N

N

Biodetection using fluorescence energy transfer from
Quantum dot excited whispering gallery modes to
fluorescent acceptors
Subha Jana

» To cite this version:

Subha Jana. Biodetection using fluorescence energy transfer from Quantum dot excited whispering
gallery modes to fluorescent acceptors. Material chemistry. Université Paris sciences et lettres, 2021.
English. NNT': 2021UPSLS081 . tel-03550576

HAL Id: tel-03550576
https://pastel.hal.science/tel-03550576
Submitted on 1 Feb 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://pastel.hal.science/tel-03550576
https://hal.archives-ouvertes.fr

B

PSL *

UNIVERSITE PARIS

THESE DE DOCTORAT
DE L'UNIVERSITE PSL

Préparée a I’Ecole supérieure de physique et de chimie
industrielles de la Ville de Paris

BIODETECTION USING FLUORESCENCE ENERGY TRANSFER FROM
QUANTUM DOT EXCITED WHISPERING GALLERY MODES TO
FLUORESCENT ACCEPTORS
BIODETECTION PAR TRANSFERT D’ENERGIE DE FLUORESCENCE
DE QUANTUM DOTS COUPLES A DES MODES DE GALERIE VERS
DES ACCEPTEURS FLUORESCENTS

Soutenue par Composition du jury 5

Subha Jana

Le 10 Décembre 2021 Rodolphe, JAFFIOL Rapporteur et
Professeur, Université de Technologie Président du jury
deTroyes

Ecole doctorale n° 397 y

: S Ngoc Diep, LAI

PhyS|qu € et Ch imie des Professeur associé, ENS Paris-Saclay Rapporteur

MaterlaUX Niko, HILDEBRANDT
Professeur, Université de Rouen Examinateur

Specialiteé Jérome, WENGER

Chimie des Matériaux Directeur de recherche, Institut Fresnel Examinateur
Valentina, KRACHMALNICOFF
Chargée de recherche, ESPCI Paris Examinateur

[

ESPCI (K] PARIS ' PSL* Thomas, PONS

Chargé de recherche, ESPCI Paris Directeur de thése






” Where the mind is without fear and the head is held high, where knowledge is free.”

Rabindranath Tagore

dedicated to dadu







Acknowledgement

Chapters of life begin and end, creating new memories, and leading us to the next chapter. This
three years-journey of PhD has been a great chapter in my life, with many new memories, with
both new and old friends, and this thesis would never be complete without thanking them.

Out of all the people, who comes to my mind first is my supervisor, Thomas. | arrived in France,
a bit afraid and a bit nervous. His reassurances and support did not only make me comfortable in
this new environment but also helped me to integrate into the lab. A supervisor probably plays
the most important role in the PhD life of a student, teaching and guiding the fellow in the right
direction. Thomas is not only a smart, and attentive advisor, he is much more. He is humane, he
is supportive and capable of genuinely motivating students to think, learn and stay focused in
research. | cannot thank him enough for being such an excellent teacher, and a generous guide
to me. Just to follow in the footsteps of Indian students, “Thank you, SIR Thomas Pons!”

For every PhD student, fellow lab mates are an important support system. | am grateful to mine
for being so welcoming, warm, and letting me be a part of this family even though | did not speak
much French. | thank Alexandra, Nicolas, and Sandrine for being always nice and kind to me, also
for those delicious chestnut cream cakes. Thank you, Marion, for helping me deal with many
administrative offices. Thank you, Manon, for all those Angéle songs, and Eva, for helping me in
the beginning. Thank you, Antoine, for your frequent help with the optics and the software.
Mogha and Sheila! It was a pleasure being there with both of you during this whole journey.
Thank you, Sophia, for keeping the lab energetic. Many thanks to Po and Fanny, my two excellent
co-bureau. Yuzhou! You have been an excellent lunch buddy. Charlie K. (“K” for Kev or
Kersuzan?), thank you for agreeing to uphold the legacy of cavity boys. Corentin and Mathias,
thanks for those fun Friday evenings. Lina, thank you for all those Dolipranes and come on, | don’t
eat that much. And Ningyuan, enjoy the coming three years in the lab. Thank you, our beloved
coffee machine for keeping me alive and awake throughout the whole PhD. In the end, | thank
all of you for putting up with my poor jokes, hopefully, you will miss it, at least for the coming
few months.

Family! It has not been an easy journey to come all the way since the beginning. | simply cannot
thank you enough for all your support, love, and your faith in me. Maa and Baba, you have
undoubtedly done a great part by supporting and motivating me. Dadu and Dida, thank you for
being there always for me. The love and support from Kaka, Kakima, Pisi, and all my cousins
meant a lot. Genevieve and her family, thank you for all your love and support. It helped me keep

going.




Each person who travels has friends, and a journey is never complete without them. |thank Trinu
without whom | would probably not be writing this. Thank you Sayandip, Debanuj, Shouvik, and
Pascal for all the adventures and the discussions. | also thank my friends from Maison de I'Inde
and UptoParis for their support, activities, and discovering beautiful Paris together. Thanks to all
of you, it did not get lonely here.

ESPCI and UPtoParis administration, especially Rositsa, Virginie, and Alexandra, thank you for all
the support, smooth and efficient work processes. Because of you, even with the pandemic,
everything worked out well.

Sincere love and support from many others who | could not mention here also led me to
complete this PhD. If not with words, | acknowledge them with warm embraces from the heart.
And | wish this life to continue in the same way with all your support to the horizon of a new
chapter.




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 well-
emphasized 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 enzyme-
linked 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 Forster 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 bio-
sensing 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, | 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, Forster
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, | 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.
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Chapter 1: Introduction to Microcavity based Biosensing

1.1 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.!

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?. These analytes can also be simple molecules like
sugars? (e.g.; glucose, fructose, etc.), pollutants* (such as heavy ions like lead®, mercury® and arsenic’) in
water or toxic elements in food® and crops®. Owing to the vast and practical use of bio-detection platforms

17719 analysis and

in clinical diagnosis for the identification of pathogens'®*3, food'*® and water quality
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 ELISAZC
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,

21-23

many exotic properties of materials such as fluorescence?!23, surface plasmon resonances (SPR)*2 and

dielectric cavity resonances®?’~%

are exploited to transduce and amplify detection signals. Label-free
detection techniques?’ are progressively gaining attention for being simple, user friendly and often with
improved sensitivity. In this section, | will discuss the mainstream detection techniques, and their
principles in addition to their advantages and disadvantages. Finally | will propose a fluorophore loaded
microcavity based bio-detection scheme that might be useful for building bio-sensing schemes with

improved sensitivity and specificity.
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1.1.2 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®.
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®!. Other interesting labeling strategies

t33 or fluorescent® tags on the antibodies. In these

involve the use of chemiluminescent®?, bioluminescen
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?®*, 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.

1.1.2.1 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®®. 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.
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1.1.2.2 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?.

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 antibody-
enzyme conjugate is required that binds to the primary antibody and provide transducing signals by

reacting to the enzymatic substrates.

.\* Q '\*J .j

g
v % I Vi z o
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443

(A) Direct (B) Indirect (C) Sandwich (D) Competitive scheme (After washing)

(E) Homogenous FRET assay /
% Acceptor antibody

+ Bio-molecules
Donor antibody

d

Excitation

FRET

Excitation

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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1.1.2.3 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, Forster resonance
energy transfer (FRET)*:38, chemiluminescence and bioluminescence-based* 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).

1.1.2.4 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®:.
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®?. This kind of assays are called
homogenous as they do not require any washing steps, making the process much simpler and user-

friendly.

(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®. 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.
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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 Forster 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

guenching of donor fluorescence.

1.2 FRET BASED HOMOGENOUS IMMUNOASSAY

1.2.1 Forster 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®, electron transfer®, reabsorption, collisional quenching*® and
excited state complex formation’. 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*®. 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 (Forster or Fluorescence Resonance Energy Transfer) is radiationless that means the
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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*. FRET is named
after the German scientist Theodor Forster 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®. 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>.,

1.2.2 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®..

The rate of energy transfer between a donor and an acceptor separated by the distance ‘r’ can be given

by equation 1.1.

QpK? (9000(ln 10)

— 4
Ker() = =5 (Tzgmens ) fo Fy (De, QDA dA, (Eq.1.1)

pr®

where Qp and tj are respectively the quantum yield and radiative lifetime of the donor in the absence
of the acceptor, n is the refractive index of the medium, N is Avogadro’s number. Fj, () is the fluorescence
intensity of the donor in the wavelength range A to A + AA provided that the total fluorescence intensity
(calculated as the area under the emission curve) is normalized to 1 and €4 (1) is the extinction coefficient
of the acceptor at A. The term k? stands for the relative orientation of the dipoles of the donor and the
acceptor in space. The value of k? 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’.
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Jo FoMea(A* dA
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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 Fj, (A) is unitless, so the unit of overlap integral J(A) depends on €4(A) and A. Usually A
has the unit of nm and €4 (1) is expressed in M*cm™, so the J() is generally given in the unit M cm™ nm?®,

The Jablonski diagram for FRET between a donor-acceptor pair has been given in the Figure 1.2 (B).
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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 Forster distance (Ro) is more useful and convenient for quick interpretation.
Ro is defined as the distance between the donor and the acceptor when the energy transfer rate is 50%.
The Forster distance can also be expressed as equation 1.3 which can be used to easily calculate Rofrom

the quantum yield of the donor and the spectral properties of the donor and the acceptor.

o6 <9000(ln 10)QpK?
6=

28N ) j Fp(Deq(OA* dA. (Eq.1.3)
0
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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 Ro. The simplified version can be given by

equation 1.4.
2 _4 1/6 ¢
Ry = 0.211(Qpx?n™1J()) " A, (Eq.1.4)

Ro generally lies within the 4-8 nm range for traditional donor-acceptor chromophore pairs. Once the

value of Ro is derived, the rate of energy transfer can be calculated using a simple equation 1.5.

Ker = (6. (Eq.1.5)
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Figure 1.3: (A) Dependence of FRET efficiency on the donor-acceptor distance, (B) Donor-only fluorescence

(blue) and donor-acceptor conjugate fluorescence (red).

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.

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

_ Ker(r) (Eq.1.6)

Ker(M)+KraatKnon-rad) ’
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where Krg and Knonrag 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 Forster distance (Ro) using the relation of eq.1.5, as:

6
Rg
R§+76 "

E =

(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 Ry, the efficiency of energy
transfer quickly approaches to 1, contrarily the efficiency drops quickly when the distance increases above

Ro. For example, when the donor-acceptor distance is twice of the Ry, the efficiency is only 1.54%.

The efficiency of transfer is typically calculated from the relative donor fluorescence intensity of the
donor-acceptor conjugate (Fpa) and donor-only (Fp) using the equation 1.8. Fpand Fparespectively can
be calculated by integrating the donor fluorescence before and after adding the acceptor, as shown in the
Figure 1.3 (B)
_ Fpa
E=1-—/ (Eq.1.8)
Fp
A similar equation 1.9 can also be derived to calculate the efficiency that involves the lifetime of the donor

in the presence of the acceptor (tpa) and without the acceptor (o).

E=1- 122 (Eq.1.9)
Tp
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—_—
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Figure 1.4: (A) orientation between the donor (up) and acceptor (ua) dipoles, (B) donor-acceptor relative

dipole orientations and their corresponding k?* values.
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One of the key parameters in the dynamics of Forster resonance energy transfer is the orientation factor
(x?) which have been previously used in the equations but has not been widely elaborated. k? 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.>!
k? = (cosOr — 3cosOp cos6,)?, (Eq.1.10)

where, 8p and 84 respectively are the angles that the donor dipole (up) and acceptor dipole (ps) make
with the line adjoining them, and Oris 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 k? 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 k? can vary
from 0 to 4. The value of k? 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 k? 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 k% which in turns minimizes

the error for experiments to measure distance using FRET>.,

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(A)) between the emission spectra of the donor and the absorption
spectra of the acceptor.

3. The relative orientation (associated by k?) between the dipole moments of the donor and the

acceptor.
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1.2.3 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®2. 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’>2. Some examples of FRET being applied

for scientific studies are discussed below.

1.2.3.1 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®®, DNA bending in small and large angles®**>°¢, DNA-protein®/, RNA-
protein®®, protein-protein® 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-1) 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 a-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®%°,

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®. 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.

27



Chapter 1: Introduction to Microcavity based Biosensing

1.2.3.2 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®?.

Numerous studies have been performed where amino acids®!, carbohydrates®® and biomolecules®® 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®. These
studies help to understand the flexibility of different regions in the three-dimensional protein structures.

1.2.3.3 RET based sensors:

FRET has been applied extensively to develop sensors for detecting both small molecules and biological
macromolecules like proteins, peptides and DNA®>. 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®?.

A lot of research has been done on FRET based pH sensors®, assays to detect ions®” and small molecules®
and measure intracellular pH®® 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’®. 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’t. The FRET
sensor is capable of switching the fluorescence from green to red within the neutral to acidic pH range. In
another study’?, a FRET based chemosensor has been developed by using fluorescein as energy donor and

ring-opened rhodamine B as acceptor to selectively detect Hg?".

1.2.4 Perspectives of FRET Based Immunoassays:

1.2.4.1 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,

28



Chapter 1: Introduction to Microcavity based Biosensing

homogenous RET based immunoassays have proven to be simple, user friendly and reliable®**. 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 donor-
acceptor 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’?, 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’*,

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.
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Figure 1.5: A time-resolved FRET scheme for specific detection of morphine*’. (Image source:

doi.org/10.1021/ac048379I)

As an example, a TR-FRET based assay has been demonstrated by Pulli et al. for the sensitive detection of
morphine*? (see in Figure 1.5). 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 (-)- A9-tetrahydrocannabinol

(THC)” and mycotoxin from wheat extracts®.

1.2.4.2 Disadvantages:

Even though FRET based immunoassay has been adopted as a useful, simple and cost-effective bio-
detection 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™ power of r, donor-
acceptor 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®*. In case
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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 x 8.5 nm x 4.0 nm, with antigen binding sites separated by 13.7 nm)’® 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’’, energy transfer to metallic

78-80 81-83
’

nanoparticles’*™", or energy transfer between lanthanides and semiconductor quantum dots (QDs)

and using the resonances of optical microcavities which we will present in the following section.

1.3 QUANTUM DOTS (QDS): IN THE LIGHT OF BIO-SENSING
APPLICATION

1.3.1 Introduction:

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
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materials. Most widely sought QDs are often found to be derived from binary semiconductor materials

such as II-VI (e.g., CdSe and CdTe), llI-V (e.g., InP and GaAs) in colloidal nanocrystalline forms®®.

1.3.2 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
that these nanocrystals exhibited a substantial blueshift of their absorption compared to bulk CdS, which

supported the theory of quantum confinement of electrons and holes8%,

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 Forster resonance energy transfer
(FRET)®27, 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®8°, Later many reports of QD based bio-sensors were
designed to probe biological interactions, such as biotin-avidin®®, antibody-antigen®! and even to precisely
quantify the amount of proteins®? 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®*7

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%°  RNA! proteins'®%, antigens'®1% and even small molecules'®” 1%’
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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) %8
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1.3.3 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'®. 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

108 35 shown in

properties which allow us to precisely tune their bandgap, thus the color of their emission
Figure 1.6 (A). These properties are exhibited by QDs due to an effect called “quantum confinement”
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
guantum 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*%, 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 (ap)'!%!!!. The Bohr excitonic radius can be

calculated using the following equation 1.11.

m
ag = ayé&, (;) , (Eq. 1.11)

where ag is the Bohr exciton radius, ay is the hydrogen atom Bohr radius (~ 0.53 A), &; is the dielectric
constant of a semiconductor, m is the mass of a free electron, and u is the reduced mass of the exciton

defined as;

1 1 1
S=
Ho me My

(Eq. 1.12)

where m; and mj, 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 agand R > a., an,
where ay and a. 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!°. This energy shift (AE) for the excitonic ground state can be calculated by equation

1.131%2,

PN I W Eq. 1.13
= 2R2 \mp  mp) 2uR® (Eq. 1.13)

For moderate confinement regime, the radius of the particle is in the same range as ag. And the other
condition which should also be satisfied is an< R < ae, ag. This kind of confinement is evident in small QDs,

where the motion of a photo-excited hole is well-restricted?1%112,

110,111 ;

The strong confinement regime is achieved when the following conditions such as, R << ag and R <<

ae, ap 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 (Econfinement) 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 Ecouomp in equation 1.1412,

1.8 €2
Ecoutomp = — &R’ (Eq. 1.14)
r

where €, 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 1.15)2,

ETotal = EBandgap + EConfinement + ECoulomb

h’m? 1.8 ¢€?
= Epanagap +—2uR2 TeR (Eq. 1.15)

1.3.4 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,

For type | 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®,

thanks to the passivation of the core surface. The examples of type | QDs are CdSe/ZnS and InAs/CdSe.
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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 Il QD (Image source: doi.org/10.1007/s41061-016-0060-0)*%®

In case of type Il QDs, one of the charge carriers is confined at the core whereas the other carrier is
localized in the shell of the QDs. Here the exciton recombines at the interface of the two materials, which
results into a redshift of the photoluminescence. The lifetime of the exciton is also relatively longer due
to the smaller overlap of the electronic and hole wavefunctions. The examples of type Il QDs are

ZnTe/CdSe, CdTe/CdSe and CdS/ZnSe*3.

For quasi-type | 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 QDs0%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!'#!1>,

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
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elements 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 | bright and stable QDs%*.

1.3.5 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 °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!®.

1.3.5.1 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!!’. 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
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surpasses the critical nucleation threshold, nucleation starts to take place, reducing the degree of
supersaturation as shown in Figure 1.8. 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.

C. . limiting supersaturation
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T C nucleation

nucleation
: _______________________________
=
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= diffusion growth
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S Ostwald ripening
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Figure 1.8: LaMer model of nanocrystal growth*é,

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'?°,
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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*8.

1.3.5.2 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 non-
coordinating solvent can be a deciding factor to tune the balance between nucleation and growth, thus
allowing the fine control on the size and dispersity'?°. 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).
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Figure 1.9: (A) size-dependent absorption and emission spectra of CdSe QDs. (Image source:
doi.org/10.1021/ar9001069)*?%, (B) Various surface functionalization methods of QDs. (Image source:
doi.org/10.1366/12-06948)*?

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®.

1.3.6 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.
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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?%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®1%4,

Core-shell QDs have been proven to be very valuable for FRET applications for their extraordinary
photoluminescence quantum yield'*>'%¢, and unparalleled photo- and chemical-stability®>?” compared
to regular organic fluorophores. Another property that makes QDs a precious option is their spectral
tunability'®1%, QDs also have two perpendicular dipole emission, compared to just one in case of
molecular fluorophores®*. 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!*2. Many QD-
bioconjugates have been demonstrated that are stable in aqueous medium and with particular bio-

functionality®®. 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 200523, 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
together, resulting in the quenching of the donor fluorescence. Later when the sample is added, if TNT
molecules are present in the solution, they replace some fraction of the bound TNT analogue-quenchers

from the QDs, effectively recovering QD fluorescence. (See the scheme in Figure 1.10)
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Figure 1.10: QD-bioconjugate (donor) based FRET scheme for the detection of TNT.

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 Th-complex donor to a QD acceptor®®*,

Even though QD labeled bioconjugates have shown to possess several advantages in FRET based bio-
sensing 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 QD-
bioconjugates 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, |
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.
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1.4 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*>*. These
specific optical frequencies inherently depend on the geometry and the material properties of the micro-
structures, 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*®%,

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.

1.4.2 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?*®. Resonances
inside cavities are widely studied phenomena in the field of wave-physics in various different scenarios
such as for acoustic, optical and mechanical wave patterns. But in most of the cases, these resonances

have great dependence on material properties such as chemical composition or refractive indices and
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geometric parameters like size and shape, that is the reason why these kind of resonances are called

morphology-dependent resonances (MDRs) 32,

Whispering gallery mode (WGM) is one of the well-recognized MDRs that has been first explained by Lord
Rayleigh in case of acoustic waves. The term “whispering gallery” emerged from the gallery of whispers
in St. Paul’s Cathedral in the UK where the particular dimension of the structure supports the constructive
interferences of the propagating pressure waves guided around the concave wall**, In theory, the key for
acoustic WGMs lies in the geometry of the structure, the acoustic resonant modes are formed due to the
repeated reflections and in-phase interferences that, considering negligible absorption, scattering, and
material dispersion should continue forever. In real scenarios, without any external excitations, losses
through the surface via tunneling damps the intensity of the WGMs providing it a finite lifetime. Lower
losses arising due to the structural or material improvements increases the lifetime of the modes, which
leads to the physical understanding of the quality-factor (Q) that quantitatively signifies the ability of the
structure to retain the reflecting wave. In general, WGMs are a subcategory of MDRs with the special
properties such as high Q surface mode natures. Around the world, many other architectures supports
the favorable geometry for acoustic WGMs such as the Victoria Memorial in Kolkata, India that had been

greatly studied by the Nobel laureate C V Raman following the footprints of Lord Rayleigh°.

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'®*,

1.4.3 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
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for a particular application, here, | will discuss some general ideas regarding the commonly used micro

resonators.

20 um
—

30 um

Figure 1.11: Images of some of the common shaped resonators: (A) microtoroid**, (B) microdisk**?, (C)

micro cylinder'*®, (D) microsphere'**, (E) microbottle'*, and (F) microbubble*.

1.4.3.1 Insights into the shapes:

WGMs have been studied in various kinds of geometric structures, the simpler ones such as spherical'*,

disc'*? and ring resonators!*’ and also more complex ones like toroidal**!, tubular'*®, and microbubble
resonator!?®. 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!3%'*, 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
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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, or YAG laser'®®. Some of the common circular mode-supporting geometries that are often

used are shown the Figure 1.11.

1.4.3.2 Composing materials of WGM resonators:

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 (Zn0O)*, silica (Si02)**°, titanium
dioxide (TiO,)*!, silicon carbide (SiC)'*2, silicon nitride (SisN2)**3, magnesium fluoride (MgF,)*4,

sapphire’, and polymeric materials like poly (methyl methacrylate) (PMMA)®, polystyrene®®’,

)158 9

polydimethylsiloxane (PDMS)*®. Hybrid structures like metallo-dielectric resonators™® and coated

spheres were also investigated to improve the robustness and signal intensities!®,

1.4.3.3 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'®®. Many of the toroid or disc shaped cavity
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fabrication relies on sophisticated mechanical polishing techniques®. A conventional method is, at first
a small cylinder of a high refractive index material (such as CaF,) is loaded onto a rotor, and then a
diamond abrasive separates a WGM supporting region on the cylinder!*. Spherical micro resonators are
comparatively the easiest to prepare. Silica micro resonators are often prepared by melting the tip of a
glass fiber3>12_ 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®3. 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!®*. Polymeric spherical cavities can be prepared by physical methods, such as

165 166

emulsification®, coacervation!®® and spray drying®®’, or by chemical methods such as heterogeneous
polymerization!®, 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?6®

. Microfluidic techniques are
also used to prepare highly monodispersed spherical cavities already loaded with fluorescent dyes. Sol-
gel 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!®®. For example,
silica microspheres can be prepared via base catalyzed hydrolysis of tetraethylorthosilicate (TEOS)%1"2,
Fabrication technique like reflow smoothing greatly improves the quality of these spheres by minimizing
the surface roughness'®. Lithographic techniques are also often used to fabricate on-chip resonator

arrays with precise control over size parameters.

1.4.4 Understanding TIRs in spherical WGM cavity:

The total internal reflections and the consequential WGMs can be easily understood in a spherical
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resonator>>. 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 (A) << 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.), then the ray would be trapped inside by total internal

reflection. The relation can be expressed as:
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(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 = 2ma. 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®. It can be simply expressed as:

A
2ma =[x N (Eq. 1.17)

where A/N is the wavelength of the light in the medium and [ is an integer. The resonance condition
written in terms of size parameter (x) would be:
2na 1

X = TNN (Eq 118)

The number of wavelengths [ 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:
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2nN
p= hk= h><—/1 ) (Eq. 1.19)

when the incident ray hits the interface at a near-glancing angle, suchas i = %, then the angular

momentum (L) can be expressed as:

2mThN _
=

As an example, if we consider a polystyrene microsphere of 5 um radius and the trapped light inside has

L =ap=ax hl. (Eq. 1.20)

A =625 nm, then we can calculate [ = 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.

1.4.5 Coupling light into a resonator:

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

P(w):Poi,

(0-we)?+(22)"

(Eq. 1.21)

where P(w) signifies the power stored in the mode, wo = the resonant frequency, yo = full width at half

maxima (FWHM) and Py =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?’. 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, B. That can be written as;

P/(w) = Py — BP(w), (Eq. 1.22)
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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.

where P, 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!’?>'3, 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
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resonator’#'’5_ |t 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?’®.

1.4.6 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:

where [ is the rate of the transition between the excited state i and ground state j; Mj is the transition
matrix element determined by the wavefunctions associated with the electronic levels; p(vj) is the
density of states of the photons at the transition frequency often called the photonic mode density or
PMD'7. 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.’® 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 194058, The enhancement factor of the emission rate is called

Purcell factor (Fp) which is given by the following;

3 xixe, (Eq. 1.24)

Fp= 2 x2
P™ yn2" N "y

where, A 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.
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Figure 1.14: A typical emission spectrum of a polystyrene microcavity (radius = 4.95 um) coated with

CdSe/ZnS QDs, showing sharp resonance modes, and broad free space emission®’.

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)°. This is an easy and useful trick one can use to characterize the

position of the resonances.

1.4.7 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 Q-
factor, 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'®13818 Another field in
which WGM cavities have now been widely desired is in sensing of biological and chemical
analytes?”18218 The gpplications of these resonators make up a long list depending on their structures,
optical properties, and targeted applications, here | will just discuss them in brief, considering two major

perspectives: one for applications in opto-photonic elements, second one for sensing applications.

1.4.7.1 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
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simultaneously providing narrow bandwidth and wide-tunability***. WGM cavities are also used as optical

and photonic single-resonator filters for the generation of monochromatic EM waves!®*

. 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®. Coupled optical fiber resonators

186

are widely used as high-order optical filters***. WGM resonators with high Q-factors have also found

usages as stabilization filters in optoelectronic oscillators and feedback elements for external lasers'8-187,

Another important and widely recognized application of WGM resonators is continuous wave micro-
lasers. The high Q-factor significantly reduces the lasing threshold. Lasing have been widely demonstrated

188 \WWGM lasers based on cylindrical capillary resonators have been a

in liquid aerosols and microdroplets
huge interest of study in the last few decades due to their simplicity. Generally a dye-doped high (Nsolvent
> Ngiass) 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®. Low threshold lasing has also been
demonstrated in rare earth metal ion (e.g.; neodymium (Nd3*)'°, erbium (Er®*)!®! etc.) doped silica
microspheres. WGM based lasing has also been shown in semiconductor QDs (such as CdSe'%?, CdTe%,
InAs, GaAs!® 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.

Other applications of WGM resonators involve the fabrication of efficient and compact optical switches

and modulators, in oscillators and hyper-parametric wave mixing process'®®.

1.4.7.2 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).
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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?®®. This
principle is also adopted to build humidity, and gas sensors!®®. For example, a humidity sensor!¥’ 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!®®. Even though the detection principle is almost same for these applications, but careful surface

modification is required for the detection of specific analytes.

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
(dn/dT) or thermo-optical properties. Additionally thermal expansion/contraction properties
characterized by expansion coefficient (R dR/dT), also play a key role for the fabrication of temperature
sensor’®®, Polymers such as, polydimethylsiloxane (PDMS) are good choices as they have high thermo-
optic 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!3.

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
resonator. An experiment performed with a 960 um hollow PMMA spherical resonator showed that the
cavity resonances have a force sensitivity measured as, dA/dF = 7.664 nm/N, which suggests the

potential use of WGM cavities in building micro-optical force sensors%%2%,

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?®.,
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1.4.8 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'*®. 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.

1.4.8.1 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?’.

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)%. The laser, at first is tuned to match a WGM frequency of the micro-
cavity 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=Awem/AN, where Awsm and AA 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 AAsnir. This shift can be correlated to a particular analyte, and even allow
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to measure the number of analytes bound to the surface?®?. As these analytes act as scattering (or other
loss mechanism) sources, the rate of cavity relaxation also increases, thus effectively degrading the Q-

factor of the cavity which can be characterized by the broadening of the resonance mode.

Tapered fiber

~»

O

Tunable laser y) Photodetector

[ 4
Analyte

Microsphere on a pillar

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 A;
and A,, and their corresponding FWHMs are AA; and AA;,. The resonant shift is thus represented as AAshif,
and the peak broadening is characterized as dA. This resonance wavelength shift in case of a spherical

resonator can be derived from the first order perturbation theory?°*2%, and given as the following;

AL Moy O
= =, (Eq. 1.25)
Awem go(n§ —nga

Where aexis the excess polarizability of a single bio-analyte, ¢ is the analyte density on the resonator
surface, & is the free-space permittivity, ns and ne 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?”2%%;
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goa(ni —n2)F

, Eq. 1.26
2ex0 (Fa. 120

OLop =

Where, oLop represents the minimum analyte surface density, Q is the quality factor of the cavity and F
represents what fraction the wavelength shift (AAshixt) is compared to the linewidth (FWHM of the mode)

of the resonance.

Wavelength (nm) Wavelength (nm)

AMgpire= Ay-Dy O\ = A -AN,

Transmittance (a.u.)
Transmittance (a.u.)

AWG M

A\ A,

Figure 1.16: (A) Redshift (AAsnirr) and broadening (6M\) of a WGM transmission dip, where A1 and A2
respectively are WGM wavelengths before and after shifting, (B) mode-splitting spectra (Blue and red line

respectively before and after the splitting).

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%;

A1 R3 R
=p—""—exp (— ﬂ) , (Eq. 1.27)
Awem 5 5 L
Rz /‘lWGM

where, D is a factor related to the refractive indices of the resonator, its environment, and the NP, Ryp is

the radius of the NP, and L is the characteristic evanescent field length. The exponential factor is
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introduced 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;

A(z+a) exp(=(Z+a)l)
() exp(—a/l) exp(—Z/L) (Eq. 1.28)

This equation (1.28) relates the resonance shift for the NP located at distance Z from the cavity

surface®3®205 |t also allows to determine the potential that the NP faces due to the evanescent field.

(A) (B) (€) (D)
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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®, proteins'®%2%7, DNA® or antibodies?*?%°, Usage of bio-conjugation pairs such as

streptavidin-biotin complexes that has strong interaction affinity enhances the chances of specific
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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®®®.

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, | 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?, moreover a multiplexed DNA
detection scheme was also shown to discriminate a single nucleotide mismatch in an 11-mer
oligonucleotide?!!. The same group later also reported the detection of cylindrical E.Coli bacteria with the
sensitivity of ~ 102 bacteria/mm?, introducing a factor to correct for the shape of the bacteria?'?. 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? 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®®2, 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®®:.

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!®214, The
circular cross-section of the LCORR supports high quality WGMs that have been exploited to build a label-
free 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
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intercalating dyes were used to ensure WGM lasing only when complementary target DNA was present?®.
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*®.

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?!®, Ouyang et al. has fabricated an on-chip opto-
fluidic 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 ELISA?Y. 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)?*.

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 BSA2', Similar studies with QD

doped WGM sensors have also been reported to sense alcohol in water and bacterial spores in water!”®.

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 interactions'®. 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??°, 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?2L.

Another useful application where bar code type cellular tagging of individual cells for their real time
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tracking, intracellular sensing and adaptive imaging was demonstrated by incorporating fluorescent
resonator beads into the cellular cytoplasm via endocytosis??2?23, 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??*. 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??®

. 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?%°.

1.4.9 A broad perspective of WGM based sensing: Advantages and
drawbacks

To 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®. 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
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
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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.

1.5 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 non-
radiative energy transfer (Kerer) to the donor-acceptor distance (r) limits the size of the analyte that can
be efficiently detected to 1-10 nm.

1
KFRET X 7"_6 . (Eq 129)

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.
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I, o Is exp (- %) , (Eq. 1.30)

where I and I, 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
guenching of mode intensity and degradation of the Q-factor, in addition to the enhancement in

acceptor’s fluorescence.

(A) (B)

Donor fluorescence
Donor fluorescence

Acceptor fluorescence

.*\

(WGET Donor)
Polystyrene (PS)
micro-cavity
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Polystyrene (PS)
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* >= Capt tibodi /\/\ Capture DNA sequences
apture antibodies \/\/

. Antigen

\/\/\ Target DNA sequence

Figure 1.18: WGET sensing schemes: (A) antibody-based antigen detection, (B) capture probe-based DNA

detection.

Here, | 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, | 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
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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.

1.6 MOTIVATION AND OUTLINE OF THE THESIS:

In the previous section, | 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, | 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 | 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 | 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
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acceptors. 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, | 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.
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Chapter 2: Quantum Dot Loaded Optical Microcavities

2.1 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

27,174,227 229

chemo-sensing , low-threshold lasing?®, and to fabricate optical and photonic elements?®.
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. | will start the discussion with the brief procedure to
synthesize the quantum dots (QDs) followed by their structural and optical characterizations. | will also
analyze the advantages that QDs bring when used as optical donors. Then | 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.

68



Chapter 2: Quantum Dot Loaded Optical Microcavities

2.2 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?,
displays?3!, sensing®? and cell imaging®3, 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?**. Here, in this chapter, | will talk about the fabrication and characteristics of

polystyrene microcavities loaded/doped with semiconductor QDs.

2.2.1 Specifications of the QDs:

For the experiments performed in this thesis, type | 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 | 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.

2.2.2 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 (CdxZn1S). 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.
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2.2.2.1 Synthesis of core:

The synthesis of the core has been carried out under inert argon atmosphere using a Schlenk line system
(see Figure 2.1). A three neck round bottom flask has been used as the pot of reaction, where one inlet of
the flask is attached to a condenser and the Schlenk line, and the other two have respectively been used
to put a thermometer and add reactants, and a heating mantle is used as heat source. Two different
methods have been used. The first method used for the QD505 batch is called ‘hot injection method’
where one or more precursors are quickly injected into the reaction mixture once the reaction reaches a

certain temperature. This method has been developed by Alivisatos and Bawendi et al. for synthesizing
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Figure 2.1: Schlenk line setup for colloidal synthesis of QDs.

monodisperse CdS, CdSe and CdTe QDs?**2%, The second method, used for the QD525 batch, involves
mixing both cadmium and selenium precursors at room temperature and slowly heating the solution. Both
reactions involve the production of homogenous nuclei. After the nucleation has occurred, a homogenous
diffusion-controlled growth is observed, that leads to the ‘size focusing’ of the QDs, resulting into a narrow
and homogenous distribution of QDs?%’. The ligands present in the reaction mixture are responsible for

providing colloidal stability to the formed nanocrystals.

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
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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.

2.2.2.2 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-by-
layer injection sequence, or by dropwise injection of a mixture of zinc diethyldithiocarbamate and zinc

stearate.

2.2.3 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)%82%1 scanning electron

)242—245 )245—248

microscopy (SEM , atomic force microscopy (AFM and scanning tunneling microscopy
(STM)497252 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%3.

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?**. This technique also makes it possible to differentiate
between the core and the shell of a QD due to their different compositions and crystallinity?>®. TEMs use

high energy electrons as probes, have much better resolution compared to optical microscopes due to
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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.

Counts

\

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.

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

2.2.4 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.
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Figure 2.3: Absorption and emission spectra of (A) QD 505, (B) QD 525
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2.3 PREPARATION OF QDS-POLYSTYRENE MICROCAVITIES:

2.3.1 Process for loading QDs into microspheres:

A one step infusion technique is used to load the QDs into the polystyrene microspheres (average
diameter 10 um) to prepare the QD based microcavities. The microspheres are bought from Sigma-
Aldrich) as an aqueous suspension (concentration = 10% solid, density = 1.05 g/cm3, 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
at a concentration of 15 pM. 5 pL (~10° 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 pL of the QD solution (QD505,
QD525, respectively) were added, for a 0.375 uM final concentration (Table 2.1). 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 pL of water.

1. Chloroform-Butanol

PS mixture
Bead 2. QDs-Chloroform
_ Solution
10 um

Figure 2.4: Process to load QDs into microspheres
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QD sample Butanol: Chloroform Concentration of QDs

(Total volume =1 mL)

QD505 3:7 0.375 uM

QD525 2:1 0.375 uM

Table 2.1: The ratio of solvents and QD concentration used for loading the microspheres.

2.3.2 (Critical discussions regarding the loading process of the
microspheres:

Afew 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. Figure 2.5
(A) and (B) respectively show the confocal images of microspheres obtained from loading infusions with

butanol to chloroform ratio 9:1 and 1:9.

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® 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. 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
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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.

(A) (B)
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—— E—

(C) (D)
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(E)
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=

Figure 2.5: Confocal image of a microsphere prepared in the following conditions; (A) at 9:1 BuOH:CHCl3,
(B) at 1:9 BuOH:CHCI; (C) at lower than optimum QD concentration, (D) at higher than optimum QD

concentration, (E) low loading time, (F) at optimum condition.
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2.3.3 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.
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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 pL at 15 pM 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(A)) = molar extinction
coefficient (¢(A)) x concentration x optical path length) assuming that the molar extinction coefficient of
the QDs is approximately 1 pM™.cm™ at 350 nm (measured at the end of the synthesis) and the optical
path length = 1 cm. Then 500 pL of the QD solution (containing 0.545 nmol QDs) is centrifuged, then
redispersed in 20 uL CHCl; and added to the infusion of butanol and chloroform for the loading of the
(~10°) 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
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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° microspheres can be
approximated to be ~ 0.5 nmol. Each of the microspheres in average contain ~ 3x10® QDs. This
corresponds to a surface density of QDs in the microspheres ca. 1 QD/nm?. 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.
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2.4 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.

2.4.1 Instruments used to study the microcavities:

2.4.1.1 Confocal set up:

A confocal microscope 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.

_Q__ Sample plane (Piezoelectric control)

100x
NA1.45

———y mirror
I I
(I R
[

Tube lens  pinhole Switchable
mirror

Spectrophotometer

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

A white lamp with appropriate filter sets (exc: 425-60, dichroic: LP485, em: 505-40) helps to focus on the

microsphere using the binoculars (not shown in Figure 2.7). A LP485 (long pass 485 nm) dichroic was used

to eliminate the laser excitation from the fluorescence path. The fluorescence is focused with a tube lens

onto a pinhole to collect emission only from the confocal volume and block the emission coming from
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out-of-focus planes. The focal plane of the microscope objective lens was placed at the equator of a
microsphere so that the cross-sectional area can be observed. The fluorescence signal is detected by a
pair of single photon avalanche diodes (SPAD). Then the sample scanning enabled by the piezoelectrics
forms the image of the whole microsphere. The resolution limit of the image is ca. 0.5 um. A mirror is
placed on the detection path to guide the fluorescence to the SPAD. When the mirror is removed, the

fluorescence goes to the spectrophotometer that records the emission spectra of the microsphere.

2.4.1.2 Wide field set up:

Another wide-field microscope set-up (see Figure 2.8) equipped with a 100x NA 1.45 oil objective was also
used to record the fluorescence from the whole microsphere instead of just the focal volume. In this
microscope, a white lamp acts as the excitation source, and a filter cube (exc: 425-60, dichroic: LP485, em:
505-40) was used to excite the QDs and record the fluorescence from the whole microcavities. The
fluorescence was first focused by a tube lens then by another lens onto an objective (10x air, NA 0.3) and
sent to the spectrophotometer via a single mode optical fiber. A mirror is placed in the detection path to
divert the fluorescence to a charge-coupled device or CCD camera to get the image of the whole

microsphere.

—Q—— Sample plane

CCD
White lamp I @
A
oy
|
'* | Optical fiber
-

Tube lens Removable Objective
mirror

Spectrophotometer

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.
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2.4.2 Images and the emission spectra from the microscopes:

In 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 um, slightly larger than the spatial resolution of the instrument
(ca 0.5 um). 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.

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 QD-
microcavity. 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 lwem, and the envelope
intensity, on the other hand, is denoted as le.. 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).
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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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2.4.3 Does the spectrum change with the excitation and detection
volume?
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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.

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.
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2.4.4 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 uM) and inside microspheres (20

pL of QD-microsphere solution + 200 pL water).

—— QD525 in hexane
1000 4 —— QD525 inside microcavities

100 4
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)
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50 100 150 200 250 300

time (ns)

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

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.

2.5 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, | 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
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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.

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, 8, ¢) is given the Figure 2.12.

A

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?*® can be appointed to solve the vectorial
Helmoltz equation!®. The angular dependence of the solutions can be described by vectorial spherical

harmonics®’ defined as in equation set 2.1.
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ym _ pym 7
X=X s
_;m _ T ~ (Eqg. set 2.1)
Jia+D
Im = ymy

—_

To elaborately represent each WGM field, we use a set of three parameters which are respectively the

polarization, and the mode numbers (I and m). The polarization of the oscillation can be either transverse

electric (TE) or transverse magnetic (TM). The direction of the electric field E (magnetic field §,

respectively) polarization for TE (TM, respectively) modes is given in the Figure 2.13 (A) and (B). 8; and 6,

respectively represent the angles of incident and reflection of a EM ray with wave vector K on the
interface of two media with refractive indices n; and n,. The parameter [ signifies the angular mode
number that indicates the order of the spherical harmonic Y™ to describe the angular field distribution.

Y/™ is the eigenfunction of the square of orbital momentum operator, simply represented as
LY = r2l(L+ )Y (Eq. 2.2)

The index m represents the azimuthal mode number. The value of m is related to the eigenvalue of the
orbital angular momentum operator along Z axis operating on the spherical harmonic Y;"*, which can be

written as;
L, Y™ = amY™ (Eq. 2.3)

For a definite value of [, m can have 2[+1 values, ranging from +l to —L.

(A)TE (B) TM

Interface

1P

Figure 2.13: The directions of electric (ﬁ ) and magnetic (ﬁ) field vectors for (A) TE and (TM) mode at a

dielectric interface.
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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.

fi(r)
Epm (r) = Eo 7 - X7"(6,9)

Eo fi( r) (Eq. set 2.4)
BIE = 2 Dy1(6,9) + 1T+ DAL 216, 0))
0 0
™ [y — Eo A ym 1) om
Epn (r) = =3 (k(z)r Y6, 0) + I+ 1) prmd 6, 9)) (Eq. set 2.5)

iEg f1(r)
B = 2LE X6, 9)
Where, Ep and ko respectively represent the electric field and the wave vector at the interface. Moreover,
fi(r) = Y;(Nkor) for r < a (Eq. 2.6)
fi(r) = ay(kor) + By, (kor) forr > a (Eq. 2.7)

are solutions of Riccati-Bessel radial equation. ¥;(p) = p j;(p) and, x;(p) = p n;(p), where j, and n;

are spherical Bessel and Neumann functions, respectively32%,

2.5.1 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,

Y (Nkga) = ap,(koa) + Bx(koa) (Eq. 2.8)
Py (Nkoa) = apj(kea) + By (koa) (Eq. 2.9)

Where P = N for TE polarization and P = N'* for TM polarization!®>2%, To find the exact solutions to this
pair of equations, we need to find the values of the constants a and B, which eventually lead to complex

frequencies. A method developed by Lam et al.%°

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.
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2.5.2 Mode numbers of WGM:

The WGM resonance peaks can be represented using a set of three integers n, [ and m. To summarize, n
is associated with the radial function, [ 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.

(A)
wr
S~
=
>§
n=1
0.0 Microsphere t Air n=7
6 8 10 12 14
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4
Microsphere
2
— 0 —
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N2 N
-4
3 8 10 12 14
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Figure 2.14: (A) Effective potential energy diagrams and electric field intensity for respectively 7= 1 (bold
line) and 72 = 7 (light line) modes with /= 100, (B) Poynting’s vectors for TE mode (=1, /= 100) with (B)
[ /-m2|=0, (C) | /-m2]=3 [Calculation performed on a silica microsphere (radius = 5 um, N =1.45)] (Image
source: https://doi.org/10.1002/Ipor.200910016)**
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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 (I =
100) with radial mode numbers respectively n = 1 and n = 7 for a silica microsphere with size, a = 10 um
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'*®.

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 (I and m). Figure 2.14 (B) and (C) show the
Poynting’s vectors of a TE mode (n =1, [ = 100) occurring on the surface a silica microsphere with size (a)
=10 um 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

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 | =~ 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®>.
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.

2.5.3 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 [ value can be calculated for a spherical microcavity

using the equation 2.1013>%%% To a first approximation:

[

Al=1
Avy 7 = py— (Eg. 2.10)
The spacing between two adjacent TE and TM modes with same n and [ value:
TETM __ ¢ VN2-1
Av, N (Eqg. 2.11)
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2.5.4 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, t. 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.

0==2= ot (Eq. 2.12)
Where w stands for the central frequency, Aw signifies the linewidth of the resonant mode, A is the central
wavelength and AN 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'3>2%°, 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,

SR LI I LI (Eq. 2.13)

Q QRad Qmat Qscatt Qcont

And the total cavity relaxation rate (I'resonator) Can be expressed as the following:
Iresonator = ITraa + Imat + Iscate + Tcont - (Eq. 2.14)

The first term Qgaq is associated with the radiative losses which can be calculated using a semi-classical
WAKB approximation. Qradqis inversely proportional to the rate of radiative losses (I'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/A > 15, then Qgrag > 10'%, thus the radiative loss is negligible*®.

The absorption of light by the composing material of the cavity and bulk Rayleigh scattering contribute to
the term Qmat'*®. The rate of relaxation associated with it is denoted by I'mat. The value of Qmat can be

approximated as equation 2.15 where « is the attenuation coefficient,

 43x103 21N

Qmat = — 5 (Eq. 2.15)
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Qscatt 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 I'scatt. Qscatt Can be calculated by using a model derived as

the corollary of Rayleigh scattering by small particles?. Then the Qscai: can be expressed as:

A%a

Qscatt = m202p’ (Eq. 2.16)
where the o and b respectively are the RMS size and the correlation length of the inhomogeneities?®?.

Qcont is related to the losses (with rate = I'cont) by surface contaminants either introduced during the
fabrication process or via adsorption from the environment (e.g., atmospheric water or other

contaminants).1®

Q-factor of microspheres made of fused silica (size = 500-1000 um) have been reported to reach as high
as 108-10°at 633 nm?2, Spherical water micro-droplets (size = 15.3 um) loaded with Rhodamine 6G?% has
been also reported to have Q-factor ~ 108. Polystyrene microspheres in water has also been shown to

possess Q-factor 10%-10° at 770 nm?542%5,

2.6 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?”-2%¢, 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. | thank Dr. Jean-

Claude Weeber for his help with the measurements. Even though this high-resolution spectrophotometer
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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.
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Figure 2.15: (A) High resolution fluorescence spectra from QD525 loaded microcavity, (B) Lorentzian fit of

a high resolution WGM peak.

2.6.1 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 = A/AM, 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° in water?%.

Another relation that can be derived from the expression of Purcell effect, might be useful for qualitative
comparisons. Purcell factor (Fp) 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?®’. Thus, this enhancement of relaxation rate can be expressed as the following:
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rCavity = Irree + Ipree- Fp

= oty 4 _F, xQ, (Eq. 2.17)

IFree

where, Q, I'cavity and 'eree 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
r

; i . . .
W (Q) « # (1). Thus, a practical and useful relation can be written as:
Env

C
spectra, as
IFree

Q) o () ~1 o

= (Eq. 2.18)

where Q(A) is the quality factor of the microcavity at wavelength A, lwem and len, are respectively the
intensity of the WGM and the envelope at wavelength A. I is the total relaxation rate of the microcavity
which can be expressed as, I' = I'r+ I'n,, where I'y and I’ are respectively the radiative and non-radiative
decay rate of the cavity!’*. This relation can be useful to understand how the Q-factor of the QD-

microcavities depend on the loading QD concentration.

2.6.2 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 uM to 2.22 uM and the corresponding ratio (averaged on a
set of 8-10 beads) of WGM peak intensity, lwem, to envelope emission intensity, le., were plotted as a
function of the wavelength. It is observed that the lwem/len Stayed within a close range (~5-6) when the
concentration was varied between 0.0003 uM to 0.3 uM 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 uM and 0.3
UM are given in the Figure 2.17 (A) and (B). Above the concentration of 0.3 uM (for the concentrations;
1.15 uM and 2.22 uM), 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 Figure 2.17(C). This translates as
broader peaks and lower lwem/lenv. Below the concentration of 0.0003 uM, the microspheres are loaded
inhomogeneously with QDs and the signal from the microspheres becomes quite low under our

experimental conditions.

93



Fluorescence intensity (a.u.)

Chapter 2: Quantum Dot Loaded Optical Microcavities

+ 0.0003 uM
(A) (B) - 0.0015 .M
3000- « 0.0600 uM
8 + 01500 uM
2500, ——0.0003 uM ~ 0.3000 uM
_ggggg }Li’: - « 11500 M
—2. uM . - 2.2200 uM a4
2000+ 64%E, St s
2| BRI g ey,
1500+ LR HER R
=
0 4
1000+ = -
5004 o T A A g,
495 510 525 540 555 500 510 520 530 540 550

Wavelength (nm)

Wavelength (nm)

|WGM”env at 525 nm

—

05 10 156 20 25
Concentration of QD (uM)

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.

Moreover, the Iwem/len ratio does not change much with the emission wavelength (A) for a particular

loading concentration which suggests that the Q-factor of the microcavity stays almost constant

throughout the range of emission wavelength. For the measurements presented in this work, | have

always remained in a concentration range where the lwewm/len Was optimal. For an optimum range of QD

concentrations in the loading infusion, the values of lwem/lenv stayed within a close range which implies

that the QD concentration within this range has very little influence on the Q-factor of the microcavities.

(A)

(B)

Average Lifetime [ns]

0t

Figure 2.17: Confocal images (A, B) of microspheres within the loading concentration range of 0.15 uM

and 0.3 uM. (B) Confocal image of a microsphere at higher range of concentration (1.15 uM); the red

circles indicate some of the QD clusters.
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2.7 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.?*®
can be used where the wavelengths of WGMs of a microsphere of radius R can be expressed

asymptotically as a function of the angular mode number (I) , radial mode number (n), using the

dimensionless parameter x = 2ma/A:

1/3 3 2
v _ _Np 2 -1/3 N3p(2p?/3-1)a;
Xin ~V+a (2) 7 1 0.3q (4v) t e (Eq. 2.19)
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Figure 2.18: (A) A typical fluorescence spectrum from a QD525 loaded microcavity, (B) theoretical WGM

peak positions vs. peak positions from spectrum (A).

wherev = [+ b N = ns/ne, where N is the relative refractive index, nsand n. are the refractive indices of

the microsphere and the environment solution. p = 1 for TE and p = 1/N? for TM modes, and a; is the i*"
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
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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 um 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 um range of the
distribution of the microspheres. The fitted microsphere refractive indices are all above the refractive
index of polystyrene (nes = 1.59-1.6)%%%, which can be attributed to the contribution of the QDs to the

effective refractive index of the microsphere outer layer.

2.8 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:

2.8.1 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.

2.8.2 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? 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)).
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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.*°,
and Li et al.?”’° (B) Fluorescence intensity of microspheres loaded with QD505 and QD525 under continuous
illumination at 450 nm, 5 W/cm? 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).

2.8.3 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).
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2.9 DISCUSSION: CONTROLLING THE WGM MODE INTENSITY:

2.9.1 Leaking of WGMs:

The observation from the emission spectroscopy performed on the confocal microscope suggested
possible WGM energy loss due to the direct contact of the microcavity and the glass coverslip as shown
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 lwem/lenv. TO minimize the mode leaking, a layer of
agarose gel (thickness 100-300 um) 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 (n = 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 lwem/lenv 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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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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2.9.2 Elimination of the WGMs by changing solvent:

As whispering gallery resonances are results of total internal reflections of light at the cavity interface of
two different refractive indices, it might be possible to completely eliminate them by matching the cavity
refractive index to its surrounding. For this experiment, the surrounding solvent of the QD-microcavity
has been changed from water (n = 1.33) to dimethyl sulfoxide (DMSO) (n = 1.48) to get closer to the
refractive index of the polystyrene microspheres (n = 1.59). This resulted into the disappearance of almost

all the WGMs and only persistent presence of the envelope emission as seen in Figure 2.21 (B).
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Figure 2.21: Fluorescence spectra of a QD-microcavity in (A) water and, (B) DMSO
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2.10 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.
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3.1 INTRODUCTION:

In the past few years, whispering gallery mode (WGM) microcavities have emerged as a potential
candidate for many applications, such as, bio-sensing?’, low threshold lasing?’?, sensing of thermal and

212273 and elements for optics and photonics?’4. The physics behind the characteristics

mechanical changes
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. Forster resonance
energy transfer or FRET is widely celebrated as one of the cornerstones for fluorescence-based bio-
sensing, but these methods come with their own disadvantages inherited to FRET itself. Here, we will side-
by-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

275177 In these

present inside the same cavity at both small (<A/10) or large (>A/10) separation
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.
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3.2 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 = A/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'’’.
Whereas, for short separations (typically d S 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.'’®

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?’®, The enhancement of the spontaneous emission
of a fluorophore in a photonic environment, characterized by Purcell factor (Fr) 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?’%277,
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dipole Acceptor
SN T dipole

Figure 3.1: A donor-acceptor (D-A) pair near a dielectric interface with two media having permittivity of €1
and &, (€1 # €2). r, zp and za respectively are the donor-acceptor separation, and their corresponding

distances from the interface.

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.

2wh|pp|? =
FD,Rad = W [nD.Im{G(l‘D, l‘D;a)D)}. nD] , (Eq.3.1)

where wp is the radial frequency, g is the permittivity of free space, cis the speed of light, # is the reduced
Planck’s constant, {5(r, T; w)} is the classical dyadic Green function related to the electric field dipole,
and pp = ppnp 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;

_ 1-‘D,Rad

Fp , (Eq.3.2)

~To
1—‘D,Rad
where, Fg,Rad represents the donor radiative emission rate in free space. Quantum yield (Qp) 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 Fp. Thus, the overall enhancement of the spontaneous emission

enhancement can be given as;

104



Chapter 3: Energy Transfer

Ip

o= (1-Qp) +QpFp. (Eq. 3.3)
D

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;

2
Ter = o | do Wp(@)Pap(@)oa(@) (Eq.34)

where g, (w) and g4 (w) represent the single-photon emission and absorption spectra of the donor and
acceptor, Vgg 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. Vgr can also be written as the following;

2

) =
Vg (1, Tp; 0) = _muA-G(rA'rD;wD)- Hp - (Eq.3.5)
0

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 Fer.

Fer (Eq.3.6)

e
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.
l—‘DA = FPrg,Rad + FETFLQT + l—‘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?’.

Whether the rate of FRET will be enhanced or suppressed or remain unchanged in the presence of a
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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 (Fgs) for FRET efficiency in photonic environment can

be given as;

Fopp = — — Fgr
EIf = Ey ~ FgrEo + [(1 = Qp) + QpFpl(1 — Ey)

(Eq.3.8)

Where E and Ep 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 Fer< Fpif 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 um in diameter?’”®. 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®** 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.!”” 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.
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In a recent study, Kushida et al. fabricated m-conjugated polymeric microspheres of energy-donating and
energy-accepting polymers and their blends. First, they reported energy transfer from donor to acceptor
species within the same microsphere doped with both donor and acceptor chromophores. Then they
prepared microspheres doped with only donor, blend of donor and acceptor, and only acceptor and
coupled them respectively side-by-side; long range propagation of WGMs (> 10 um) occurs through the
contact points of the microspheres converting the color of photoluminescence while maintaining WGM

characteristics as shown in Figure 3.2.27°

CiHys o

Energy-Donating Polymer Energy-Accepting Polymer

| Blend l

Donor sphere l Acceptor sphere =8

Figure 3.2: Whispering gallery mode mediated energy transfer between microspheres made of -

conjugated energy donor and acceptor polymers?’®,

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.
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3.3 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?°. 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.’*> Thus we expect that the distance range upon

which energy transfer may occur with WGM microcavities will be much larger than that of FRET.

lambda = 516.59 nm
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Figure 3.3: Intensity distribution of a TE and TM whispering gallery mode along the radial axis of a 10 um

sized microcavity. The vertical dashed line represents the cavity interface.
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3.4 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 (1 and m) can be calculated using the relation 3.9. Figure 3.3
depicts, in a situation similar to our experimental conditions, how the electric and magnetic field of a
polystyrene microcavity of 10 um size (mode numbers n=1, 1=88) decay as a function of the radial position.
Following the model presented in the previous chapter (Section 2.5, Equation set 2.4 and 2.5) both the
electric and magnetic field reach the highest intensities at the position slightly below the cavity interface
and extend further out from the surface but up to only a few hundreds of nanometers. How far the modes
can travel is limited by several factors, such as the size, and relative refractive index of the microcavity
and also the wavelength of the radiation?®®. The intensity profile outside the microsphere then can be
fitted with a monoexponential decay (e'/r* where r* is the characteristic decay length) to extract the

penetration depth of the mode.

— 2
IE™ () o |ELE™ ()] (Eq.3.9)

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 um to 8 um, while considering modes with a wavelength within the
510-515 nm range. The mode number changed between 1=70 to 1=145 depending on the radius of the

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

the WGM wavelength for a 10 um 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 um and the mode number is

varied from1=70to1=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.
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3.5 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
QD:s 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.

(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 Figure 3.5)'%,. In the following section, the acceptor moieties that have

been used for the experiments performed in this thesis will be introduced.

Light-harvesting effect

target molecules 3
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Figure 3.5: Interfacial cavity energy transfer (WGET) in a liquid crystal micro-dropleteé,
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3.6 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 3x10° Mlcm™ 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.
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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):

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).2®! This results in
a per particle absorbance of about 3.7x10® M-cm™. 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

281,282,283

very high loadings, which was determined here to be 36 + 5%, resulting in a per particle brightness

of 1.3x108 Mt-cm™.

3.7 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 QD-
microcavities 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 mode-
mediated 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 QD-
loaded beads (10°) were incubated for 2 h in 500 uL aqueous solution of PEl (10 pg/mL) at room
temperature. The sulfonate (SO*) groups on the surface of the microspheres help the positively charged

PEI to be adsorbed.
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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 pL).

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 pL to 100 pL at 0.04 g/L for each 100 uL suspension (containing ca. 2x10° 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.
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Figure 3.7: (A) Electrostatic assembly of dyeNPs on QD-microcavities, (B) Typical fluorescence spectra from

the confocal volume at the equator of a dyeNP + QD-microcavity donor-acceptor system.

3.8 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
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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.

3.9 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,

e Direct excitation by the lamp or laser.
e Energy transfer from the QDs to the acceptors.

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

3.9.1 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 pL (containing ~ 2x10° microspheres) of PEl coated QD505-microsphere
suspension were incubated with 50 puL of 0.04 g/L dyeNP solution for 2h. After the assembly, the
microspheres were purified and redispersed in 150 pL 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.

115



Chapter 3: Energy Transfer

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

amount of adsorbed dyeNPs.

3.9.2 Experiment 2: Comparing the direct excitation and sensitized
dyeNP emission in the absence or presence of QDs, at the single
microsphere level, using fluorescence microscopy

Another experiment was performed to verify that the dyeNP emission mainly originate from energy
transfer and not direct excitation. We prepared three different sets of microspheres, labeled only with
QDs, only with dyeNPs, and with both QDs and dyeNPs. Figure 3.10 shows fluorescence microscopy
images of these microspheres acquired with filter setting chosen to selectively excite and detect QDs
(donor channel, left column), excite and detect dyeNPs (acceptor direct excitation channel, middle
column), or excite QDs and detect emission from dyeNPs (energy transfer channel, right column). The

wavelength ranges of these filters are the following:
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Filter cubes Excitation (nm) Dichroic (nm) Emission (nm)
QD direct: QD->QD 425-60 485 505-40
Dyedirect: dyeNP—->dyeNP 560-55 595 645-75
Energy transfer: QD—->dyeNP 435-40/25 565 LP590
Table 3.1: List of filter sets with the wavelength cut offs.
QD direct: I— ]
Dye direct: D
Energy transfer [ B—
- Abs QD 505
1.0 - - ——Ems QD 505
o ] ' ‘e —Ems QD 525
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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)
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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

Filter cube » Qb -> QD dyeNP = dyeNP QD - dyeNP

Sample

L 2

QD-only

dyeNP-only

QD + dyeNP

Figure 3.10: Fluorescence microscopy images of microspheres loaded with QD only (top row), adsorbed
dyeNP only (middle row) and both QD and dyeNP (bottom row). The images in the first column (1,4,7) were
acquired by exciting and detecting the QD fluorescence, whereas images in the 2" column (2,5,8) were
acquired by exciting and detecting the dyeNP fluorescence and images in the 3™ 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 um.
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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.

3.9.3 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,

e Through the evanescent field of propagating WGMs.

e 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.
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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.
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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 (n = 1.33) of the QDs-microcavity + dyeNPs then was removed and replaced
with the same volume of DMSO (n = 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.

3.10 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 |, 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 ns 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 um 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 WGM:s.
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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 um.

3.11 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, I'er, 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.
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3.11.1 Mode volume (Vmode):

The energy stored in a mode can be calculated as a product of mode volume (Vmode) 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. Vmode Can be

expressed as in Eq. 3.10.

Vimode = fff]]@(g(r) ||E(T‘)||2 ||B(T')|| ) dr, (Eq. 3.10)

2 (T)

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, i and € are the magnetic permeability and electric permittivity
respectively and || || denotes the Euclidian norm, in €3. The normalization factor (M) is the maximum

energy density of the mode.

M = max E(T)llE( )||

relR3

e )||B(r)|| ). (Eq. 3.11)

For a non-magnetic dielectric sphere (where @ = o), 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)
[ “2NEOI dr = [ffya 7= 1B dr (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 Enax indicates the maximum value of the Euclidean norm of the

electric field.

2
Vimode = gz Wlia € IE@I|” dr . (Eq. 3.13)
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Figure 3.13: A schematic of a microsphere showing the polar coordinates (r,8,¢) of a point on the surface.

In spherical coordinates, the mode volume for the WGMs can be calculated by integrating the intensity

I(1,8,¢) over the volume of the microsphere (See Figure 3.13).
Vinode = %fffl(r, 0, ) r*sinf d@ de dr . (Eq. 3.14)

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, 6, ¢ is separable in these variables, so that:

Vinoage = [Jf 1(r, 8, 9) r?sinf d6 de dr

2m

= fool(r)dr fnl(e)sinﬁ do f de
0 0 0

= lragiat X languiar X 27, (Eq. 3.15)

where, Iradial and Langular respectively stand for the integrals of radial and angular components of the mode

intensity.
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3.11.2 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, 80 is the angular width of the mode at the surface,
thus the width of the strip is R68, 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 2mR. So, the surface area of the strip is 2mR x R66. Assuming
that the acceptors are homogenously distributed on the surface of the microsphere with surface density

psand at a distance z from the surface, then the numbers of dyeNPs present within this area is ps x 2R x

R&6.

So, the rate of energy transfer, I'er, from the WGM at wavelength A to an acceptor located at a distance z

from the surface of the microsphere can be estimated as:

pPsXEOX2TTR? % 1(z)

Tgr(A) = 04(1) X ni N (Eq. 3.16)

Vimode Imax

where oa(A) is the acceptor absorption cross section, c is the speed of light. The third factor of the right-
side term in Eq. 3.16 therefore represents the effective concentration of acceptor species in interaction
with the mode. 1(z)/Inax is the ratio of the WGM intensity at a distance z from the surface of the
microsphere to the mode maximum. The factor, Imax X Vmode actually represents the total energy density

of the WGM as per the definition.

P Jf\

RS0
‘ A

Figure 3.14: The strip on the surface of the microsphere has the width of R86, and the length of 2nR, where
the angular width is 6. The yellow shaded curve shows the approximate intensity profile of the WGM in

radial direction (See section 3.3).
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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.
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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. lwem(\) and leny(M\) 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).
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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 Iwem() as the intensity of a WGM
peak (blue points in Figure 3.15 (A) and (C)) at wavelength A and Igw(A) 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.
Q1) ’Iwﬂ -1 (Eg. 3.17)
Env

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,
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(A) 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, Iy, 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, T'er(A) can thus be estimated from Q(1), as:

1 1

Tpr(A) < 555~ Goomm

(Eqg. 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.
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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).

3.11.3 Energy transfer efficiency:

The energy transfer efficiency can be expressed as a function of I'er, the energy transfer rate from Eq. 3.16

and I'y, the rate of WGM relaxation due to all other scattering or absorption processes:

Ter

=T (Eq. 3.19)

EET

Here, for easy understanding, the variations of the energy transfer efficiency with the wavelength, Egr(A)

can be estimated also from Q(A), since the quality factor is inversely proportional to the loss rates of the

cavity:

A
Egr(A) =1— %O) ) (Eq. 3.20)

where Qpis 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 (I'er) (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 I'gr.
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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).

3.11.4 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.

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.
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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.

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(A) varies with the dyeNP acceptor

concentration, ps, as expected from Eq. 3.16 and 3.19, which can be rewritten as:

_ Ps
EQ) = P (Eq. 3.21)

where po(A) is a constant corresponding to the concentration of acceptors needed to reach E(A) = 50%

at this specific wavelength.

pocan also be expressed as a function of the system characteristics;

_ 1 ns Vmode Imax
po(1) = Ty X _ e XX e X ) (Eg. 3.22)

where, for ps=po, ['er= o (from Eq. 3.19 and 3.21), and

2 2

Qo is the quality factor of the cavity without any acceptor.
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3.11.5 Variation in absolute Q due to WGET:

In the previous sections, | 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.
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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.
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3.12 COMPARISON BETWEEN FRET AND WGET IN REGARD OF

BIOSENSING APPLICATIONS:

WGMs

micro-cavity

5nm
1pm
FRET WGET
Single QD, 1 acceptor/QD Collective energy transfer
Donor surface 47mxR, 2= 400 nm?2 860 X 2mR2,,~ 4x107 nm?
(Rc,, = 5um; 66~0.27)
Acceptor density 1/400 nm-2 1/400 nm*2
#acceptors/donor 1 =~ 10°

Figure 3.20/Scheme 1: Comparison between FRET and WGET

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.

As an illustration, | 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 F