operate in both competitive and noncompetitive mechanisms.

Myriad of studies have been performed to design and evaluate energy transfer assays based on nanomaterial bio-conjugates for detecting DNA [START_REF] Zhang | Single-Quantum-Dot-Based DNA Nanosensor[END_REF]311 and RNA 307,312 strands, part of which is important to discuss in the context of this chapter. Some of the DNA detection schemes are shown in the Figure 4.2.

The D (green sphere) and A (red sphere) respectively represent optical donor and acceptor. Regardless of vast usage and simplicity of FRET assays, they suffer from some major disadvantages which are inherited to the mechanism of FRET. Due to the sharp inverse dependence of FRET rate on the donoracceptor distance, large biological assemblies with donor-acceptor distance more than 10 nm are complicated to detect 174 . In practical applications, for example, in case of designing sandwich biological assays for the detection of large proteins or virus DNA strands, FRET techniques might lead to inconclusive test results or false outcomes. This also restricts the flexibility of designing the assay.

SURVIVIN:

Survivin is a member of the inhibitor of apoptosis (IAP) protein family which is highly expressed in most malignancies. It inhibits the activation of caspase, a protease enzyme that plays essential roles in apoptosis, thus preventing programmed cell death. target towards designing a highly specific cancer therapy 324 . In the recent time, survivin has been a great source of attention for cancer immunotherapy. Some studies have found that survivin can act as a strong T-cell activation antigen, which might help to develop some immunotherapeutic techniques 325 . For example, Xiang et al. showed that the inhibition of tumor growth and metastasis can be achieved by simultaneously attacking both the tumor and its vasculature by a cytotoxic T cell response against the survivin protein, which might lead to the activation of cellular apoptosis in cancer.

Thus, detection of survivin in the early stages of malignancies combined with these targeted therapies can provide alternative and efficient ways to treat cancers. This requires highly sensitive bio-sensing platform.

At present, survivin is most often clinically identified by either using immunohistochemistry to detect the proteins or by detecting the mRNA with polymerase chain reaction (PCR) techniques 306 . To provide an order of magnitude of a clinically relevant sensitivity, we will consider the study by Morinaga et al, which studied the expression of surviving RNA in hepatocellular carcinoma (HCC) using calibrated RT-PCR 326 .

They found a number of surviving copies in HCC tissues of about 10 6 copies / µg total RNA. Considering that one can extract about 70 µg RNA from a 10 mg tissue sample, our assay would need a limit of detection lower than 10 7 survivin RNA copies for a useful clinical test.

In the previous chapter, I have side-by-side compared the two energy transfer processes, FRET and WGET.

On experimental basis, in addition to careful theoretical considerations, WGET could offer several advantages due to better efficiency and longer range of energy transfer, robustness and simplicity of the design, and higher sensitivity towards analytes. This motivates us to venture towards building a biological sensing (DNA sensing) platform based on surface functionalized WGET enabled microcavities. In this chapter, I will focus on designing a bio-sensing platform with the WGET enabled microcavities to detect the DNA analogue of survivin mRNA as DNA is more stable and easier to manipulate than RNA. After the development and optimization of the DNA assay, mRNA-based detection scheme can be targeted.

WGET MICROCAVITY DONOR:

In the last two chapters, the fabrication process and the energy transfer properties of QD-loaded microcavities have been thoroughly discussed. With the help of our understanding of the energy transfer processes through cavity resonance modes, here I will try to build a bio-sensing scheme based on these microcavities.

The first crucial step forward from our simple electrostatically assembled donor (microcavity) -acceptor (dyeNPs) conjugates is to provide biological specificity to the WGET pairs so that specific biological events or interactions can be detected. In order to achieve that, surfaces of both the microcavity and dyeNP have to be functionalized with biomolecules to enable specific interactions. Here, at first, I will discuss the surface modifications of the microspheres, later the surface nature of the acceptor dyeNPs and specific interactions between the donor-acceptor pair in the interest of bio-sensing will be discussed.

Strategy to functionalize the microspheres:

Many strategies are available to provide biological functionalities to the surfaces of micro-/nanostructures, most of which are decided depending on the electro-chemical properties of the surface as well as on the desired features.

Streptavidin-biotin interaction: A universal biotechnology technique

One of the frequently used techniques to introduce bio-functionality is to utilize streptavidin-biotin interactions 327,328 . Biotin (Vitamin B7 or H, see the structure in Figure 4.4) being a small molecule with a terminal carboxylic acid group that is accessible for bio-conjugation by reactions like amide, imine or ester mediated coupling provides opportunities for easy conjugation to proteins, antibodies, DNA and RNA without interfering with their structural and functional integrity. Streptavidin is a homo-tetrameric protein that has a very high affinity for biotin. This affinity is one of the strongest non-covalent interactions known in nature characterized by a dissociation constant of 10 -14 mol/L 328 . Another important advantage of employing streptavidin-biotin interaction is the resistance of the complexes towards organic solvents, surfactants, extreme temperature and pH 329 .

These extraordinary properties led the streptavidin-biotin complexes to be extensively used in many molecular biology and nano-biotechnology experiments. Many studies focusing towards understanding the origin of this extraordinarily high affinity between streptavidin and biotin have suggested that the shape of the binding pocket in streptavidin is highly complementary to the molecular shape of biotin.

Moreover many direct and secondary H-bonding interactions in addition to van der Waals and hydrophobic interactions between biotin and the amino acid residues of streptavidin contribute to the high binding affinity 330 . The presence of four binding sites in the structure of streptavidin also facilitates the binding of biotin molecules. Furthermore, streptavidin being a protein of substantial size (66 kDa) has abundance of amine and carboxylic acid groups that can also be directly or indirectly used for conjugation 331 .

The polystyrene microspheres that were used for the WGET donor-acceptor electrostatic assembly in the previous chapter do not have any particular surface functionality that allows further modification of the surface, only the stability of the particles was ensured by the electrostatic repulsions between the sulfonate groups present on their surface. In this chapter, to impart biological functionality to the microcavities, I will start with microspheres that already have carboxylic acid groups on the surface which are accessible for further chemical modifications. These carboxylic acid groups can be reacted to the amine groups of streptavidin molecules via amide formation. Biotinylated biomolecules (biotinylated DNA strands for our purpose) can then be attached to the surface by exploiting the streptavidin-biotin interactions. As four binding sites are available in the streptavidin structure, even if one (or two) active sites are sterically or chemically inaccessible, there would still be remaining functioning pockets for the biotin binding.

Preparation of streptavidin functionalized QD loaded microcavities:

4.5.2.1 Loading QD525 into carboxylate microsphere:

An infusion process that is similar to the one used to load the non-carboxylated microspheres (Section 2.3, chapter 2) is also used here to load the carboxylated ones (average size = 10 μm) with QD525.

One drop (~ 40 μL) of 2.6% (w/v) aqueous suspension of carboxylated microspheres (~2×10 6 ) was taken in a 2 mL Eppendorf tube and 1 mL of ethanol was added to the solution and centrifuged at 2000g for 5 seconds. The liquid supernatant was discarded, and the solid precipitate of microspheres was dispersed in 1 mL infusion of butanol and chloroform (Butanol: Chloroform = 4:1) followed by mixing 10 μL of 12 μM QD525 solution (in CHCl 3 ) to the final concentration of 0.12 μM in the solution. The infusion was then mixed using a rotor at 50 rpm for 20 mins. The mentioned ratio of solvents (butanol and chloroform) resulted in homogenous and bright QD loaded microcavities.

In the next step, the QD loaded microspheres were separated from the free QDs by centrifuging the mixture at 2000g for 10 seconds, and after removing the liquid, 1 mL ethanol was added to the solution.

This step was performed 5 more times to wash away most of the unloaded QDs from the sample. After removing the ethanol from the solution in the final washing step, 40 μL of 50 mM pH 6.5 MES (4morpholinoethanesulfonic acid) buffer was added to the microspheres.

Attaching Streptavidin to the surface of QD525 loaded carboxylated microsphere:

Most of the proteins such as streptavidin have free amine groups which can be reacted with carboxylic acid groups to form amide linkages by carbodiimide crosslinking chemistry 332 .

Here For the purpose of EDC coupling with the carboxylated QD-loaded microspheres, first, a streptavidin solution at 5 g/L concentration was prepared in 50 mM pH 6.5 MES buffer; 45 μL of which was added to the previously prepared (in previous section) 40 μL QD-loaded carboxylate microsphere solution (in 50 mM pH 6.5 MES buffer). The mixture was incubated at room temperature for 15 min. Then a solution of EDC.HCl was freshly prepared at a concentration of 5 g/L in 0.2 M pH 6.5 MES buffer, 72 μL of which was added to the incubating mixture. Then the reaction mixture (in an Eppendorf) was placed on a rotor at 50 rpm for 4 hours. Then some glycine was added with a final concentration of 100 mM to quench the reaction mixture.

The microspheres were then separated from the reaction mixture by centrifuging at 2000g for 20 seconds.

The pellet of solid microspheres was then washed with 1X PBS buffer for 3 times and finally resuspended in 500 μL 1X PBS buffer containing 1% of bovine serum albumin (BSA), 1.5 mM MgCl 2 and 0.01 g/L Tween80 surfactant. Here, I have compared three different strategies of the carbodiimide coupling with EDC and/or NHS on carboxylated microspheres (without QDs).

Strategy 1 would represent the reaction procedure mentioned in the last section (4.5.2.2). Strategy 2 has everything same as strategy 1, except 1 mg of NHS (in solid form) is added to the incubating mixture of microspheres and streptavidin at the same time of adding the EDC.HCl (in MES). Strategy 3 involves a more traditional approach where the carboxylic acid groups on the microspheres were first activated with EDC.HCl (in MES) and NHS (1mg) to form the stable NHS ester intermediate, followed by the addition of streptavidin for the nucleophilic substitution to occur. The amounts of all reactants, the reaction time, speed of rotation, temperature and all other conditions were maintained same for the simplicity of comparison. After the reactions have finished, the streptavidin functionalized microspheres were purified using the same protocol as mentioned in 4.5.2.2 and the final pellet of microspheres were dispersed in 500 μL PBS (1X) with 1% BSA. The Cy5 intensity distribution of several (13-28) microspheres for each sample (Figure 4.7) suggests that the reaction strategy 1 (EDC-only; procedure 4.5.2.2) yields in the best coupling results among all the strategies performed. As observed in Figure 4.7, the microspheres in the control experiment (with carboxylated microspheres) results in the lowest adsorption of Bt-BSA-Cy5 as expected intuitively. Use of NHS (in strategy 2 and 3) provided a functionalization that was significantly different from the control but did not improve the coupling with Bt-BSA-Cy5 compared to the first strategy (EDC only). The microspheres from the first strategy have more than four times Cy5 intensity than the microspheres obtained from NHS mediated coupling. It is difficult to pinpoint a particular reason for this significant difference.

#of microspheres

This might have happened due to interactions between the streptavidin molecules and the microspheres during the first incubation step, and/or electrostatic interactions between the overall negatively charged proteins and the activated EDC esters, which are positively charged, in contrast to NHS esters which are neutral. The samples are quite inhomogeneous however, as can be observed from the important standard deviation. Further development should try to improve the reaction conditions (mixing rate, incubation time, protein:microsphere ratio) to yield more homogeneous microsphere functionality.

However, this experiment not only supports that the chosen coupling strategy (in 4.5.2.2 section) leads to a great extent of coupling compared to the other ones but also helps to verify the presence of functional biomolecules (streptavidin proteins) on the surface of microsphere which can engage in specific biological recognitions. In particular, streptavidin remains bound to the microspheres despite the presence of 1% w/v BSA in the solution. This suggests that streptavidin is covalently coupled and does not desorb from the microsphere surface, since it would have most likely been replaced with BSA otherwise. In the next sections, these microspheres will be utilized for bio-sensing purposes exploiting the advantages of the whispering gallery evanescent field as well as the specificity derived from the surface bio-functionalities.

WGET ACCEPTORS: DNA FUNCTIONALIZED DYENPS

After the fabrication of optical donor microcavities with biological functionalities, the next in line is the optical acceptors that can act as the complementary part in the WGET DNA bio-sensor system. In the previous chapter, polymeric dyeNPs that are bright and with high absorption cross-section were used as acceptors in the electrostatic assembly with the PEI coated microcavities. The preparation protocol of those dyeNPs can be slightly modified to introduce biological functionality, for example, to conjugate with polynucleotide single strands so that they can be used as acceptor probes in the DNA sensing assay with In the first step, acceptor dyeNPs were prepared with azide functional groups on the surface that can later be used to graft DNA strands. 314 100 μL of the poly (methyl methacrylate)-aspartic acid azide (PMMA-AspN 3 ) polymer solution in acetonitrile (2 mg mL -1 with 30 wt% R18/F5-TPB relative to the polymer) were In the next step, DNA strands are reacted to the azide groups of the dyeNPs via DBCO mediated Cu-free click chemistry to prepare the dyeNP-DNA acceptor probes (see Figure 4.8). Three batches of dyeNPs, each functionalized with one kind of polynucleotide sequences (A20, T20 and surviving capture probe)

were prepared to be used in the following DNA sensing assays. In the next sections, the structural and hybridization properties of these three DNA sequences will be elaborately discussed. Even though the sequences of DNA in each batch of dyeNPs are quite different but same reaction procedure was followed to attach them to the dyeNPs. Aliquots of DNA were added to 200 μL of nanoparticles with the final concentration of DNA in the solution to be 23 μM. The reaction was incubated overnight at 40 °C in Thermomixer without shaking and protected from light. Then the reaction mixture was cooled down to room temperature and diluted with 20 mM phosphate buffer and purified by centrifugation using centrifuge filters (Amicon, 0.5 mL, 100k) at 1000 g and 20 °C for 2 min. The procedure of centrifugation was repeated 5 times to remove the unreacted oligonucleotides. Then the dyeNP-DNA acceptor probes were stored with the final volume of 1 mL in the dark at 4°C.

The particles are found to be 41 ± 12 nm in size (from TEM), and each particle is estimated to contain 3200 ± 400 dyes that makes them many times brighter than regular single dyes used in energy transfer experiments 314 . Moreover, the quantum yield of these particles was estimated to be ~46%, thus they are advantageous as fluorescent acceptors. There are 110-120 DNA strands per particle for each of the dyeNP batches.

A WGET BASED MODEL BIO-SENSING: SENSING DNA HYBRIDIZATION

After the successful functionalization of QD loaded microspheres with streptavidin molecules, now our main motivation will be focused on applying them for bio-sensing. Before going into complex applications, it is of great importance to first study the system in a simpler format for better understanding. Here in this section, I would focus on designing an assay to detect DNA hybridization between two simple single model strands. The QDs inside the microcavity would act as the optical donor whereas DNA functionalized probe dyeNPs would be used as optical acceptor. The emission from the QDs would be coupled to WGMs which would mediate the energy transfer (WGET) from the donor to the acceptor dyeNPs. This model DNA sensing is performed in two different schemes which are the following. A few (seven for this experiment) different aliquots were prepared with the same ratio of microspheres and biotin A20 DNA solution. Then the aliquots were incubated for half an hour at room temperature to ensure the biotin-DNA adsorption on the surface of the microspheres. After that, progressively increasing volumes of dyeNPs at 1 nM concentration were added to the aliquots and incubated at room temperature for one hour for the hybridization to occur. The T20 DNA attached to the dyeNPs should hybridize to the biotinylated A20 DNA, forming a complex (see Figure 4.9) that acts as a bridge between the donor microcavity and acceptor dyeNP and facilitates WGET mediated energy transfer. 

Study on confocal microscope:

The microspheres were studied under a confocal microscope using the 405 nm laser as excitation source for the QDs. The confocal microscope was combined with a spectrophotometer that allowed to record the emission spectra of these microsphere samples from the confocal volume on the equator of these microspheres. The emission spectra have the same feature as the electrostatically conjugated QDmicrocavity and dyeNP system; the spectrum consists of a broad envelope appearing from the free space emission and on top of it, there are regularly spaced sharp whispering gallery mode peaks. Moreover, the spectrum consists of two emission regions, arising from QDs and dyeNPs as expected. The control experiment has really negligible dyeNP to QD emission intensity ratio (see Figure 4.10 (B))

that is in the same order as only QD loaded microspheres. This suggests low non-specific interactions between the microcavity-Biotin A20 and dyeNP-DNA system. 

Study on wide-field microscope:

As the experiments performed on the confocal setup resulted in very sharp and distinct changes in the signal due to the DNA hybridization process, a simpler experimental platform might also be able to detect these changes. Thus, the experimental setup is moved one step towards simplicity, to a wide-field microscope, to measure the same samples of streptavidin functionalized microspheres mixed with different amount of DNA-dyeNPs. A droplet of the solution is placed in between two coverslips with a 170 μm spacer as seen in Figure 4.11.

The volume of excitation that is approximately 10 -3 μL lies within the cone. The fluorescence was acquired with a 40x NA 0.6 air objective and 450 nm excitation (using a white lamp) from the regions that contain 

Study on spectrofluorometer:

After the successful detection of DNA hybridization using the simple wide-field microscope setup, it is indeed intriguing to attempt to perform the experiment in even simpler fashion. In the next step, instead of measuring fluorescence from the confocal volume at the surface of a microsphere or from a collection of a few microspheres, the emission spectra from the whole solution are measured in order to see if the signature of DNA hybridization can be observed.

In 4.13 (B). The sensitized intensity is calculated by subtracting the direct excitation from the total emission signal, is shown to increase as the acceptor concentration increases.

Overall, this set of experiments suggests that DNA-dyeNP hybridize to DNA-QD-microsphere in a specific manner, and that this induces changes in the fluorescence emission spectrum that are observable at the single microsphere and ensemble levels.

Scheme 2:

Gradually increasing the amount of Biotin-DNA.

In order to better separate energy transfer-sensitized emission of the dyeNP from their direct excitation, the experiment to detect the hybridization of A20 and T20 DNA was also performed in a different format.

Here, the concentration of biotinylated DNA was gradually increased, while keeping the amount of dyeNPs and streptavidin functionalized microspheres constant (See scheme 2). This way, we ensure that changes occurring during the experiment originate from the assembly of dyeNP onto the microspheres, and from the potential energy transfer.

For this experiment, several aliquots were prepared by mixing 10 μL of the streptavidin attached microsphere solution (~4000 microspheres) and 10 μL of 0.1 nM dyeNP-DNA (T20). Then different amount of biotin-A20 (in PBS) solutions were added to each of the aliquots and incubated for an hour for the DNA hybridization to occur such that the donor (QD-microcavity) and acceptor (dyeNP) systems are conjugated by the streptavidin-biotin attached DNA duplex. As more biotin-A20 molecules are added, there should be more of this complex formation, leading to higher rate of energy transfer. The number of biotinylated DNA per microsphere in the solution was varied from 0 to 10000. As a control experiment, dyeNPs The emission spectra for the experiment are normalized to the QD emission maxima to eliminate the fluctuations in the global intensity profiles (see Figure 4.15 (A)). It can be seen from the spectra (Figure 4.15 (A, B)) that as the number of the biotin-A20 DNA is increased in the solution, the dyeNP to QD emission intensity ratio also increases, implying higher extent of DNA hybridization. In case of the control experiment, the change in the intensity ratio of dyeNP to QD is negligible (see Figure 4.15 (B)). This suggests that the detection scheme can specifically detect the hybridization between two complementary DNA strands.

ASSAY TO DETECT SURVIVIN TARGET DNA STRAND

After the successful demonstration of the model bio-detection scheme of DNA hybridization between A20 and T20 DNA strands, the next goal is to develop a microcavity based biosensor for detecting survivin DNA target strand. It has also been performed in two different schemes. μL PBS buffer (with 1.5 mM MgCl 2 and Tween80 0.01 g/L). In the next step, few aliquots are prepared with 10 μL of the (above prepared) microsphere solution and increasing volumes of 1 nM dyeNP-survivin probe DNA such that the probe strand on the dyeNPs can hybridize with the remaining single strand terminal of the target and form a sandwich complex. As a control experiment to differentiate between specific and non-specific interactions, a set of aliquots were prepared where everything was used exactly the same as the experiment, except microspheres with A20 biotin were used instead of the prehybridized biotin capture-target DNA attached microspheres. As biotinylated A20 DNA is not complementary to the probe DNA on the dyeNPs, they should not hybridize together and form sandwich complex.

The sequences of the target (bottom strand), biotinylated capture (top left) and the dyeNP attached probe (top right) are given here in the Figure 4.17 The spectra for the experiment and the control both shows the quenching of the QD intensity, but the extent of quenching is higher in case of the experiment (see Figure 4.18 (A, C and D)). The significant quenching of QD emission in case of the control experiment can be attributed to the non-specific binding of dyeNP-probe DNA onto the microspheres. The dyeNP to QD intensity ratio vs. volume of added dyeNP (at 1 nM concentration) graph shows a drastic difference between the experiment and the control which suggests that specific hybridization significantly increase the number of dyeNP in close proximity to the microsphere surface. The slight slope in the control line suggests some contributions from non-specific binding and the direct excitation of the dyeNPs.

From the observation of this experiment, I will select 1 μL as the volume of dyeNP stock solution to add to 10 μL of microsphere solution, where the change of QD emission quenching and dye to QD intensity ratio is not saturated and significantly different from the control conditions. The ratio of dyeNP to QD intensities first increases linearly as more target DNA copies are added to the solution, suggesting the formation of the energy transfer sandwich complexes. After reaching a certain threshold, the intensity ratio saturates which suggests that the maximum possible quenching through the energy transfer from QDs to the dyeNPs has been reached (See Figure 4.20 (B)). A control experiment was performed to verify that the quenching of QDs that is observed here is due to specific interaction (formation of sandwich complexes) rather than non-specific binding activity and/or other sources. For the control experiment, the mixture of microspheres and dyeNP-probe DNA were prepared that is exactly same as used for the experiment, but the only difference is that no target DNA is added to the mixture. If non-specific interaction is the cause of the QD emission quenching, then the dyeNPs would in the course of time interact or adsorb on the microspheres, leading to the similar quenching of QDs. Thus, just to make the procedure for the control similar to the experiment, the solution was incubated for 1 hour and mixed with a pipette before recording each emission spectra. Each of these emission intensities would represent the control values on the curve (to compare with the values on the experiment curve). The control curve shows negligible changes (see Figure 4.20 (C)) in comparison to the curve obtained from the addition of targets (the experiment curve) to the solution which suggests that the change in dyeNP to QD intensity in case of the experiment has arisen from specific DNA sandwich formation between the probe, capture and the target.

Limit of Detection:

After the successful demonstration of WGET mediated survivin target DNA sensing, the next goal is to find out how sensitive this detection scheme is! The sensitivity of the system can be quantitatively represented with the limit of detection (LOD), which in general shows the minimum amount of target that can be detected using this technique with negligible error. Thus, measuring LOD requires us to perform the experiment few times in similar conditions so that the statistical error value of each measurement can be obtained, and repeatability can be estimated.

Several experiments were performed to observe the change in dyeNP to QD emission intensity ratio with the number of targets in the solution. Even though the shapes of these curves are similar (with the same value of target DNA copies where the curves saturate), the amplitude of response to the addition of targets vary in the linear part of the curve as can be seen in Figure 4.21 (A). This is probably due to the variation in the initial dye/QD ratio originally from dilution/pipetting errors at these very low concentrations. In order to ensure more reproducible evolution of the curve, the volumes of microsphere solution and dyeNP was adjusted to start with a fixed initial ratio of dyeNP to QD intensity for all the experiments. Then, the experiment was performed 3 times to calculate the limit of detection (LOD) of the target in the solution (see Figure 4.21 (B)). Later the curves were averaged together (see Figure 4.21 (C)) to find the error values (standard deviation or 𝜎). The limit of detection can be calculated as,

𝐿𝑂𝐷 = 3𝜎 𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑟𝑣𝑒

The LOD of targets was calculated by considering the slope and standard deviation from the first two points of the curve and it was found to be 1.68 × 10 5 targets in the whole solution = 42 targets/microspheres (A direct count under wide field set up suggests that 4000 microspheres are present in the solution). Moreover, the dyeNP to QD intensity curve starts to show saturation when there are 100-200 target copies/microsphere is present in the solution.

Discussion:

In the previous section, I have demonstrated a WGET based sensing platform to detect survivin target DNA strands using QD loaded microcavities as optical donors and DNA functionalized dye loaded nanoparticles as optical acceptors. The sensing procedure is as simple and user-friendly as homogenous one step FRET assays. Additionally, the strategy possesses very high sensitivity and specificity towards the target DNA strands with LOD reaching clinically relevant value, on the order of 10 5 target DNA strands, compared to 10 7 target survivin strands that can be extracted from a tumor tissue sample. In comparison, the most recent developments in mRNA QD-based FRET sensor yield a LOD of about 250 amol, or about 10 8 copies based on a lanthanide-to-QD FRET assay 336 . Our greater sensitivity is achieved thanks to the highly delocalized nature of our WGM donors. Indeed, several million QDs participate in exciting one WGM donor, providing extremely bright donors. Therefore, a very small number of donors (4000 microspheres) is enough to provide a bright detectable signal. Also, the large absorption coefficient of the acceptors makes energy transfer very efficient: only 100-200 dyeNPs per microsphere are enough to saturate the energy transfer.

Still, there are a few observations that should be discussed to provide us a more comprehensible understanding regarding the sensing mechanism.

Insights into the quenching of donor QDs.

From the DNA (A20 T20 hybridization and detection of survivin target) sensing experiments performed in spectrofluorometer where emission from the whole solution were recorded showed that the QD intensity quenches by about a third of the initial intensity for each of the assays. However, if WGMs are only responsible for the energy transfer, then just a few percent of QD intensity is expected to drop, as only a fraction of QD fluorescence efficiently couples to the modes (as observed in the emission spectra from the confocal microscope). This phenomenon can be explained by looking at the radiation pattern of dipoles inside the microcavity.

The physical and analytical representation of radiation pattern of a dipole near the interface of two materials with different refractive indices have been elaborately explained by Professor Walter Lukosz during 1970s 337,338,339,340 .

In the Figure 4.22, 𝐴 ⃗ is a dipole with an arbitrary orientation near an interface of two materials with refractive indices respectively ƞ 1 and ƞ 2 , where ƞ 2 > ƞ 1 and the dipole is embedded into the medium with ƞ 2 refractive index. It makes an angle  with the axis perpendicular to the interface (z-axis) and an angle 𝜑 with the xz plane. In the first step, the components of the dipole moment respectively along z-axis (μ ‖ ) and transverse to zaxis (μ ⊥ ) have to be calculated. In the next step, reflection coefficient can be calculated for both the polarizations (s and p) of light using the Fresnel equations. The power emitted at different directions, with different θ angles with respect to the normal to the interface, is recalculated and summed up for both the polarizations at along and perpendicular to z-axis. In the step after, the power has to be integrated over all 𝜑 angles. The average power (P avg ) over all possible orientation can be calculated by considering twice the contribution from parallel dipole orientation, and one from the perpendicular orientation. The power at different range of θ can be integrated to find out proportions of light that is trapped inside the cavity via total internal reflections and would contribute to energy transfer or the fraction of light that is not trapped inside and do not contribute to the WGMs. 𝑃 = ∫ 𝑃(𝜃)𝑑𝜃 = P Inside , when 0 < θ <θ C = Total radiation reflected towards inside of the sphere = P TIR , when θ C < θ <𝜋/2 = Radiation total internally reflected = P Outside , when 𝜋/2 < θ < 𝜋 = Total radiation transmitted towards outside of the sphere How the light inside the dielectric microcavity behaves depending on the incident θ angle is given the Figure 4.23. When θ<θ C , the light is emitted towards inside of the cavity but then goes out, whereas for light with 𝜋/2 < θ < 𝜋, the radiation directly goes out at the interface towards the external medium without any reflection. Only for light that fulfills the condition θ C < θ <𝜋/2, the radiation is trapped inside via total internal reflections where light reaches the next dielectric interface with the same θ angle and keeps on reflecting at the interface inside the microsphere.

When calculated for dipoles with random orientations exactly at the interface, the total radiation reflected towards inside (P Inside ) is ~ 36%, outside (P Outside ) is ~ 32% and total internally reflected (P TIR ) ~ 31%. The radiation intensity pattern of a dipole of arbitrary orientation at the microcavity interface as a function of angle θ (in radians) can be seen in Figure 4.24 (A). How the radiation pattern varies with the location of the emitter inside the microsphere can be found in the Figure 4.24 (B). The fraction of total internally reflected radiation that is around a third of the total radiation, is responsible for to participate in the energy transfer. Indeed, this light also remains trapped within the microsphere, with the same quality factor as the WGM, and thus contributes to the overall evanescent field, even though it is not necessarily at the wavelengths corresponding to the resonances. This may explain the general observation of why the emission intensity of donor QDs quench by much more than a few percent (generally about a third) due to energy transfer to acceptors.

Why are the QDs quenched but the dyeNPs don't re-emit?

In a regular energy transfer experiment, as more fluorescent acceptors are conjugated to the donors, the emission of the donor moiety is quenched and the fluorescence from the acceptor is enhanced as a rule of thumb, unless the acceptor is a nonfluorescent quencher. In our experiment (Section 4.8.2, changing the survivin target amount), as the target concentration increases the donor QDs are quenched but the emission of the acceptor dyeNP did not increase as expected. In this section, an investigation is attempted with a goal to understand this behavior of the acceptor. Excitation spectra were recorded of target (7×10 6 copies) added sandwich system (QD-microcavitystreptavidin-biotin Capture-target-probe DNA-dyeNP) and without any target sandwich system (QDmicrocavity-streptavidin-biotin Capture + dyeNP -probe DNA) at the monitoring emission wavelength of 4.25), suggesting that the emission of the dyeNPs is almost entirely caused by direct excitation and not from the energy transfer from the QDs. This is consistent with the steady state emission spectra of the system where we see no increase in dye emission upon assembly.

To investigate the reason of why there is no energy transfer mediated enhanced emission from the dyeNPs, I looked into a few hypotheses which are the following, 1. The target DNA strands are causing the quenching of the QD emission, not the dyeNPs.

2. The hybridization of target DNAs to the dyeNPs make them non-fluorescent by some complex interactions. As only a small fraction of dyeNPs is actually hybridized with the target DNAs, the direct excitation (the major contributor to the dye emission) originates from the free dyeNPs, 3. A complex interaction happening between the dyeNPs and the microspheres which causes the bound dyeNPs to be quenched.

To check if the first hypotheses is true, an experiment was performed where QD loaded microspheres with streptavidin-biotin capture DNA on the surface (10 μL of the solution from section 4.5.2.2) were mixed with target DNA strands (4.8×10 7 copies or 8 μL at 10 pM concentration) and incubated for the hybridization to occur. The solution was transferred into a quartz cuvette and mixed with 190 μL of 1x PBS (1.5 mM MgCl 2 and Tween80 0.01 g/L) to maintain a measurable volume for spectrofluorometer.

Emission spectra were recorded from the solution for 1 hour in 10 minutes intervals but no quenching of the QD intensity was observed which suggests that the hybridization of target DNAs do not cause the quenching of QDs (see Figure 4.26 (A, B))).

The second hypothesis was also tested using a similar experiment. The dyeNPs (10 μL at 0.1 nM) were hybridized with the target DNA (6×10 8 copies or 1 μL at 1 nM concentration) in absence of biotinylated capture probe attached microspheres. The ratio of target to dyeNP ratio was kept at 1 (much higher than These experiments suggest that the first two hypotheses do not explain the lack of re-emission from the dyeNPs. The third possibility is that there might be some complex interactions between the hydrophobic surface of the microspheres and the dyeNPs when they are in close proximity which might cause the quenching of dyeNPs that are attached to the microsphere surface. Moreover, as only a fraction of dyeNPs participate in the hybridization process, the direct excitation from the free dyeNPs still can be observed almost entirely. But yet the actual reason for the suppression of the fluorescence of dyeNPs is not totally understood and should be further investigated.

CONCLUSION:

In the beginning of the thesis, I have discussed about the fundamentals of optical microcavities and their potential to be used in highly sensitive biological assays. In this chapter, a bio-sensing strategy to detect survivin target strands in a solution has been explored. Many sensing schemes based on Forster resonance energy transfer have been explored in the last fifty years, but the sensitivity of those systems is limited by the inherited disadvantages of FRET such as small range of donor-acceptor distance. These disadvantages often lead to poor signal to noise ratio and false test outcomes and complicated designs of assays. In the other hand, optical microcavities can confine the emission from the optical donors via total internal reflection and form high quality resonances that can engage in energy transfer to optical acceptors located as far as 100s of nm which allows designing energy transfer assays for large biological complexes.

Furthermore, large surface area of the microcavities allow conjugation to many targets in contrast to just a few for regular FRET assays. Additionally, assays based on microcavities have high sensitivity as the propagating photon inside a resonator travels many turns before going out, potentially increasing the probability of interaction with the acceptor fluorophore.

In this chapter, a further step is taken from the proof of concept towards demonstrating a DNA (survivin) sensing assay based on whispering gallery microcavities. At first, functionalization of carboxylate microcavities with biologically active molecules (e.g., streptavidin) have been performed and later this strategy enabled us to further attach other biomolecules such as DNA capture probes to the microcavities to construct the DNA detection platform. The assay showed high sensitivity with a limit of detection as low as just 42 targets per microsphere or ~2 fM concentration. Biotin being a simple molecule that can be easily conjugated to variety of biological molecules such as DNA, RNA, amino acids, proteins, and antibodies, makes biotin-streptavidin interaction a versatile option for facile bio-conjugation. The distance from the donor cavity to the acceptor dyeNP (surface to surface) for this scheme can be even more than 40 nm which is much greater than the regular FRET range whereas sensitive detection of these large DNA sandwich complexes is easily possible with WGET enabled microcavity based bio-detection schemes. Thus, this strategy opens up interesting possibilities to design bio-detection assays based on WGM mediated energy transfer with improved sensitivity and high specificity.

CONCLUSION & PERSPECTIVES

CONCLUSION:

To conclude, aiming towards the main motivation of this thesis, I have designed a bio-sensing platform by interfacing two very different sensing techniques to retain the advantages from both the schemes for sensitive and specific bio-detection. The first technique utilizes Förster resonance energy transfer (FRET); assays based on it are one of the commonly used bio-sensing techniques which possess many advantages such as high specificity, and availability in homogenous format but they often suffer from a few major issues such as lack of sensitivity and inability to detect very large biomolecules. The other technique, however, is a recent development in the field of bio-sensing and still a subject of extensive research. This technique exploits the reactive shift of whispering gallery resonances in optical microcavities to detect binding activities of specific bio-analytes. Even though this technique comes with improved sensitivity, it still suffers from high background noises due to thermal fluctuations in the media and non-specific interactions, also often require expensive tunable lasers, and tedious and precise alignment of the setup. However, a great advantage that optical microcavities provide, comes from their ability to participate in long-range energy transfer through the evanescent field of the cavity modes (WGMs). These observations motivated us to combine these two techniques into a single platform where the long evanescent tail of microcavity resonances can be engaged to perform energy transfer (WGET) to acceptor moieties located as far as tens to hundreds of nanometers away from the cavity surface, thus enabling us to detect large biological assemblies, the sensing of which is not often possible with FRET based assays.

A brief introduction regarding the main motivation of the project and topics related to different aspects of the experiments are discussed in Chapter-1.

In Chapter-2 of the thesis, I have discussed the fabrication process and important optoelectronic properties of the dielectric microcavities that are loaded with fluorescent semiconductor quantum dots (QDs). As the first step of fabrication, a few batches of QDs were prepared using colloidal synthesis methods and characterized using the traditional structural and optical characterization techniques. Then in the second step, these QDs were successfully incorporated into polymer microspheres that resulted in bright optical microcavities where the fluorescence from the QDs is strongly coupled to the WGMs of the resonator. Photo-physical characterization using spectroscopic and imaging techniques were performed on these optical microcavities that revealed the high-quality factor, and great photo-chemical stability of these resonators.

In Chapter-3, I have investigated the energy transfer process through WGMs from the donor QDs to acceptor dyeNPs located in the vicinity of the microsphere. A simple electrostatically conjugated donor-acceptor system was prepared by adsorbing negatively charged dyeNPs onto the positively charged surface of the microspheres. Spectroscopic characterizations suggested WGM mediated enhanced energy transfer from the QDs to the acceptors aided by the highquality factor of the microcavities. A quantitative analysis was also performed to determine the rate and the efficiency of the energy transfer. We constructed a theoretical model to compare FRET and WGET processes side-by-side in two equivalent systems. This comparison revealed that the WGET mediated scheme possesses higher distance range for energy transfer, and improved sensitivity owing to the high Q-factor of the WGMs, which overall resulted into a greater sensitivity compared to FRET schemes.

The Chapter-4 is focused on translating our WGET donor-acceptor system towards a real biosensing platform. As the first step towards our goal, biological specificity was imparted onto the microspheres by surface functionalization techniques. Streptavidin molecules were covalently linked to the surface of the cavities, then strong binding affinity of streptavidin-biotin interaction was exploited to attach biotinylated capture probes onto the microspheres. Then, in the next step, a model bio-sensing experiment was performed to detect hybridization between two simple DNA strands. The WGET sensor successfully transduced the hybridization process. As this experiment resulted into great sensitivity, we moved from the sophisticated confocal setup (measurement in single microcavity level) to a much simpler setup (spectrofluorometer) that measures the fluorescence from the whole solution, which also showed the signature of the hybridization process. As the final step of our bio-sensing demonstration, a sandwich WGET assay was configured to detect a cancer biomarker DNA called survivin. This scheme could successfully detect the presence of the biomarker in a buffer solution, with a very high sensitivity (limit of detection ~ 2fM).

FUTURE PERSPECTIVES OF WGET SENSING:

The successful demonstration of the DNA cancer bio-marker detection with our WGET sensing scheme potentially opens up numerous possibilities for designing highly sensitive and specific biosensors. Having several advantages in terms of sensitivity, cost-effectivity, ease of fabrication and usage, WGET based sensors clearly hold a high ground in terms of commercial and practical applications compared to traditional assays, such as FRET and ELISA.

The WGET sensing of the survivin biomarker has been performed in PBS buffer which is the simplest for the preliminary testing of the detection scheme. To get closer towards the practical application of this scheme, one future goal should be to perform this assay in blood plasma or cell lysate medium to examine the interference from the non-specific interactions of other biomolecules that might increase the background noise, thus decreasing the sensitivity of the system in real life measurements.

Instead of an antibody-antigen pair, a DNA based scheme was chosen to perform the preliminary demonstration of our WGET based biosensing assay owing to the robustness and strong hybridization affinity between complementary DNA strands. However, antibody-based detection on the other hand is more complex due to the denaturation and structural changes in the binding sites. Now after the successful demonstration of DNA sensing, a vast horizon of antibody conjugated WGET sensors can be explored for the sensitive detection of antigenic analytes.

In this thesis, I have focused on solution phase WGM microcavities because of their easy bulk preparations and purification schemes. However, on chip WGM cavities (arrays of micro pillars, micro discs) that are fabricated by lithographic techniques, would allow more precise and longterm measurement on fixed individual microcavities. It would be of great interest for building portable and compact biosensors. Moreover, this would also provide the flexibility to perform parallel/switchable measurements in both ensemble as well as single microcavity level. Quantification of specific biomarkers is an important diagnostic tool. Standard immunoassays such as ELISA require extensive washing steps and signal amplification, in particular when the biomarker of interest is only present at very low concentrations. On the other hand, non-radiative Förster resonance energy transfer (FRET) has been used to design one-step homogenous bioassays which do not require any washing steps, where the biomarker enables the formation of a sandwich complex involving donorlabeled and acceptor-labeled antibodies. FRET from the donor to the acceptor then provides an optical signature of the complex formation, hence of the biomarker of interest. However, FRET which is highly sensitive to the donor-acceptor distance, only occurs in a significant rate when the distance between the donor and acceptor is less than 10 nanometers; thus the large size of many biological complexes limits the efficiency of energy transfer, preventing sensitive detection. Here I propose a novel energy transfer modality that uses solution-phase optical microcavities to enhance energy transfer. Following that, I describe a bio-sensing scheme designed to detect a cancer biomarker DNA in solution.

To this aim, I have designed microcavity structures in which fluorescent colloidal quantum dots are located inside dielectric polymer microspheres to enable strong coupling of their fluorescence emission with the cavity resonance modes or whispering gallery modes (WGMs) of the microspheres. A detailed study was carried out to comprehend the structural and optical properties of these optical microcavities. I also characterized the energy transfer between these modes and acceptor dye-loaded nanoparticles present in the evanescent field, within a few tens of nanometers above the microsphere surface. An analytical model was constructed to provide insights into the WGM mediated energy transfer (WGET) mechanisms. Moreover, a comparison between WGET and FRET revealed the superiority of WGET in the context of building sensors with improved sensitivity and longer range of detection. In the last part of the thesis, a strategy is discussed in detail to provide biological functionalities to these optical microcavities which would enable them to interact with target analytes such as DNA, RNA, and proteins with high specificity, and moreover to reduce non-specific interactions. This strategy then was adapted to attach DNA capture probes onto the WGM enabled microcavities. Using the DNA attached microspheres as optical donor in combination with probe-DNA functionalized dye nanoparticles as optical acceptors, a biosensing assay has been successfully demonstrated to detect a cancer biomarker DNA called survivin in the solution phase. This assay did not only show good sensitivity towards the target, but also it has proven to be highly specific. The detection scheme has been demonstrated in a sophisticated confocal microscope at the single microsphere level, then successfully translated to a much simpler spectrofluorometer that measures fluorescence from the whole sample solution; the signature of the sandwich complex formation was also effectively detected. In conclusion, I demonstrated that microcavity-assisted energy transfer has several advantages over regular FRET assays. A real biosensing assay based on the WGET principle has also been successfully designed to detect cancer biomarkers with high sensitivity and specificity. This study thus opens up many possibilities to design high-performing and more accurate assays to detect varieties of biological entities.

KEYWORDS

Quantum dots (QDs), dye-loaded polymeric nanoparticles, Förster resonance energy transfer (FRET), whispering gallery modes (WGMs), WGM mediated energy transfer (WGET), DNA sensing, sandwich assays.

  -detection: ....................................................................................................................................... 1.2 FRET based homogenous Immunoassay ............................................................................................... 1.3 Quantum dots (QDs): In the light of bio-sensing application ............................................................... 1.4 Whispering gallery mode microcavities: ............................................................................................... 1.5 WGET sensors: A proposed scheme of biodetection: ........................................................................... 1.6 Motivation and outline of the thesis: ...................................................................................................

Figure 1 . 1 :

 11 Figure 1.1: (A-E) Different formats of ELISA assays: (A) direct, (B) indirect, (C) sandwich, and (D) competitive, (analyte in red, conjugated enzyme in green, substrate in yellow and product in blue). (E) Homogenous FRET sandwich assay (target analyte in green, D and A respectively are the optical donor and the acceptor).
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 1 Introduction to Microcavity based Biosensing Equation 1.3 can be made more simple and ready to use by just plugging in the constants so that the equation become more convenient to use for calculating R 0. The simplified version can be given by equation 1.4.
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 13 Figure 1.3: (A) Dependence of FRET efficiency on the donor-acceptor distance, (B) Donor-only fluorescence (blue) and donor-acceptor conjugate fluorescence (red).
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 114 Figure 1.3 (B) 
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 15 Figure 1.5: A time-resolved FRET scheme for specific detection of morphine 42 . (Image source: doi.org/10.1021/ac048379l)
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 1132 Colloidal semiconductor nanocrystals which are most commonly known as quantum dots (QDs), are one of the most promising and widely acclaimed nanomaterials with potential applications in various fields, ranging from biological imaging, bio-/chemo-sensing to the fabrication of optoelectronic devices (e.g., light emitting diodes, photodetectors, solar cells, etc.). In the context of biological applications, the major advantage of QDs arises due to the facile conjugation of biomolecules to the surface of the QDs that allows us to exploit the inherited opto-electronic properties of the QDs in parallel to the desired biological selectivity and functionality. Another interesting property of QDs that makes them quite interesting in terms of applications is their ability to function as optical donors or acceptors or both in energy transfer systems. Since the beginning of the development of this field, traditional quantum dot materials often have core-shell or core-multishell configurations forming interfaces between two or more semiconductor Chapter Introduction to Microcavity based Biosensing materials. Most widely sought QDs are often found to be derived from binary semiconductor materials such as II-VI (e.g., CdSe and CdTe), III-V (e.g., InP and GaAs) in colloidal nanocrystalline forms[START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF] . Brief history of QDs: Development and application in biosensing: Alexei Ekimov, a Russian physicist at Vavilov State Optical Institute, was studying the color formation in glasses due to semiconductor doping when he discovered nanometer sized crystals of CdS, CdSe, CuCl and CuBr with interesting optical properties. This was the very first observations of nanocrystals. The theoretical understanding came from another Russian physicist, Alexander Efros in 1982 who explained the behavior of nanocrystals by the confinement of their charge carriers and the formation of discrete energy levels. Later the theory was supported by the experiments done by Louis Brus at Bell Labs who performed a controlled synthesis of CdS colloidal nanocrystals with average size of 4.5 nm. He observed

Figure 1 . 6 :

 16 Figure 1.6: (A) Size-dependent opto-electronic properties of QDs, (B) FRET from a smaller QD to a larger one, (C) different kinds of quantum confinements in nanocrystals. (Image source: doi.org/10.1007/s41061-016-0060-0) 108
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 16 Figure 1.6 (A). These properties are exhibited by QDs due to an effect called "quantum confinement"
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Figure 1 . 7

 17 Figure 1.7 (A) schematic of core/shell QDs. Delocalization of electronic and hole wavefunction in core/shell (B1) type I, (B2) quasi type I, and (B3) type II QD (Image source: doi.org/10.1007/s41061-016-0060-0) 108
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 1 Introduction to Microcavity based Biosensingelements such as cadmium. ZnS in that regard, is a great option due to its low toxicity for short-term usage and relatively wide band gap (~ 3.54 eV) which allows us to obtain a type I bright and stable QDs 94 .
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 1 Introduction to Microcavity based Biosensingsurpasses the critical nucleation threshold, nucleation starts to take place, reducing the degree of supersaturation as shown in Figure1.8. If the rate of nucleation surpasses the rate of solubilization of the precursors, then eventually the rate of nucleation surpasses the rate of solubilization of the precursors, then eventually the new nuclei. At that point, there are a few major pathways that the nanoparticle growth process may follow: (1) monomer addition, whereby additional precursor units or monomers deposit onto the already formed nuclei, (2) Ostwald ripening, through which energetically disfavored small nuclei or particles dissolve and deposit onto more thermodynamically favored larger particles, (3) coalescence, whereby multiple nanoparticles come together and fuse to form larger ones.

Figure 1 . 8 :

 18 Figure 1.8: LaMer model of nanocrystal growth 118 .
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 19 Figure 1.9: (A) size-dependent absorption and emission spectra of CdSe QDs. (Image source: doi.org/10.1021/ar9001069) 121 , (B) Various surface functionalization methods of QDs. (Image source: doi.org/10.1366/12-06948) 122
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 1110 Figure 1.10: QD-bioconjugate (donor) based FRET scheme for the detection of TNT.
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 111 Figure 1.11: Images of some of the common shaped resonators: (A) microtoroid 141 , (B) microdisk 142 , (C) micro cylinder 143 , (D) microsphere 144 , (E) microbottle 145 , and (F) microbubble 146 .

Figure 1 . 13 :

 113 Figure 1.13: Some common strategies to couple light into the resonators, (A) via tapered fiber, (B) via prism, and (C) direct excitation of a fluorophore filled cavity with a laser via a microscope objective.

Figure 1 . 14 :

 114 Figure 1.14: A typical emission spectrum of a polystyrene microcavity (radius = 4.95 μm) coated with CdSe/ZnS QDs, showing sharp resonance modes, and broad free space emission 179 .

  lasers. The high Q-factor significantly reduces the lasing threshold. Lasing have been widely demonstrated in liquid aerosols and microdroplets 188 . WGM lasers based on cylindrical capillary resonators have been a huge interest of study in the last few decades due to their simplicity. Generally a dye-doped high (ƞ solvent > ƞ glass ) refractive index solvent (acts as active gain medium) flows inside the glass capillary that is normally illuminated. The propagating light penetrates into the active medium, and couples to the WGM resonances corresponding to the internal capillary circle. It is also possible to generate lasing from the active media with lower refractive index than the capillary; for that the capillary wall must have to thin enough so that the evanescent field can couple to the gain medium 189 . Low threshold lasing has also been demonstrated in rare earth metal ion (e.g.; neodymium (Nd 3+ )190 , erbium (Er 3+ ) 191 etc.) doped silica microspheres. WGM based lasing has also been shown in semiconductor QDs (such as CdSe 192 , CdTe 193 , InAs, GaAs 194 etc.) coupled microcavities. Significant developments have been made recently in the fabrication of single QD based microlaser which is a topic of interest in quantum electrodynamics (QED) study.

  One of the other common sensing applications is temperature-variation sensing. WGM resonator-based temperature sensors generally rely on the temperature dependent change of material's refractive index (dƞ/d𝑇) or thermo-optical properties. Additionally thermal expansion/contraction properties characterized by expansion coefficient (𝑅 -1 d𝑅/d𝑇), also play a key role for the fabrication of temperature sensor 135 . Polymers such as, polydimethylsiloxane (PDMS) are good choices as they have high thermooptic changes. Even through crystalline materials have less sensitive refractive index in comparison to the polymers but the anisotropy in their structure allows differential tracking of two modes (transverse electric and transverse magnetic) with different polarizations 138 . Compressive forces and mechanical strains applied to an optical resonator may cause the shifting of WGM resonances by inducing changes in the shape and the relative refractive index of the material. The wavelength of the WGM resonances are finely tuned by the application of mechanical strains on the

. 1. 26 )

 26 Where, 𝜎 LOD represents the minimum analyte surface density, 𝑄 is the quality factor of the cavity and 𝐹 represents what fraction the wavelength shift (Δλ Shift ) is compared to the linewidth (FWHM of the mode) of the resonance.
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 116 Figure 1.16: (A) Redshift (Δλ Shift ) and broadening (𝛿λ) of a WGM transmission dip, where λ1 and λ2 respectively are WGM wavelengths before and after shifting, (B) mode-splitting spectra (Blue and red line respectively before and after the splitting).
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 1 Introduction to Microcavity based Biosensingintroduced to take into account the decay of the evanescent field of the WGM across the NP radius. Even if the NP is not directly attached on the surface of the cavity but within the evanescent field, it can still introduce absorption and scattering losses, and the shift associated can be given using the following relation;

  .Ouyang et al. has fabricated an on-chip optofluidic platform based on polymeric micro toroids which functions as highly sensitive ELISA assay. They demonstrated the detection of a disease biomarker (vascular endothelial growth factor or VEGF) with the sensitivity that is 2 orders of magnitude higher than the commercially available ELISA217 . Another similar study reported the fabrication of an on-chip opto-fluidic resonator-based ELISA assay that is faster, more sensitive and requires much less sample amount than the standard ELISA assay. This technique was then used to detect the interleukin-6 or IL-6 protein with a LOD of 1 fg/mL(38 aM) 218 .Polymer microspheres loaded with fluorophores such as QDs has also attracted much attention due to their simplicity of fabrication and photo-stability of QDs that provides ability to study the dynamics for long time. As an example, Beier et al. reported the fabrication of CdSe/ZnS QD loaded polystyrene microcavities that can selectively adsorb and detect thrombin, but not BSA219 . Similar studies with QD doped WGM sensors have also been reported to sense alcohol in water and bacterial spores in water 179 .One of the most fascinating aspects that has gained a lot of popularity in the recent time is the application of WGM cavities for in vivo (in live cells and organisms) study and sensing. The major challenges that any in vivo sensing platform face are due to the biocompatibility of the probe, especially it should not interfere with the regular cellular pathways. Another important challenge is the ability of the probe to be well up taken by the cell/organism and the signal-to-noise ratio should be good enough to be differentiated from the interference of the non-specific interactions183 . The first report of the internalization of active nanocavities (made of GaAs doped with InAs QDs) in living cells (PC3 cancer cells) was given by Shambat et al. in 2013 which has opened the possibility of remote optical in vivo sensing down to the limit of a single cell 220 . Later intracellular biocompatible WGM cavity probes have been designed targeted towards many interesting new applications. For example, Himmelhaus et al. reported real time sensing of biomechanical forces of endothelial living cells using intracellular coumarin-6 dye doped PS resonators 221 . Another useful application where bar code type cellular tagging of individual cells for their real time tracking, intracellular sensing and adaptive imaging was demonstrated by incorporating fluorescent resonator beads into the cellular cytoplasm via endocytosis 222,223 . Martino et al. have demonstrated multiplexed tagging and 3D tracking of cancer cells in a spheroid by incorporating multiple silica microdisk resonators into each cell 224 . Using a similar platform, Lv et al. performed real time tracking of 106 macrophages which can potentially be applied for the study of cellular dynamics during the development of cardiovascular diseases 225 . Another recent study reported a WGM resonator based intracellular sensing technique to monitor the contractility of individual cardiac cell in living organisms. In this study fluorescent PS microspheres were internalized into cardiac cells and the brightest WGM mode intensity was monitored over time. The contraction of the cardiomyocyte would consequently augment the density of the myofibrils which would increase the environmental refractive index in the vicinity of the resonators causing the resonance/lasing mode to red shift. This quantitative reactive shift signal can be further utilized to study the mechano-biological effect of a drug on the cardiac cells 226 .1.4.9 A broad perspective of WGM based sensing: Advantages and drawbacksTo summarize, numerous studies have demonstrated significant advantages and flexibilities to use WGM resonators for bio-sensing applications such as strong signal-to-noise ratio, cheap and easy fabrication methods with various options of shapes and materials, facile surface functionalization, possible integration to on-chip platforms and excellent sensitivity. Even with these great advantages, WGM resonators have not yet managed to enter the world of mainstream real-life sensing applications. There are a number of important challenges that need to be carefully addressed for the WGM cavity-based sensors to become a reality. Due to large size, the cavities are often difficult to incorporate in living organisms without perturbing the regular cellular functions. Complex cellular media give rise to unwanted non-specific background signal which often makes reactive shift-based detection challenging. The optical detection of WGM signal at near-infrared is most desired, yet really difficult in highly scattering and absorbing biological media such as body tissue 183 . As majority of the WGM sensing utilizes the basis of reactive shifts of the WGM resonances, the background noise due to the change in temperature or bulk refractive index fluctuations becomes unavoidable. Furthermore, even though WGM cavity-based sensors have proven to have unprecedented sensitivity down to single virus and molecular level, but often this
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 118 Figure 1.18: WGET sensing schemes: (A) antibody-based antigen detection, (B) capture probe-based DNA detection.
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 21 Figure 2.1: Schlenk line setup for colloidal synthesis of QDs.

Figure 2 . 2 :

 22 Figure 2.2: TEM images of (A, B) QD505 (core-shell) and, (C, D) QD525 (core-shell), and size distribution histogram of (E) QD505, and (F) QD525.

  Figure 2.2 (A, B) and (C, D) respectively represent the TEM images of QD505 and QD525, recorded with a JEOL 2010F microscope on copper-based grids. QD505

Figure 2 . 3 :

 23 Figure 2.3: Absorption and emission spectra of (A) QD 505, (B) QD 525

  at a concentration of 15 µM. 5 µL (~10 6 microspheres) aqueous solution of polystyrene microspheres are added to 2 mL of ethanol and centrifuged at 2000 g for 5 seconds. The supernatant is then removed leaving the solid microspheres at the bottom. The microspheres are resuspended using 1 mL of butanol:chloroform mixture (3:7, 2:1 in volume, respectively) and 25 µL of the QD solution (QD505, QD525, respectively) were added, for a 0.375 µM final concentration (Table2.1). The solutions were mixed on a rotary agitator for 4h at room temperature. The microspheres are then centrifuged at 2000 g for 10 seconds and washed with ethanol 3 times to remove the solvent and excess QDs. The microspheres are finally resuspended in 500 µL of water.

Figure 2 . 4 :

 24 Figure 2.4: Process to load QDs into microspheres

Figure 2. 5 (

 5 A) and (B) respectively show the confocal images of microspheres obtained from loading infusions with butanol to chloroform ratio 9:1 and 1:9.

  Figure 2.5 (E) shows the confocal image of a microsphere with less than 5 minutes loading time. The significantly bright and homogenous distribution of QDs in a microsphere loaded in optimum condition can be seen in the Figure 2.5 (F). The confocal microscope setup and the imaging process will be discussed in detail in the following section 2.4.
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 25 Figure 2.5: Confocal image of a microsphere prepared in the following conditions; (A) at 9:1 BuOH:CHCl 3 , (B) at 1:9 BuOH:CHCl 3 (C) at lower than optimum QD concentration, (D) at higher than optimum QD concentration, (E) low loading time, (F) at optimum condition.

  was used to capture the images of the QD-microcavities. The setup schematics is given in the Figure 2.7. The microscope was equipped with a 100x, NA = 1.45 oil objective. A laser (wavelength = 405 nm, power = 0.5 mW-0.8 mW, and switchable between both pulsed and continuous mode) was coupled to the microscope as excitation source and used to obtain the images of the microspheres as well as to record the fluorescence spectra from the confocal volume located on the equator of the microcavities.

Figure 2 . 7 :

 27 Figure 2.7: The schematic diagram of the confocal microscope setup.

Figure 2 . 8 :

 28 Figure 2.8: The schematic diagram of the wide-field microscope setup (dark blue filter represents excitation, light blue one represents the dichroic and red one represents the emission filter.

  Figure 2.9 (A) shows a typical image of a microcavity obtained with the confocal microscope. The QDs are concentrated around the edge of the microsphere forming a bright ring. The fluorescence intensity profiles across a microsphere (image showed in Figure 2.9 (E)) along the red straight lines (horizontal and vertical) are shown in the Figure 2.9 (F), where the X-axis represents the spatial distance of scanning. The two peaks in each of the intensity profile represent the two edges of the bright ring along the scanning line.The average profile width is ca. 1.3 μm, slightly larger than the spatial resolution of the instrument (ca 0.5 µm). This suggests that the penetration depth of the QDs can be in between a few hundreds of nm to a couple of microns. The organic solvent opens up the nanopores that allow the diffusion of the QDs into the microspheres a few hundreds of nm below the surface. As the QDs travel inside, the porosity of the microspheres decreases which causes the QDs to stop and stay just below the surface of the microspheres.

Figure 2 . 9 :

 29 Figure 2.9: (A) The confocal image of a microsphere loaded with QD525, (B) the fluorescence spectra from a confocal volume on the surface of QD525-microcavity, (C) The CCD image of a microsphere loaded with QD525 and (D) fluorescence spectra from the whole QD525-microcavity using a wide-field microscope. (E) Confocal image of QD525-microcavity superimposed with the scanning lines, and corresponding (F) fluorescence intensity profiles.
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 43210 Figure 2.10: Fluorescence emission spectra when the detection pinhole is (A) at the same spot as the excitation spot, (B) located away from the excitation spot.

4

 4 Does the fluorescence lifetime of QDs change inside the microcavity? An experiment was performed to investigate if the fluorescence lifetime of the QDs changes as an effect of being placed inside a dielectric microsphere. A time-correlated single photon counting (TCSPC) instrument was utilized to compare the lifetime of QDs in hexane (~0.05 μM) and inside microspheres (20 μL of QD-microsphere solution + 200 μL water).

Figure 2 . 11 :

 211 Figure 2.11: Lifetime of QD525 in solution vs inside polystyrene microcavities.

  The radiation mechanism of a whispering gallery resonator can be represented as an interesting electromagnetic problem. The scattering of light by a spherical structure of arbitrary size (𝑎) and relative refractive index (N) can be derived from the Lorentz-Mie theory. This theory can also be modified to understand the whispering gallery resonances arising from light trapped inside microcavities. The schematics of the sphere in polar coordinates (r, 𝜃, 𝜑) is given the Figure2.12.

Figure 2 . 12 :

 212 Figure 2.12: Angular momentum (L) associated with WGM and its projection (M) on the polar axis.A classical electrodynamic approach called Hansen's method 256 can be appointed to solve the vectorial Helmoltz equation 135 . The angular dependence of the solutions can be described by vectorial spherical harmonics 257 defined as in equation set 2.1.
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 213 Figure 2.13: The directions of electric (𝐸 ⃗⃗ ) and magnetic (𝐵 ⃗⃗ ) field vectors for (A) TE and (TM) mode at a dielectric interface.

Figure 2 . 14 :

 214 Figure 2.14: (A) Effective potential energy diagrams and electric field intensity for respectively 𝑛 = 1 (bold line) and 𝑛 = 7 (light line) modes with 𝑙 = 100, (B) Poynting's vectors for TE mode (𝑛 = 1, 𝑙 = 100) with (B) |𝑙-𝑚|=0, (C) |𝑙-𝑚|=3 [Calculation performed on a silica microsphere (radius = 5 μm, N =1.45)] (Image source: https://doi.org/10.1002/lpor.200910016) 135

  Figure 2.14 (B) and (C) show the Poynting's vectors of a TE mode (𝑛 = 1, 𝑙 = 100) occurring on the surface a silica microsphere with size (𝑎) = 10 μm and refractive index (N) = 1.45. For the Poynting's vector in Figure 2.14 (B), |𝑙-𝑚|= 0, thus there is no node in it. On the other hand, the Poynting's vector in the Figure 2.14 (C) has |𝑙-𝑚|value = 3, therefore 3 nodes are present in it 135 .
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 215 Figure 2.15: (A) High resolution fluorescence spectra from QD525 loaded microcavity, (B) Lorentzian fit of a high resolution WGM peak.

  (A) and (B). Above the concentration of 0.3 µM (for the concentrations; 1.15 µM and 2.22 µM), the QDs tend to form large clusters on the surface of the microspheres which leads to very high scattering and lower quality of the WGMs, as evident from Figure2.17(C). This translates as broader peaks and lower I WGM /I Env . Below the concentration of 0.0003 µM, the microspheres are loaded inhomogeneously with QDs and the signal from the microspheres becomes quite low under our experimental conditions.
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 216 Figure 2.16: The dependence of Q-factor on the QD loading concentration, (A) emission spectra from microspheres (confocal volume on the equator) obtained with three different QD-loading concentrations, (B) WGM to envelope emission intensity from emission spectra of microspheres obtained with various loading concentrations, and (C) WGM to envelope emission intensity ratio at 525 nm vs. the corresponding loading concentration.

Figure 2 . 17 :

 217 Figure 2.17: Confocal images (A, B) of microspheres within the loading concentration range of 0.15 μM and 0.3 μM. (B) Confocal image of a microsphere at higher range of concentration (1.15 μM); the red circles indicate some of the QD clusters.

  asymptotically as a function of the angular mode number (𝑙) , radial mode number (𝑛), using the dimensionless parameter 𝑥 = 2𝜋𝑎 𝜆 ⁄ :𝑥 𝑙,𝑛 ~ 𝜈 + 𝑎 𝑖 (

Figure 2 . 18 :

 218 Figure 2.18: (A) A typical fluorescence spectrum from a QD525 loaded microcavity, (B) theoretical WGM peak positions vs. peak positions from spectrum (A).

Figure 2 .

 2 Figure 2.19 (A) Emission spectra of a microsphere from an equatorial point that is loaded with QDs having emission maxima at (from left to right respectively) 505 nm, 525 nm, 584 nm, 610 nm ad 640 nm. The last three batches of QDs have been synthesized following protocols similar to those described in Yu et al. 269 , and Li et al. 270 (B) Fluorescence intensity of microspheres loaded with QD505 and QD525 under continuous illumination at 450 nm, 5 W/cm 2 at the sample plane for 200 sec, at 10 acquisitions per second. (C) Emission spectra from the confocal volume on the surface of a microsphere loaded with two batches of QDs (with emission maxima respectively 525 nm and 640 nm).

  Fig 2.20 (A). The high intensity modes may leak through the contact point of glass and polystyrene due to their matching refractive indices, resulting into low I WGM /I Env . To minimize the mode leaking, a layer of agarose gel (thickness 100-300 μm) was applied on the coverslip that would act as a buffer zone between the polystyrene microsphere and the glass, eliminating any possible direct contact (Figure 2.20 (B)). The agarose gel has the same refractive index (ƞ = 1.33) as the surrounding water for the QD-microcavities. This conformation resulted into ~3 times enhancement (averaged over ~ 10 beads for each of the conformations) of the I WGM /I Env ratio as seen in Figure 2.20. The spectra 2.20 (C) and (D) are representatives of the fluorescence emission in the two conformations.
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 220992 Figure 2.20 Improving WGM/envelope intensity ratio by using agarose gel: (A) QD loaded microsphere directly on a glass coverslip, (B) when a layer of agarose gel was used as spacer, and (C, D) their corresponding emission spectra from the confocal volume located on the equator of the cavity, respectively.
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 221 Figure 2.21: Fluorescence spectra of a QD-microcavity in (A) water and, (B) DMSO
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 31 Figure 3.1: A donor-acceptor (D-A) pair near a dielectric interface with two media having permittivity of ε 1 and ε 2 (ε 1 ≠ ε 2 ). r, z D and z A respectively are the donor-acceptor separation, and their corresponding distances from the interface.

  2 [𝐧 𝐷 . Im{𝐺 ̿ (𝐫 𝐷 , 𝐫 𝐷 ; 𝜔 𝐷 )}. 𝐧 𝐷 ] , (𝐸𝑞.3.1) 

Figure 3 . 2 :

 32 Figure 3.2: Whispering gallery mode mediated energy transfer between microspheres made of 𝜋conjugated energy donor and acceptor polymers 279 .

Figure 3 . 3 :

 33 Figure 3.3: Intensity distribution of a TE and TM whispering gallery mode along the radial axis of a 10 μm sized microcavity. The vertical dashed line represents the cavity interface.

Figure 3 . 3 depictsFigure 3 . 4 (

 3334 Figure 3.4 (A) shows how the penetration depth varies with the size of the microsphere. Here, the radius of the microcavity was varied from 4 μm to 8 μm, while considering modes with a wavelength within the 510-515 nm range. The mode number changed between l=70 to l=145 depending on the radius of the microcavity.

Figure 3 . 4 :

 34 Figure 3.4: (A) Penetration depth of a WGM vs. the radius of the microsphere, (B) Penetration depth vs.

  (B) Acceptors with high absorption cross section or molar extinction coefficient are better at absorbing light, facilitating the energy transfer process.(C) Fluorescent acceptors that have high quantum efficiency allow sharp and more efficient signal transduction. Additionally, photostable acceptors are advantageous for performing long experiments.Organic dyes, fluorescent nanoparticles are suitable candidates to be used as WGET acceptors. In a recent work by Yuan et al., interfacial WGET has been demonstrated in liquid crystal micro-droplets where green emitting organic dye, Coumarin 6 was loaded inside the droplets to act as optical donor and various other organic dyes, such as, Texas Red,Rhodamine 6G, Rhodamine B isothiocyante, and R-phycoerythrin were used as acceptor moieties (see Figure3.5) 188 . In the following section, the acceptor moieties that have been used for the experiments performed in this thesis will be introduced.

Figure 3 . 5 :

 35 Figure 3.5: Interfacial cavity energy transfer (WGET) in a liquid crystal micro-droplet 188 .

Figure 3 . 6 :

 36 Figure 3.6: The chemical structures of (A) rhodamine B octadecyl ester (R18) dye, (B) tetrakis (pentafluorophenyl) borate counter ion, and (C) poly (methyl methacrylate-co-methacrylic acid). (D) The schematic structure of the dye NP showing the dye-counterion complexes encapsulated inside. (E)Normalized absorption and emission spectra of R18/F5-TPB in methanol and R18/F5-TPB loaded dyeNPs.Emission spectra were recorded using an excitation at 530 nm.
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  The structure and optical properties of polymeric dye nanoparticles (dyeNPs):

Figure 3 . 8 :Table 3 . 1 :

 3831 Figure 3.8: Average fluorescence spectra of microspheres with and without QDs (QD 505) but with same amount of adsorbed dyeNPs.

Figure 3 . 9 :

 39 Figure 3.9: In spectra (from left to right) absorption spectra of QD505, emission spectra of QD505, QD525, absorption and emission spectra of dyeNP. On top, filter channel ranges corresponding to QD direct, dye direct, and energy transfer (excitation in blue and emission filter in red)

Figure 3 . 10 :

 310 Figure 3.10: Fluorescence microscopy images of microspheres loaded with QD only (top row), adsorbed dyeNP only (middle row) and bothQD and dyeNP (bottom row). The images in the first column(1,4,7) were

Figure 3 . 11 :

 311 Figure 3.11: (A, C) QDs to dyeNPs energy transfer mechanisms when the microspheres are in water and DMSO respectively, (B, D) Fluorescence emission spectra from the confocal volume on the equator of a QD microsphere + dyeNP system in water and DMSO respectively.

Figure 3 . 12 :

 312 Figure 3.12: Emission spectrum of a microsphere loaded with (A) QD525 and dye NPs, obtained from a point at the equator. The graph, (B) represents the comparison of theoretically predicted WGM peak positions vs. experimental peak positions corresponding to spectra (A). The best fit parameters for both dye NPs and QD 525 loaded microsphere are refractive index = 1.593 and radius = 4.9 µm.

Figure 3 . 13 :

 313 Figure 3.13: A schematic of a microsphere showing the polar coordinates (r,θ,𝜑) of a point on the surface.

Figure 3 . 14 :

 314 Figure 3.14: The strip on the surface of the microsphere has the width of Rδθ, and the length of 2𝜋R, where the angular width is θ. The yellow shaded curve shows the approximate intensity profile of the WGM in radial direction (See section 3.3).

Figure 3 .

 3 Figure 3.15: (A, C): Typical confocal emission spectrum respectively collected from a QD 505, QD525 labeled microsphere with dye NPs assembled on its surface. I WGM () and I Env () respectively denote the intensities of the WGM peak and the envelope at a particular emission wavelength. (B, D): The ratio of peak to envelope intensities vs. the emission wavelength for the spectra shown in Figure 3.15 (A) and (C).

Figure 3 .Figure 3 . 15 .

 3315 Figure 3.15 (B) and (D) respectively show the evolution of the quality factor for the two spectra shown in Figure 3.15. Qualitatively, one can see that the quality factor reaches a minimum around 550-570 nm,

Figure 3 .

 3 Figure 3.16 (A, B): Absorption of the dye NPs (black) and energy transfer rate from WGM to dyeNPs in microspheres loaded with respectively (A) QD505 (red) and (B) QD525 (red).

Figure 3 .

 3 Figure 3.17 (A, B): Absorption of the dye NPs (black) and efficiency of energy transfer from WGM to dyeNPs in microspheres loaded with respectively (A) QD505 (red) and (B) QD525 (red).

Figure 3 .

 3 Figure 3.18 (A) shows the evolution of the average energy transfer efficiencies for the four different samples. Similar to the ET rate curves in Figure 3.16, the transfer efficiency is maximal at the peak of dyeNP absorption.

Figure 3 .

 3 Figure 3.18 (A): Energy transfer efficiencies as a function of WGM wavelength for different samples of microspheres that have same amount of QD 505 emitters but different amounts of dye NPs. (B): Energy transfer efficiency (QD505) from WGMs at different wavelengths as a function of the concentration of dyeNP acceptors.

Figure 3 . 19 :

 319 Figure 3.19: Variations of the quality factor of WGMs (TE modes) as a function of wavelength (red) in a micro-sphere loaded with QD525 and coupled to dyeNPs. Absorbance spectrum of the dyeNP is represented in black for comparison.

Figure 3 . 20 /Scheme 1 :

 3201 Figure 3.20/Scheme 1: Comparison between FRET and WGET

  of all the discs over the whole volume of the dyeNP × the WGM field at various angular positions × Normalization factor considering the whole volume of the dyeNP.

Figure 3 . 22 :

 322 Figure 3.22: Theoretical energy transfer efficiency as a function of dyeNP acceptor surface density for FRET, WGET (quality factors of 10 4 and 10 6 ), with the dyeNP placed directly at the surface.

Figure 3 .

 3 Figure 3.22 shows the predicted energy transfer efficiency for FRET and WGET as a function of the acceptor surface density, and for different quality factor, when dyeNP are directly adsorbed at the FRET or WGET donor surface. As a corollary of the Poisson distribution, for the ratio of QD:dyeNP = 1:1, the

Figure 3 . 23 :

 323 Figure 3.23: Normalized energy transfer rate for FRET and WGET as a function of the surface-to-surface separation distance.

Figure 3 . 24 :

 324 Figure 3.24: Energy transfer efficiency as a function of the surface-to-surface separation distance for FRET and WGET (quality factors of 10 4 and 106), with a dyeNP density = 1/400 nm 2 (corresponding to 1 dyeNP/QD in the case of FRET).

  the development, functioning, growth and reproduction of all organisms and some viruses 285 . In 1953, James Watson and Francis Crick, aided by the work of biophysicists Rosalind Franklin and Maurice Wilkins, interpreted the 3D structure of DNA from an X-ray diffraction image of the molecule, which led them to win the Nobel Prize in 1962 286 .

Figure 4 . 1 :

 41 Figure 4.1: (A) Structure of DNA double helix, (B) H-bonding interactions between the nucleotide bases of two single strands (A=T and G≡C). (Image source: theory.labster.com)

Figure 4 . 2 :

 42 Figure 4.2: Various DNA detection schemes; (A) Sandwich hybridization assay, (B) hairpin loop-based hybridization assay, (C) DNA strand substitution, (D) ssDNA-based hybridization assay, (E) Assay to detect DNA structural change.

Figure 4 .

 4 Figure 4.2 (A) shows a typical sandwich FRET assay operating in a non-competitive format to detect DNA single strands. The capture and reporter probe oligonucleotides, and the fluorophore tags have to be carefully designed so that when hybridized, the donor and acceptor are in FRET range 307,313 .Figure 4.2 (C) represents an assay that works in competitive format where the target DNA replaces the acceptor attached strand, consequently preventing FRET 314 . Structures like hairpin loop 315 (Figure 4.2 (B)) and ssDNA strands 316 (Figure 4.2 (D)) are also often used for FRET DNA sensing assays. Hairpin loop based FRET assays widely known as molecular beacon probes are frequently used in SNP (single nucleotide polymorphisms) genotyping, RT-PCR (real time-polymerase chain reactions) and other diagnostic clinical assays 317 . Conformational changes in DNA structures can also be detected by specific FRET schemes (4.2 (E)) 318 . TR-FRET (time resolved-FRET) techniques are also often used to study the dynamics of conformational changes 319,320 . In conclusion, all of the mentioned designs are generally based on the fact that FRET is inefficient for longer donor-acceptor distances which makes it possible to design distance sensitive assays but at the same time careful designs and modifications of strands are absolutely necessary.

Figure 4 . 3 :

 43 Figure 4.3: QD-bioconjugate based FRET sandwich assay to detect target DNA single strand 98 .

Figure 4 . 4 :

 44 Figure 4.4: Chemical structure of biotin (Source: Wikipedia)

, 1 -

 1 Ethyl-3-(3-dimethylaminopropyl)carbodiimide.HCl (EDC.HCl) is used to first activate the carboxylic acid group to form an active o-acylisouera ester intermediate which can then be replaced by nucleophilic attack from primary amines forming an amide bond and an water-soluble isourea by-product (See Figure4.5). The o-acylisourea intermediate that is unstable in aqueous media, hydrolyses to regenerate the carboxylic acid groups in absence of any amine to react with. EDC being water soluble allows the reaction to occur in aqueous medium whereas its alternative called dicyclohexylcarbodiimide (DCC) is used to perform the same in organic media 333 .

Figure 4 . 5 :

 45 Figure 4.5: Mechanism of EDC based carbodiimide coupling

4. 5 . 2 . 3

 523 Detailed insights into the amide coupling: Comparing other ways of coupling EDC mediated carbodiimide coupling being a very popular technique in biochemistry to work on proteins and enzymes, many variations of the technique are available in literature. Here, a few of the variations have been explored to determine which one leads to the best coupling result. N-Hydroxysuccinimide (NHS) is an organic compound that is very commonly used in the carbodiimide coupling chemistry to increase the yield of the reaction 335 . NHS reacts with the o-acylisourea unstable intermediate to form a more stable ester that prevents vigorous hydrolysis of the intermediate and allows slower and more controlled reaction to the amine (see Figure 4.6 for the detailed mechanism) 334 .

Figure 4 . 6 :

 46 Figure 4.6: Mechanism of carbodiimide coupling using EDC.HCl and NHS

Figure 4 . 7 :

 47 Figure 4.7: Cy5 fluorescence intensity distribution of microspheres obtained from different streptavidin coupling strategies.

Chapter 4 :

 4 DNA Sensing with Microcavities bio-specificity towards target DNA, retaining all the other advantages. The nanoparticles that are utilized for the following experiments, have been provided to us by a group in LBP, university of Strasbourg (Dr. Nina Melnychuk, Dr. Andreas Reisch and Dr. Andrey Klymchenko).

  added quickly using a micropipette to 900 μL of 20 mM phosphate buffer, pH 7.4 at 21 °C under shaking with Thermomixer (1,100 rpm). Then, the residues of acetonitrile were evaporated. This process is called nanoprecipitation and it yields in dye loaded polymeric nanoparticles with functional azide groups for further conjugation (seeFigure 4.8).

Figure 4 . 8 :

 48 Figure 4.8: Synthesis scheme of DNA functionalized acceptor dyeNPs 314

4. 7 . 1 Scheme 1 :

 711 Increasing the amount of DNA functionalized acceptor.

Figure 4 .

 4 Figure 4.9 represents the scheme to detect the hybridization between two full complementary single strands respectively called A20 and T20. As their name suggests, A20 consists of 20 adenine nucleotides whereas T20 is composed of 20 thymins. As shown in the scheme, first, streptavidin functionalized QD loaded microspheres are mixed with biotinylated A20 DNA in PBS buffer (for each 10 μL of biofunctionalized microspheres from section 4.5.2.2, 6.7 μL biotin-A20 at 0.08 mM concentration was added).

Figure 4 . 9 :

 49 Figure 4.9: The scheme 1 of the model DNA hybridization sensing using WGET cavity where the acceptor concentration is varied.

Figure 4 .

 4 Figure 4.10 (A) shows representative emission spectra from individual microspheres corresponding to increasing concentration of dyeNP-T20 that the QD emission is quenched, and acceptor fluorescence enhanced as dyeNP-T20 concentration is progressively increased. At higher dyeNP concentration, even the WGM peaks at QD emission range totally disappear suggesting their significant engagement in energy transfer.Figure 4.10 (B) shows the progressive increase in the dyeNP to QD emission intensity ratio

Figure 4 .

 4 10 (B) shows the progressive increase in the dyeNP to QD emission intensity ratio (averaged over ~ 15 microspheres for each concentration) with the concentration of dyeNPs. A control experiment was performed where the dyeNP-T20 was substituted with dyeNP-A20 that being fully noncomplementary to the biotin-A20 attached on the microsphere surface, should not hybridize together.

Figure 4 . 10 :

 410 Figure 4.10: (A) The emission spectra of microsphere samples with progressively higher amount of dyeNP-DNA in the confocal microscope, (B) corresponding dyeNP to QD emission intensity ratio vs the concentration of dyeNPs.

Figure 4 . 11 :

 411 Figure 4.11: Sample holding configuration (sandwiched between two glass coverslips) for the study with wide-field microscope.

Figure 4 . 12 :

 412 Figure 4.12: (A) Area normalized emission spectra of microsphere samples with progressively higher amount of dyeNP-DNA in the wide-field microscopy setup, (B) corresponding dyeNP to QD emission intensity ratio vs the concentration of dyeNPs.

  order to do that, the microsphere samples mixed with different amount of DNA attached dyeNPs (as used in previous two parts) were put in a quartz cuvette (volume = 700 μL, optical path length = 10 mm) and some PBS buffer was added to maintain the total volume of each solution at ~ 200-225 μL. Then the cuvette was placed in a spectrofluorometer to record the fluorescence of the whole solution using a xenon lamp to excite at 420 nm.

Figure 4 . 13 :

 413 Figure 4.13: (A) The emission spectra of microsphere samples with progressively higher amount of dyeNP-DNA in the spectrofluorometer, (B) comparison between the total acceptor signal and acceptor direct excitation for each sample, and the corresponding energy transfer intensity.

Figure

  Figure 4.13 (B). The sensitized intensity is calculated by subtracting the direct excitation from the total

Figure 4 . 14 :

 414 Figure 4.14: The scheme 2 of the model DNA hybridization sensing using WGET cavity where the concentration of biotinylated DNA is varied.

Figure 4 . 15 :

 415 Figure 4.15: (A) The emission spectra (normalized to the QD emission intensity) of scheme 2 samples varying the amount of biotin-A20 DNA, (B) dyeNP to QD emission intensity ratio (normalized at the first data point where the number of A20 biotin =0) for the experiment and the control (the dotted line emphasizes the negligible change in the intensity ratio for the control experiment).

4. 8 . 1 Scheme 1 :

 811 Increasing the amount of DNA functionalized acceptor.

Figure 4 . 16 :

 416 Figure 4.16: The scheme 1 to detect survivin target DNA using WGET cavity where the dyeNP-DNA probe concentration is varied.

  . The red box indicates the complementary parts between the biotinylated capture and the target, and the green one shows the complementary sequential part between the dyeNP and the target DNA.

Figure 4 . 17 :

 417 Figure 4.17: The sequence of survivin target (bottom row), and the capture and probe DNA attached to respectively biotin and dyeNPs (top row).

Figure 4 . 18 :

 418 Figure 4.18: The emission spectra of (A) the experiment, and (B) the control for survivin target detection scheme 1 where the concentration of dyeNP-DNA is varied. The comparison between the experiment and control in terms of how (C) QD emission intensity, and (D) dyeNP to QD intensity ratio vary with amount of dyeNPs-DNA in the sample.

Figure 4 . 19 :

 419 Figure 4.19: The scheme 2 to detect survivin target DNA using WGET cavity where the target concentration is varied.

Figure 4 . 20 :

 420 Figure 4.20: (A) Emission spectra of scheme 2 (survivin detection) samples where concentration of target strands in varied, (B) How dyeNP to QD intensity ratio varies with the number of target strands in a typical experiment, (C) The comparison of dyeNP to QD intensity ratio vs. the number of targets in case of experiment and control.

Figure 4 . 21 :

 421 Figure 4.21: (A) dyeNP to QD intensity ratio vs. the number of target strands obtained from several experiments without controlling the starting intensity ratio. (B) dyeNP to QD intensity ratio vs. the number of target strands obtained from three experiments with similar starting intensity ratio, (C) The average dyeNP (from the data in 4.21 (B)) to QD intensity ratio vs. the number of targets.

Figure 4 . 22 :

 422 Figure 4.22: A dipole (𝐴 ⃗ ) with an arbitrary orientation near the interface of two materials with different refractive indices.

Figure 4 . 23 :

 423 Figure 4.23: The pattern of radiation at different range of incident θ angles; (from left to right) P Inside , P TIR and P Outside . θ C = critical angle

Figure 4 .

 4 Figure 4.24: (A) Radiation pattern (in percentage) of a microcavity as a function of incident angle of light (θ) at the PS/water interface, (B) Radiation pattern (normalized) of a microcavity as a function of the depth of the emitter below the interface.

Figure 4 . 25 :

 425 Figure 4.25: Excitation spectra of sandwich WGET assay with and without target DNA strands (normalized at 560 nm).

  Both the excitation spectra (normalized at 560 nm) showed similar shape and features (Figure

  in the previous experiments) to ensure hybridization to significant fraction of the dyeNPs present in the sample. The mixture was transferred to a quartz cuvette and 190 μL of 1x PBS (1.5 mM MgCl 2 and Tween80 0.01 g/L) to maintain a measurable volume for spectrofluorometer. Emission spectra of the sample were recorded for 1 hour in 10 minutes intervals. The spectra suggest that there is no quenching of the dyeNPs due to the hybridization process (seeFigure 4.26 (C, D)).

Figure 4 . 26 :

 426 Figure 4.26: (A) Emission spectra and (B) peak intensities of QD-microsphere-streptavidin-biotin Survivin capture + survivin target in different time intervals (experiment to check the hypothesis 1). (C) Emission spectra and (B) intensities dyeNP-Probe DNA + survivin target in different time intervals (experiment to check the hypothesis 2).

  La quantification de biomarqueurs spécifiques est un outil de diagnostic important. Les tests immunologiques standards tels que ELISA nécessitent de nombreuses étapes de lavage et une amplification du signal, en particulier à faible concentration. D'autre part, le transfert d'énergie résonant de type Förster (FRET) a été utilisé pour concevoir des tests biologiques homogènes en une seule étape qui ne nécessitent aucune étape de lavage, où le biomarqueur permet la formation d'un complexe "sandwich" impliquant des anticorps marqués par le donneur et d'autres marqués par l'accepteur. Le FRET du donneur vers l'accepteur fournit alors une signature optique de la formation du complexe, et donc du biomarqueur d'intérêt. Cependant, le FRET, qui est très sensible à la distance donneuraccepteur, ne se produit à un taux significatif que lorsque la distance donneur-accepteur est inférieure à 10 nm; la grande taille de nombreux complexes biologiques limite l'efficacité du transfert d'énergie, empêchant une détection sensible. Je propose ici une nouvelle modalité de transfert d'énergie qui utilise des microcavités optiques en solution. Ensuite, je décris un schéma de biodétection pour détecter un oligonucléotide biomarqueur de cancer en solution. À cette fin, j'ai conçu des structures de microcavité dans lesquelles des nanocristaux fluorescents sont placées à l'intérieur de microsphères diélectriques pour permettre un couplage fort de leur émission de fluorescence avec les modes de résonance de la cavité, appelés modes de galerie (WGM). J'ai étudié les propriétés structurelles et optiques de ces microcavités optiques. J'ai également caractérisé le transfert d'énergie entre ces modes et des nanoparticules acceptrices chargées de colorants présentes dans le champ évanescent, à quelques dizaines de nm au-dessus de la surface des microsphères. J'ai développé un modèle analytique pour caractériser les mécanismes de transfert d'énergie médié par les WGM (WGET). De plus, une comparaison entre WGET et FRET a révélé la supériorité du WGET dans le contexte de la construction de capteurs en termes de sensibilité et de portée de détection. Dans la dernière partie de la thèse, j'ai développé une stratégie pour fonctionnaliser ces microcavités optiques et leur permettre d'interagir avec des analytes cibles tels que l'ADN, l'ARN et les protéines avec une bonne spécificité. Cette stratégie a ensuite été adaptée pour fixer des sondes de capture d'ADN sur les microcavités activées par WGM. En utilisant les microsphères fixées à l'ADN comme donneur optique en combinaison avec des nanoparticules de colorants fonctionnalisées par un ADN complémentaire comme accepteurs optiques, un test de biodétection a été démontré avec succès pour détecter en solution un biomarqueur de cancer appelé survivine. Ce test a démontré une bonne sensibilité envers la cible, et s'est également avéré très spécifique. Le schéma de détection a été démontré dans un microscope confocal, au niveau de microsphères individuelles, puis transposé avec succès dans un instrument beaucoup plus simple tel qu'un spectrofluoromètre qui mesure la fluorescence de l'ensemble de la solution; la signature de la formation d'un complexe sandwich a été détectée efficacement. En conclusion, j'ai démontré que le transfert d'énergie assisté par microcavité présente plusieurs avantages par rapport aux tests FRET ordinaires. Un véritable test de biodétection basé sur le principe du WGET a également été conçu avec succès pour détecter des biomarqueurs du cancer avec une sensibilité et une spécificité élevées. Cette étude ouvre donc de nombreuses possibilités pour concevoir des tests plus performants et plus précis pour détecter diverses entités biologiquesMOTS CLÉSQuantum dots (QDs), nanoparticules polymèriques chargées de colorants, transfert d'énergie résonant de Förster (FRET), modes de galerie (WGM), transfert d'énergie par WGM (WGET), détection de l'ADN, tests sandwich.
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	𝐸 𝑇𝑜𝑡𝑎𝑙 = 𝐸 𝐵𝑎𝑛𝑑𝑔𝑎𝑝 + 𝐸 𝐶𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 + 𝐸 𝐶𝑜𝑢𝑙𝑜𝑚𝑏	
	= 𝐸 𝐵𝑎𝑛𝑑𝑔𝑎𝑝 +	ℏ 2 𝜋 2 2𝜇𝑅 2 -	1.8 𝑒 2 𝜀 𝑟 𝑅	(𝐸𝑞. 1.15)

1.4.3.2 Composing materials of WGM resonators:

  

	enable to push the mode away from scattering surfaces resulting in a high Q resonator. Conical resonators
	made of polymers known as micro-Goblets have attracted research interest due to the lithography-based
	mass fabrication and multiplexed functionalization. Polygonal resonators have also been appealing since
	crystalline cavity structures can be easily fabricated via laser-heated pedestal growth (LHPG) using a
	powerful CO 2 or YAG laser 138 . Some of the common circular mode-supporting geometries that are often
	used are shown the Figure 1.11.
	One of the most crucial factors that leads to the occurring of WGMs inside optical cavities is the
	confinement of EM waves via total internal reflection at the external cavity interface which is dominated
	by the relative refractive index of the cavity. Larger refractive index contrast between the cavity and the
	external medium minimizes the radiative loss via strongly confining the modes, resulting into a very high
	Q factor of the cavity. On the contrary, resonant modes extends further into the external media in case of
	low Q resonator. The other factors that determine the quality of the cavity are related to the losses
	introduced by the material, such as material's absorption and the scattering from the surface of the cavity
	which is governed by both the material and fabrication techniques. So, the choice of material is also a
	crucial factor for the fabrication of cavities aimed towards specific applications. Since the research on
	cavity based systems have gained well reputation for various potential applications, different kinds of
	materials have been explored to fabricate resonators, such as, zinc oxide (ZnO) 149 , silica (SiO 2 ) 150 , titanium
	dioxide (TiO 2 ) 151 , silicon carbide (SiC) 152 , silicon nitride (Si 3 N 2 ) 153 , magnesium fluoride (MgF 2 ) 154 ,
	sapphire 155 , and polymeric materials like poly (methyl methacrylate) (PMMA) 156 , polystyrene 157 ,
	polydimethylsiloxane (PDMS) 158 . Hybrid structures like metallo-dielectric resonators 159 and coated
	spheres were also investigated to improve the robustness and signal intensities 138 .
	. Spherical resonators, in
	the other hand, possess a great advantage as they can effectively trap light and be easily prepared from a
	wide variety of materials with very high monodispersity. Many geometric resonators (e.g., toroid and
	bottleneck structures) suffer from greater scattering loss of confined light due to line-edge roughness and
	defects resulting from etching which leads to a low Q resonator. Wedge geometries with shallow angles

  Where, E 0 and k 0 respectively represent the electric field and the wave vector at the interface. Moreover, 𝑓 𝑙 (𝑟) = 𝜓 𝑙 (𝑁𝑘 0 𝑟) for 𝑟 < 𝑎 (Eq. 2.6)

	𝑇𝐸 (𝑟) = 𝐸 0	𝑓 𝑙 (𝑟) 𝑘 0 𝑟	𝘟 𝑙 𝑚 (𝜃, 𝜑)
	𝐵 𝑙𝑚 𝑇𝐸 =	𝐸 0 𝑖𝑐	(	𝑓 𝑙 ′ (𝑟) 𝑘 0 2 𝑟	𝘠 𝑙 𝑚 (𝜃, 𝜑) + √𝑙(𝑙 + 1)	𝑓 𝑙 (𝑟) 𝑘 0 2 𝑟 2 𝘡 𝑙 𝑚 (𝜃, 𝜑))
	𝐸 𝑙𝑚 𝑇𝑀 (𝑟) =	𝐸 0 𝑁 2 ( 𝑓 𝑙 ′ (𝑟) 𝑘 0 2 𝑟	𝘠 𝑙 𝑚 (𝜃, 𝜑) + √𝑙(𝑙 + 1)	𝑓 𝑙 (𝑟) 𝑘 0 2 𝑟 2 𝘡 𝑙 𝑚 (𝜃, 𝜑))
	𝐵 𝑙𝑚 𝑇𝐸 =	𝑖𝐸 0 𝑐	𝑓 𝑙 (𝑟) 𝑘 0 𝑟	𝘟 𝑙 𝑚 (𝜃, 𝜑)

𝑓 𝑙 (𝑟) = 𝛼𝜓 𝑙 (𝑘 0 𝑟) + 𝛽𝜓 𝑙 (𝑘 0 𝑟) for 𝑟 > 𝑎 (Eq. 2.7) are solutions of Riccati-Bessel radial equation. 𝜓 𝑙 (𝜌) = 𝜌 𝑗 𝑙 (𝜌) and, 𝜒 𝑙 (𝜌) = 𝜌 𝑛 𝑙 (𝜌), where 𝑗 𝑙 and 𝑛 𝑙 are spherical Bessel and Neumann functions, respectively 135,258 .

  𝛤 𝑅𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟 = 𝛤 𝑅𝑎𝑑 + 𝛤 𝑚𝑎𝑡 + 𝛤 𝑆𝑐𝑎𝑡𝑡 + 𝛤 𝐶𝑜𝑛𝑡 .

	1 𝑄	=	1 𝑄 𝑅𝑎𝑑	+	1 𝑄 𝑚𝑎𝑡	+	1 𝑄 𝑆𝑐𝑎𝑡𝑡	+	1 𝑄 𝐶𝑜𝑛𝑡	.	(Eq. 2.13)
	And the total cavity relaxation rate (𝛤 Resonator ) can be expressed as the following:	

(Eq. 2.14) 

  [START_REF] Wang | QDs-DNA Nanosensor for the Detection of Hepatitis B Virus DNA and the Single-Base Mutants[END_REF] , thus the radiative loss is negligible135 .The absorption of light by the composing material of the cavity and bulk Rayleigh scattering contribute to the term Q mat 135 . The rate of relaxation associated with it is denoted by 𝛤 mat . The value of Q mat can be approximated as equation 2.15 where 𝛼 is the attenuation coefficient, Scatt is associated to the losses due to the scattering by surface roughness caused by small clusters. The rate of losses through scattering is denoted as 𝛤 Scatt . Q Scatt can be calculated by using a model derived as the corollary of Rayleigh scattering by small particles 261 . Then the Q Scatt can be expressed as: 𝜎 and b respectively are the RMS size and the correlation length of the inhomogeneities 262 . Q Cont is related to the losses (with rate = 𝛤 Cont ) by surface contaminants either introduced during the fabrication process or via adsorption from the environment (e.g., atmospheric water or other contaminants). 135 Q-factor of microspheres made of fused silica (size = 500-1000 μm) have been reported to reach as high as 10 8 -10 9 at 633 nm 262 . Spherical water micro-droplets (size = 15.3 μm) loaded with Rhodamine 6G 263 has been also reported to have Q-factor ~ 10 8 . Polystyrene microspheres in water has also been shown to possess Q-factor 10 4 -10 6 at 770 nm264,265 .

	Q 𝑄 𝑠𝑐𝑎𝑡𝑡 =	𝜆 2 𝑎 2𝜋 2 𝜎 2 𝑏	,	(Eq. 2.16)
	where the				
	𝑄 𝑚𝑎𝑡 ≅	4.3×10 3 𝛼	2𝜋𝑁 𝜆	,	(Eq. 2.15)
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  Survivin is one of the important genes involved in tumor aggressiveness and therapy resistance. A study reported bySalz et al. showed that transcriptional changes due to survivin expression in the tissue microenvironment further promotes tumorigenesis in the bladder tissue 321 . Another report by Khan et al. found that higher expression of survivin in head and neck squamous carcinoma can be related to radioresistance322 . In humans, the protein is expressed by BIRC5 gene (baculoviral inhibitor of apoptosis repeat-containing 5). Tamm et al. examined 60 different cancer cell lines and observed that survivin was expressed in all of them. For many common malignancies such as cancers in lung, breast and pancreas, survivin protein is found to be overexpressed in even more than 80% of tumor cells which makes it one of the most abundant protein forms that is exclusively found in cancers323 . Many clinical studies have suggested that the interruption in the induction pathways of survivin results in increasing apoptosis, decrease in tumor growth and suppression of tumor aggression 306 . Survivin protein is over expressed in cancers, but is completely absent in regular cells which makes it a potential

represents the donor radiative emission rate in free space. Quantum yield (Q D ) of the donor, that is defined as the ratio of radiative decay rate to the total decay rate (radiative + non radiative) of the donor, can also be related to the F P . Thus, the overall enhancement of the spontaneous emission enhancement can be given as;
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Chapter 3: Energy Transfer

The positively charged microspheres can be separated from the free PEI molecules by first adding 1.5 mL ethanol to the solution and then centrifuging at 3000 g for 5 mins. The solid sediment of microspheres then can be resuspended in water (volume 500 μL).

The PMMA-MA surface of the dyeNPs provides residual negative charges to them. Mixing the positively charged microspheres with the negative charged dyeNPs enables adsorption of the smaller dyeNPs on the surface of the microcavities. For the experiments in this chapter, the typical volumes of dyeNPs that were used range from 5 μL to 100 μL at 0.04 g/L for each 100 μL suspension (containing ca. 2×10 5 microspheres) of positively charged microcavities. The microspheres then were separated from the unbound dyeNPs by centrifuging at 2000g for 5 s and redispersed into water. 

FLUORESCENCE EMISSION OF MICROCAVITY-DYENPS CONJUGATES:

After the electrostatic conjugation of acceptor dyeNPs on the surface of QD-microcavities, their optical properties were studied using a combination of confocal microscope and spectrophotometer (set up details in chapter 2, section 2. 4.1.1). Fluorescence emission spectra were recorded using a laser (wavelength = 405 nm) to excite the confocal volumes on the equator of the microcavities. The spectrum

WGET and FRET efficiency vs the density of acceptors:

As shown in Figure 3.20/Scheme 1, the representative WGET system is composed of a QD loaded microcavity of 10 μm size with acceptor dyeNP adsorbed on the surface. To theoretically calculate the efficiency of WGET, the rate of energy transfer should be computed first using Eq. 3.16.

To start, the intensity profile for the TE (or TM) mode can be calculated from the Eq. 2.4 and 2.5 in chapter 2 which can subsequently be approximated as a mono-exponential decay function (exp -d/r*), where r* is the characteristic decay length for the WGM. For the PS microsphere of radius = 5 μm, and for mode numbers, which are, n=1, l=m=88 and WGM wavelength = 516.6 nm, the characteristic length (r*) is found to be 85.6 nm.

The energy transfer rate can be computed by plugging in the values of all the parameters in Eq. 3.16, such as 𝜎 A (= 8.5×10 7 m 2 ), ρ, V mode and the intensity at the maximum of WGM is normalized to, I max = 1. This calculation would stand accurate if the acceptor is assumed to be located at a single point, but in reality, the acceptor has a finite size, the range of which is significant compared to the characteristic decay length of the WGM. Thus, different parts of the dyeNP along the radial axis experience different exponential intensity tail of the WGM. Hence the correction of the energy transfer rate due to the acceptor's dimension is absolutely necessary. As seen in Figure 3.21 (A) for dyeNP directly adsorbed on the cavity surface, the dyeNP can be approximated to be consisted of a series of circular nano-discs with radius of r dnp sinθ, where r dnp is the radius of the dyeNP and each disc situated at the distance r dnp (1-cosθ) from the surface of the microsphere, where θ ∊ [0,𝜋]. 
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Annex

Chapter 2: QD synthesis.

QD525: 170 mg cadmium myristate were resuspended in 9 mL octadecene (ODE) and degassed under vacuum for 15 min at 50°C. Under argon, the temperature was raised to 250°C and a mixture of 9.5 mg selenium powder and 3.9 mg sulfur powder in 1.2 mL ODE was injected. After 10 minutes, the reaction solution was cooled to room temperature and 1 mL oleic acid was added. The QDs were precipitated using ethanol and resuspended in 10 mL hexane. 2.3 mL of this solution was added to 2 mL decane and 8 mL oleylamine. The solution was degassed at room temperature under vacuum. The solution was then placed under argon. A shell of ca. 6 monolayers of Cd 0.65 Zn 0.35 S was then synthesized using cadmium and zinc diethyldithiocarbamate precursors. The calculated quantity of precursors for each monolayer was prepared at 0.1M in decane:oleylamine 3:1 v/v and injected at 60°C, then the temperature was raised at 160°C for 20 minutes for growth, and cooled down to 60°C before the injection of the precursors for the next monolayer. The final core/shell QD solution was precipitated using ethanol and resuspended in hexane.

QD505: CdSe cores were synthesized using 0.6 g of cadmium tetradecylphosphonate in 5 mL ODE. The solution was degassed at 60°C under vacuum for 20 minutes. Under argon, the temperature was raised to 300°C and 4 mL of selenium dissolved at 1 M in trioctylphosphine were injected. The solution was cooled to room temperature as soon as it turned bright orange. The QDs were precipitated in ethanol and resuspended in hexane. For the shell growth, these CdSe cores were mixed with 2 mL oleylamine and 5 mL octadecene. The solution was degassed under vacuum at 60°C and raised to 200°C under argon. A mixture of 2.5 mL trioctylphosphine, 22 mg zinc diethyldithiocarbamate, 400 mg zinc stearate and 1 mL trioctylamine was injected dropwise over 30 minutes. The core/shell QDs were precipitated in ethanol and resuspended in hexane.

Chapter 4: Synthesis protocol of Cy5-BSA-biotin:

Biotinylated-NHS was first prepared by reaction of biotin with equivalent molar quantities of EDC and NHS in DMSO. One equivalent of BSA was then mixed with 3 equivalent biotin-NHS and 3 equivalent Cy5-NHS in HEPES buffer (100 mM, pH 7.4, 150 mM NaCl) and reacted for 2 hours. Then the solution was purified by three rounds of ultrafiltration (vivaspin, 10kDa) to remove the free unreacted dye and biotin. The correct functionalization of the BSA with both dye and biotin was checked by incubation with commercial agarose beads functionalized with biotin or streptavidin After washing and centrifugation, the pellet with streptavidin-modified agarose beads is blue from the color of Cy5, showing the correct co functionalization of BSA with biotin and Cy5, while the pellet with biotin-modified agarose beads remains white, confirming that the interactions indeed come from biotin.