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RESUME

Au cours de la derniére décennie, les microcavités a mode de gallerie ont fait le sujet de
plusieurs études ou elles sont utilisées comme biosenseurs sans marquage. Leur capacité a
confiner la lumiere pendant un certain temps leur confere des facteurs de qualité élevés, donc

une tres bonne sensibilité face aux molécules qui s’attachent a leur surface.

Ce projet de doctorat s’intéresse aux microdisques optiques pour la détection de bactéries,
plus spécifiquement la bactérie Staphylococcus aureus (S. aureus). A notre connaissance,
c’est la premiere fois que des bactéries sont détectées spécifiquement avec des microdisques
optiques. Afin d’obtenir un biosenseur fiable et efficace, il est important qu’il présente une
grande sélectivité face aux bactéries d’intérét. Pour réaliser cette bonne sélectivité, la surface
des microcavités doit étre proprement fonctionnalisée. La fonctionnalisation consiste a choisir
les anticorps qui sont spécifiques aux antigeénes qui seront détectés. Dans ce cas, le choix des
bactériophages spécifiques a la détection de la bactérie S. aureus a été fait apres plusieurs
séries d’expériences avec différents bactériophages. Puisque les étapes de préparation et de
purification des bactériophages peuvent étre longues et compliquées, l'isolation de protéines
spécifiques des bactériophages s’est avérée plus appropriée. Le procédé de fonctionnalisation
utilisé dans ce projet a été développé en collaboration avec le groupe de la professeure Jay
L. Nadeau du département de génie biomédical a McGill. Des phages protéines LysK vont
attacher les bactéries S. aureus lors des expriences de détection en temps réel. Plusieurs
expériences ont été réalisées en utilisant la bactérie E. coli afin de démontrer la spécificité du
procédé de fonctionnalisation utilisé. Comme prévu, la LysK était spécifique a la S. aureus

et n’a pas attaché de bactéries E. coli.

L’attachement des bactéries sur la surface du résonateur est observé grace au déplacement
des pics de résonance vers les plus longues longueurs d’onde, un mécanisme connu sous le
nom de principe réactif de détection (reactive sensing principle). Ce déplacement permet
d’en apprendre davantage sur le lien qui se forme entre les protéines et les bactéries. Pour
une concentration de bactéries 5.10° cfu/ml, un déplacement de 0.22 nm a été observé. En
diminuant cette concentration, le déplacement lui aussi décroit, car moins de bactéries s’at-
tachent aux sites sensibles du microdisque. Une formulation théorique de ce principe, utilisant
I’expression approximative du champ électrique dans un microdisque, a également été déve-
loppée pour la premiere fois dans cette these afin de relier le déplacement de résonance avec
le nombre de bactéries qui s’attachent a la surface ainsi que la cinétique de la liaison entre les

bactéries et les protéines. Les résultats ont permis de déduire que 'attachement de bactéries
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commence des que ces dernieres sont injectées sur la surface du disque fonctionnalisé. Il faut
autour de 15 minutes pour attacher un nombre maximal de bactéries. Un nombre d’environ
46 bactéries est requis afin de générer un déplacement de longueur d’onde de 0.22 nm. Apres
ce temps, le pic de résonance commence a retourner a son état initial, car la protéine agit

sur la bactérie et la détruit avec le temps.

Un avantage a utiliser les microdisques optiques comme biosenseurs est leur simplicité de
fabrication. Etant fabriqués par les techniques de photolithographie, il est possible de les
intégrer en grand nombre sur des puces afin de produire des biosenseurs portables capable
de diagnostiquer des maladies et d’analyser des échantillons environmentaux, tels ’eau ou
la nourriture. Les avancements dans le domaine de 1'optique et la microfluidique permettent
aussi d’'intégrer des éléments comme les guides d’onde ou les canaux fluidiques sur la méme

puce afin d’obtenir un biosenseur complet et robuste prét a étre commercialisé.
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ABSTRACT

Researchers showed a lot of interest in studying whispering gallery microcavities as a tool for
biosensing in the last decade. Optical microcavities are structures that confine light at the
microscale due to total internal reflection of light at the interface between the cavity and its
surrounding medium. If a molecule binds to the surface of the microcavity, light can interact

with it several times, making optical microcavities very sensitive tools for label-free sensing.

During this Ph.D. project, optical microdisks are used to detect the presence of Staphylococ-
cus aureus (S. aureus) bacteria. To our knowledge, this is the first time optical microdisks
are used to specifically detect bacteria. In order to have a reliable and efficient biosensor, it
needs to be highly specific. Specificity is achieved by choosing an appropriate functionaliza-
tion process. The functionalization process uses the antibody that is specific to the antigen
of interest. In this case, the choice of a specific bacteriophage to bind S. aureus bacteria is
crucial to obtain a specific sensor, and many experiences were done in order to identify the
most appropriate. However, the purification of bacteriophages can be long and complex. An
alternative to working with whole bacteriophages is the use of purified protein phages that
can be easier to prepare. The functionalization process used in this thesis was developed in
collaboration with professor Jay L. Nadeau’s group from the biomedical engineering depart-
ment at McGill university. LysK protein phage is added to the microdisk and will attach
S. aureus bacteria during the real-time detection experiments. In order to demonstrate the
specificity of the functionalization process, LysK was used with E. coli bacteria. As predicted,

since LysK is only specific to S. aureus strains, it did not attach any E. coli.

The binding of bacteria to the microdisk surface is observed through the reactive sensing
mechanism. When bacteria bind to the surface of the resonator, it increases the optical
path length and changes the refractive index, which leads to a shift of the resonance peaks
towards longer wavelengths. This shift can give practical information about the kinetics of
the binding between the bacteria and the protein. For a concentration of 5.10° cfu/ml, a shift
of 0.22 nm was observed. When the concentration was decreased, the value of the shift also
decreased, meaning less bacteria bind to the surface of the resonator. Using the approximate
expression of the electric field inside a microdisk, a theoretical formulation of the wavelength
shift was developed for the first time. It helped give an approximation of the number of
bacteria that attach to the surface. For the 0.22 nm shift, around 46 bacteria bound to the
sensitive area of the microdisk and contributed to the shift. It takes about 15 minutes to

attach a maximum number of bacteria. After that time, the shift starts to decrease and go
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back to its original position. LysK has a high lysing efficiency over S. aureus strains, most

of the bacteria bound to the surface will be dead after 30 minutes.

Since optical microdisks are fabricated using standard lithographic techniques, they can easily
be integrated at large scale into lab-on-chips to make portable biosensors to be used for point-
of-care testing. The advancements in the optics and microfluidics fields allow the integration
of several elements like the waveguides and microfluidic channels. This will lead the way
towards robust fully integrated optical biosensors that can be used for disease diagnostics
and analysis of environmental samples like water and food in order to detect the presence of

bacteria in a very short time.
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CHAPTER 1 INTRODUCTION

Pathogenic bacteria and virus particles present in food supplies, air conditioning and contami-
nated water can cause serious infections and are responsible of a high percentage of mortality
around the world (around 32% of all deaths in 2012 according to WHO). In addition, the
potential bioterrorism threat is increasing around the world. For these reasons, it becomes
crucial to possess tools that can quickly, reliably and accurately detect the presence of these
biomolecules in solution and in the atmosphere. The need for fast diagnostics and clinical
testing, and the advances in the health care field lead to the development of biological sensors

that can be highly efficient devices for those purposes.

Several biosensing techniques have been used over the years, ranging from label-based sensors
like enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR), to
label-free biosensors based on electrical, mechanical and optical transducers. One biosensor
that has been studied intensively in the last decade and has been found to be a highly
sensitive, very selective when properly functionalized, low-cost and easily fabricated sensor is
based on whispering gallery mode (WGM) microcavities, also known as optical microcavities.
Their name comes from the similitude between the propagation mode of the electromagnetic
wave inside the microcavity and the propagation of the acoustic wave along the long conduit
of the St-Paul’s Cathedral in London, as explained by Lord Rayleigh in 1912.

Optical microcavities are structures that can efficiently confine light at the microscale due
to total internal reflection of light at the interface between the cavity and its surrounding
medium. They have a wide range of applications in telecommunications as filters and lasers,
optomechanics and sensing. They come in a variety of shapes and sizes with different charac-
teristics and Q-factors, such as spheres, disks, toroids or rings. They are made of a dielectric
material, such as silica, and have high quality (Q) factors due to low intrinsic material loss
of silica in visible and near-IR. This characteristic makes WGM cavities good candidates
for biosensors. High-(Q means that the photons have a longer cavity lifetime, and can thus

interact many times with the target molecules.

The first main objective of this project is to obtain a specific and selective WGM biosensor for
the detection of Staphylococcus aureus bacteria. The first step towards achieving a specific
biosensor is surface functionalization. A highly specific and sensitive biosensor will allow to
eliminate the risk of false positives in complex environments and will give accurate and reliable
results. An appropriate functionalization using protein phage will help detect specifically the

S. aureus bacteria.



Once a proper functionalization is achieved, fast, real-time detection of S. aureus bacteria
becomes thus possible. This step accounts for the second main objective of the thesis. The
experiments are done using an optical characterization setup and results of the bacterial
binding to the surface of the microdisk are observed as a shift of the resonance frequency of

the cavity.

The third objective of this thesis is to quantify the number or concentration of bacteria that
bind to the surface of the microresonator and contribute to the spectral shift. The attachment
of bacteria to the surface of the microdisk is observed via the reactive sensing principle.
This binding will increase the optical path length, leading to the shift of the resonance
frequency towards longer wavelengths. Knowledge of the microdisk’s modes will help find a
theoretical expression of the spectral shift induced by the bacterial binding to the resonator.
It is also important to observe the kinetics of the binding between LysK protein phage and

Staphylococcus bacteria.

Details of the functionalization process, results of the real-time detection and the theoretical

formulation of the spectral shift are given in details in the subsequent chapters.

Chapter 2 gives an overview of the numerous biosensing techniques that have been developed
and used so far. At first, a description of the label-based biosensing techniques such as ELISA
and PCR is given, followed by the main label-free sensing techniques used, including WGM
microcavities. The main applications of these techniques along with their advantages and

limitations are also described.

Chapter 3 details the theory of WGM microcavities. The principle of light confinement inside
the microcavity, light coupling using a tapered optical fiber, as well as the characteristics of
the WGM cavities are explained. The second part of the chapter gives an overview of the
different sensing mechanisms used to detect the binding of biomolecules to the surface of the

cavity.

Microfabrication of optical microdisks is detailed in chapter 4, along with the suface functio-
nalization process developed to detect S. aureus bacteria specifically and the optical charac-

terization setup used to carry out the experiments.

In chapter 5, a synthesis of the work and the experimental results are stated, starting by
demonstrating the specificity of the functionalization process, then describing the results of
real-time binding of bacteria to the surface of a microdisk. The second part of the chapter is

dedicated to a theoretical development of the reactive shift for a microdisk.

Finally, a general discussion about the difficulties faced during the project, including the

environmental and experimental parameters that could influence the real-time detection of



bacteria are explained in chapter 6. The conclusion summarizes the work done during this
Ph.D. and gives some recommendations in order to use biosensors based on optical microdisks

as on-site lab-on-chips for point-of-care tests.

In this thesis, a specific and selective biosensor based on optical microdisks is developed.
Specificity of the biosensor is ensured by a proper functionalization process. LysK protein
phage is used to specifically bind Staphylococcus aureus bacteria. To our knowledge, this
is the first time this functionalization process is used on an optical biosensor to detect the
presence of bacteria in real-time. The limit of detection achieved with this technique for a
microdisk with a Q factor of 10* is 5 pg/ml. This is also the first time optical microdisks are

used for specific bacterial sensing.

A theoretical expression of the spectral shift is developed. It allows to find the approximate
number of bacteria that bind to the surface of the microresonator and contribute to the
reactive shift. It also allows to obtain the optimal parameters in order to achieve single-

bacterium detection using whispering gallery optical microdisks.



CHAPTER 2 STATE OF THE ART

Virus particles and pathogenic bacteria are major causes of diseases and mortality around
the world. They can be present in contaminated water, air conditioning and food supplies
and cause serious infections. The overuse of antibiotics has given rise to antibiotic-resistant
strains of bacteria, such as multi-drug resistant Gram-negative bacteria. According to the
world health organisation (WHO), highly resistant bacteria such as Methicillin-Resistant
Staphylococcus Aureus (MRSA), which is a common cause of severe infections, are responsible
of high percentage of hospital-acquired infections, and people with MRSA are 64% more
likely to die than those who have a non-resistant form of the infection. It becomes thus very
important to use accurate detection techniques to achieve early detection of these viruses and
pathogens in order to prevent the spread of disease and find appropriate treatments to these
illnesses. In this chapter, a brief description of the methods used to detect the presence of
infectious diseases caused by bacteria or viruses is given, starting with label-based biosensors,
followed by a comparison of label-free biosensing techniques that are used, including sensors

based on whispering gallery microcavities.

But first, it is important to appropriately define a biological sensor, or a biosensor. A biosensor
is an analytical device designed to detect the presence of biological elements and convert the
response into a signal that can be easily read and quantified. A biosensor is typically composed
of two main elements : a biological recognition element that is able to interact specifically with
a target, and a transducer that will convert the recognition event into an easily measured
signal (Fig. 2.1) (Hurk and Evoy, 2015). This element needs to be highly specific and to
have a high affinity with the measurand, their interaction needs to be stable and detectable
by the transducer and their specificity should not be altered by their immobilization on the
surface of the transducer (Hunt and Armani, 2010). A wide variety of bio-recognition elements
have been used since the first biosensor was described in 1962 by Clark and Lyons, where
they immobilized glucose oxidase on an amperiometric oxygen electrode in order to measure
the concentration of glucose in the sample (Clark and Lyons, 1962). These bio-elements can
range from tissues to enzymes, DNA, cells and antibodies. Classification of the biosensors rely
mostly on their transducing elements, and can be classified as electrochemical, mechanical,

piezoelectric, thermal and optical sensors (Koyun et al., 2012).

In order to obtain an accurate and reliable biosensor, some very important features need to
be present. The sensor must be highly specific to the analyte of interest, meaning that the

bio-recognition element must specifically detect the presence of only a certain biomolecule.
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Figure 2.1 Schematic of the elements composing a biosensor

It also needs to be stable under normal storage conditions and produce accurate, precise
and reproducible responses. If the biosensor is intended for point-of-care use, it needs to be
biocompatible and not have any toxic products. Some added values to a successful biosensor

are its low cost, small size, portability and being user-friendly.

2.1 Label-based biosensors

The first biosensors used required labeling of the target molecule in order to detect its pre-
sence. In this section, three different label-based techniques are presented. One of the first
methods used was Enzyme-Linked Immunosorbent Assay (ELISA). It was developed in the
early 1970s by (Engvall and Perlmann, 1971) and (Van Weemen and Schuurs, 1971), inde-
pendently. It has been used to detect the presence of bacteria such as E. coli and salmonella
(Basta et al., 1989; Janyapoon et al., 2000) and other viruses and antibodies (Lee et al., 2013;
Suzuki et al., 2003).

ELISA is a plate-based assay technique that uses antibodies and color change to detect the
presence of either antigens such as peptides, proteins and hormones or antibodies in a sample.

It also allows to measure the concentration of an analyte in solution (Leng et al., 2008).

ELISA is performed in a 96-well plate. Each plate is coated with an antigen that will bind
to an enzyme-labeled antibody to be measured. Finally, a substance containing the enzyme’s
substrate is added to the wells, which yields a visible color change indicating the presence
of antigens. Once the enzyme reaction is completed, the optical density (OD) of each well is
measured in order to determine the concentration of antigens present. The change in color is
proportional to the amount of primary antibodies that bound to the antigens. Non-specific
binding events are eliminated by washing the plate between each step. Fig. 2.2 shows the

steps to detect the presence of an antigen using ELISA.

There exist three main types of ELISA (Gan and Patel, 2013) : direct ELISA where the
antigen is detected by an antibody that is directly conjugated to an enzyme, indirect ELISA



where the antigen is detected in two stages; first, an unlabeled primary antibody specific to
the antigen is immobilized, which in turn is bound to an enzyme-labeled secondary antibody.
The third type is sandwich ELISA where the analyte to be measured is bound between two
primary antibodies, the capture and detection antibodies. This last technique is the most

robust and sensitive of all three.

ELISA is a highly specific, very sensitive technique to be used in complex samples such as
blood. However, the need to label the antibodies can be time consuming (~ 4 hours) and
expensive, and the labeling could adversely affect the immunoreactivity of the antibody.
Table 2.1 summarizes the advantages and limitations of each of the three ELISA techniques

described above.

Primary
k" antibody

—_—

A/KCJA ) Eff
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Figure 2.2 Enzyme-linked Immunosorbent Assay (ELISA) protocol : a) Antigens coated onto
the ELISA plate - b) Sample containing primary antibodies is added - ¢) Non-antigen binding
antibodies are washed off the plate - d) Secondary antibody-conjugated with an enzyme is
added - e) Excess secondary antibody is washed off the plate - f) Substrate for the enzyme
(Chromogen) is added - g) Enzyme reacts with the substrate producing color. Intensity of the
color correlates with the level of antigen (Image is reproduced from Gan and Patel (2013)).

Another label-based technique that is widely used is Polymerase Chain Reaction (PCR). PCR
was developed by Kary Mullis in 1983 (Saiki et al., 1985). It has since been used in numerous

studies to diagnose diseases and identify the presence of different strains of bacteria, viruses

and DNA (Senda et al., 1996; Wang et al., 1996; Garcia et al., 2001; Cai et al., 2014).

PCR is used in molecular biology to amplify a single copy of a particular DNA sequence and

generate billions of copies in few hours (~ 2 to 4 hours) (Olerup and Zetterquist, 1992). The



Table 2.1 Advantages and limitations of the ELISA techniques

Advantages

Limitations

Direct ELISA

- Quick, few steps

- Less prone to error

- Time consuming (can take up to 4
hours) and expensive

- Labeling affects adversely the im-
munoreactivity of primary antibody
- Minimal signal amplification

Indirect ELISA

- Wide variety of secondary antibody
is commercially available

- The presence of two labeled pri-
mary antibodies increases its sensi-
tivity

- Immunoreactivity of the primary
antibody is not altered because it is
not labeled

- Cost-saving since it requires fewer
labeled antibodies

- The presence of a secondary anti-
body may create a cross-reactivity
with the primary, leading to non-
specific signal

- Extra incubation step is required
- A known antigen or antibody must

be generated in order to detect a gi-
ven antibody or antigen

Sandwich ELISA

- The use of two antibodies increases
its specificity

- Antigen does not require prior pu-
rification, making it suitable to use
in complex environments

- Not all antibodies can be used, so
no flexibility in the choice of primary
antibody

- Microwells must be read quickly
since the reaction between the en-
zyme and the substrate is quick

- Expensive

technique is achieved through three thermal cycles. The first step is the denaturation of the
DNA that will separate into two pieces of single strand DNA called primers. The original
DNA is called the template. This step is done at a temperature between 94 and 98 °C for
20-30 sec. The next step is the annealing and occurs at temperatures varying between 50 and
60 °C for 20-40 sec. The two primers are used in this step and they will bind to the beginning
of the sequence that will be copied, generating two separate strands of DNA. The last step is
the extension, where the temperature is increased to about 72 °C. Nucleotides in solution are
added to the annealed primers by the DNA polymerase to create a new strand of DNA. DNA
polymerase is a complex of proteins that naturally occurs and its function is to copy a cell’s
DNA before it divides it in two. By the end of the process, two identical copies of the original
DNA will be made. This cycle is repeated between 30 to 40 times, generating billions of copies
of the original DNA segment (Garibyan and Avashia, 2013). A schematic of the polymerase
chain reaction process is shown in Fig. 2.3. PCR is a very sensitive technique that can allow

early diagnosis of diseases, and specific detection of infections caused by bacteria or viruses.



However, the use of DNA polymerase makes it prone to error and can lead to mutations in
the generated fragment. Non-specific binding of the primers to other similar sequences on
the template DNA can alter the specificity of the technique. And since it is label-based, a
prior sequence information is necessary in order to design the primers. The advantages and

limitations of the technique are summarized in Table 2.2.

__Target
sequence

Cycle 1

Denaturation @ 5

Annealing @ |

Extension ©

Figure 2.3 Polymerase chain reaction (PCR) process (Garibyan and Avashia, 2013)

Many label-based biosensors use fluorescent tags such as dyes to label either the bio-recognition
element or the target molecule. The presence of the target molecule and the interaction bet-
ween the molecule and the bio-recognition element are demonstrated by the intensity of the
fluorescence (Fan et al., 2008). These techniques can be highly sensitive, with detection limits
down to a single molecule (Moerner, 2007), and the dual confirmation of the presence of the
analyte reduces the number of false-positive responses (Mehrabani et al., 2014). Nonethe-

less, the labeling process can be laborious and time-consuming, making the resulting sensor



Table 2.2 Advantages and limitations of PCR technique

Advantages

Limitations

- It is a very sensitive technique that allows
early and specific diagnosis of infectious di-
seases

- It makes billions of copies of DNA strands
which allows detection and identification ba-
sed on size

- Modified versions of PRC, called Real-
time PCR, allow quantitative measurements
of gene expression

- It takes between 1 to 4 hours to amplify a
specific segment of DNA

- A prior knowledge of the sequence is ne-
cessary in order to generate the primers for
PCR

- Non-specific bindings of the primers to the
template DNA may alter the specificity of
the PCR product

- DNA polymerase is prone to errors which
can cause mutations in the fragment genera-
ted

complicated to use and pricey, not to mention that labels could interfere with the function
of the antibodies or proteins (Pires et al., 2014). Results need to be analyzed fast since the
fluorescent dyes tend to photobleach, meaning they become permanently unable to fluoresce

when exposed to light.

2.2 Label-free biosensors

Since label-based biosensors have many flaws, it becomes crucial to find new techniques that
don’t require any labeling. In addition to being label-free, these new techniques need to be
sensitive and specific to the target molecule and be able to achieve fast response real-time
detection in aqueous environments since most of the biological and clinical samples are water-
based (Wu and Vollmer, 2014). Numerous label-free detection techniques have been employed
so far. They can be mainly divided into three categories : electrical, mechanical and optical
methods. In what follows, a brief description of the electrical and mechanical biosensors is
given, followed by a more detailed explanation of the optical biosensors, more specifically
whispering gallery mode resonators. A brief summary of the different techniques is given in
Table 2.3.
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Table 2.3 Label-free biosensors and detection modalities

Devices / Detec-

Detection technique . .
tion mechanisms

Detection response Example of detections References

Changes in electrical signal such
Electrical Nanowires as current, resistance, voltage or Single virus
conductance
Changes of inherent biomolecular . (Ishikawa et al.,

Protein

charge 2009)
Mechanical resonant frequency
due to mass change or bending of
cantilever due to stress/strain de-

(Patolsky et al.,
2006)

Field-effect transistors

(Fritz et al.,
Single cell 2000; Burg
et al., 2007)

Mechanical Cantilevers

flection
(Kuo et al,
face plas ‘eso- - . . 2003; Yao et al.,
Optical Surface plasmon reso Shift in plasmon resonance Proteins, DNA, bacteria 003,’ a0 et al,
nance 2006; Taylor

et al., 2005)
(Vollmer et al.,

Shift in resonance wavelength Single virus, proteins 2008; Arnold
et al., 2010)

Optical — microcavity
resonator

2.2.1 Electrical biosensors

Electrical biosensors are one of the most widely used label-free biosensing techniques. When
a chemical or a biomolecule binds to the surface of an electrical biosensor, it interacts with
its electrodes or probes, creating a change in the output electric signal and the response is
observed as a variation in one or more of the following characteristics : potential, current,
resistance or impedance (Pires et al., 2014; Hurk and Evoy, 2015). Since electrical sensors
are fabricated using standard lithographic techniques, they can be easily integrated into lab-
on-chips platforms (Hunt and Armani, 2010). Several applications have been reported in
the literature using electrical platforms or biosensing. One study reported the use of nano-
wires based on field-effect transistors (FET) to detect the nucleocapsid protein, a specific
biomarker for the severe acute respiratory syndrome (SARS) (Ishikawa et al., 2009). Another
study used antibodies immobilized on the sensor’s surface to bind E. coli bacteria (Radke
and Alocilja, 2005). Despite electrical-based biosensors being highly sensitive, cost effective,
easy to integrate into microfluidic chips, providing good precision and consuming low power
(Sassa et al., 2008; Pires et al., 2011), the fact that they are highly influenced by variations
of temperature, pH and ionic concentrations limit their shelf life, and hence, limit their use

in point-of-care in complex environments (Pires et al., 2014).

2.2.2 Mechanical biosensors

Mechanical biosensors have been studied for decades for biosensing applications. The most

common type of these sensors is based on cantilevers, which are typically made of sili-
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con/silicon dioxide (Gupta et al., 2004), silicon nitride (Berger et al., 1997) or polymers
(Nordstrom et al., 2008). Microcantilevers have been widely used to detect different types
of analytes, such as DNA and bacteria (Huber et al., 2006; Weeks et al., 2003). They have
been demonstrated to measure single-cell binding events (Burg et al., 2007), and to detect
ultra-low concentrations of prostate specific antigen, which is a biomarker for prostate cancer
in complex media (Wu et al., 2001a). The detection mechanism of a cantilever can be divided
into two operating modes. The first one is a static deflection. When biomolecules bind on one
side of the cantilever, they cause an imbalance to the surface stress, and hence, a deflection of
the cantilever. This deflection is the detection response measured due to biomolecule binding

to the sensor (Fritz et al., 2000). Eq. 2.1 shows the relation that governs this response.

Ah=30 (1-v)/Ex (L/d)? (2.1)

where ¢ is the change in the surface stress, v the Poisson ratio, £ Young’s modulus of the

cantilever, L its length and d its thickness.

The second detection mechanism is a dynamic one. When biomolecules bind to the surface
of the cantilever, they cause a change in its mass. The resonant frequency will thus shift

consequently. This dependence is shown in Eq. 2.2 (Datar et al., 2009).

1 k
f= 2 7\ m* + aAm (2:2)

where k is the spring constant of the cantilever, m* the effective mass, a the numerical
constant that describes where the biomolecule binds on the surface, and Am is the change

in mass due to bound molecules.

Similar to electrical sensors, mechanical sensors are also fabricated using surface microma-
chining and MEMS lithographic techniques, which allow easy integration to lab-on-chips and
microfluidic systems. However, their sensitivity is limited by the mechanical losses that are
due to the viscous damping, thus limiting their use in liquid samples (Pires et al., 2014). The
detection time can also be relatively long, around 30 minutes, making mechanical sensors not
suited for real-time detection (Ferrari, 2005). A summary of both electrical and mechanical

biosensors is given in Table 2.4 describing the advantages and drawbacks of each technique.

The limitations in both electrical and mechanical biosensing techniques drew the researchers
toward the use of optical devices such as Surface Plasmon Resonance (SPR) and optical
microcavities for biodetection applications. The next section presents an overview of the

prior art of label-free detection with optical devices.
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Table 2.4 Summary of the electrical and mechanical biodetection techniques

Biodetection tech-

. Advantages Drawbacks References
nique
-Rapid, real-time detection -Short shelf life
. o -Control of ionic concentra- (Wongkaew
Electrical -Low-cost fabrication tions before detection et al., 2013)
-Widely employed point-of-
care
-Detection needs ~ 30 min
Mechanical -Monolithic sensor integra- -Damping effects in liquid (Ferrari, 2005)

tion samples

-Complex fabrication

2.2.3 Optical biosensors
Surface Plasmon Resonance

Surface plasmon resonance was first demonstrated for biosensing by Liedberg et al. (1983).
It has been since extensively studied and became a powerful tool for label-free detection of
several biomolecules, such as cells (Krupin et al., 2013), proteins (Kuo et al., 2003), DNA
(Yao et al., 2006) and bacteria (Taylor et al., 2005).

The most convenient SPR method that yields the best sensing detection limit (DL) is based
on prism coupling, as shown in Fig. 2.4 . The incident light is totally reflected on the interface
between the prism and the metal (gold) and an evanescent field excites a propagating surface
plasmon at the surface of the gold layer. The propagation constant of the evanescent field
matches that of the surface plasmon at resonant wavelength, the photon will then be coupled

inside the surface plasmon, as described in Eq. 2.3.

2
% n, sinf = B, (2.3)
where A is the incident wavelength, n, the prism refractive index, 6 the incidence angle and

Bsp the surface plasmon propagation constant.

Biosensors using SPR are highly sensitive to multiple analytes and can provide fast responses
and detection limits ranging from picomolar to nanomolar (Tombelli et al., 2005; Chinowsky
et al., 2007). However, they are bulky and the instrumentation used for SPR measurements
is complex, making it very hard and expensive to integrate them into a lab-on-chip with mi-

crofluidics for point-of-care use. In addition, SPR sensors require the use of gold surfaces or
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Figure 2.4 Schematic of a prism-coupled SPR biosensor (Cooper, 2002)

nanoparticles, and they are strongly influenced by the temperature, making the fabrication
of portable, point-of-care devices near impossible. The advancements in optoelectronics, inte-
grated optics and microfluidics techniques are leading the way towards integrated platforms,
such as fiber, waveguide-SPR or SPR on silicon. However, these improvements are decrea-
sing the sensitivity of the biosensor (Hoa et al., 2007). Since it is difficult to have a robust,
low-cost sensor with integrated microfluidics, the use of SPR sensors will still be limited to

the laboratory.

A new family of biosensors has emerged in the last decade that possesses all of the desired
capabilities, from being label-free, cost-effective, highly sensitive, to the possibility of being
integrated on lab-on-chips and used in complex environments; whispering gallery optical

microcavities.

Whispering Gallery Mode Microcavities

Whispering gallery microcavities (WGM) gained a strong popularity in the past decade as
new techniques for label-free biosensing applications. WGM are structures that can efficiently
confine light at the microscale due to total internal reflection of light at the interface between
the microcavity and its surrounding medium. The long photon lifetime inside the microcavity
yields to high quality factors, thus increasing the sensitivity of the biosensor since the light
can interact several times with the binding molecule. A detailed explanation of this process

along with the theory of WGMs are given in Chapter 3.
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WGM microcavities come in different geometries : spheres, toroids, rings, disks and cylinders,
just to name a few, and can be fabricated using different materials, such as silica (Bergeron
et al., 2009), silicon (Borselli et al., 2005) and polymers (Chao and Guo, 2003). Different bio-
logical molecules have been detected using these geometries, including proteins, viruses and
DNA. An overview of some of these geometries along with some biodetection demonstrations

are given in Table 2.5.

Table 2.5 Overview of WGM cavity geometries and their biodetection demonstration

Geometry Material Q-.factor Q-factor Biodetection examples 1\/.[1.11t1p1ex1ng POSSI™ R eferences
(air) (water) bility
(Gorodetsky
. e 9 6 T . - et al, 1996;
Microsphere Silica >10 >10 Single virus, protein, DNA  Difficult Vollmer et al.,
2002, 2008)
Microtoroid Silica <108 <108 SlnglAc molecule in buffer Difficult (Armani et al.,
and in serum, fluorophore 2007)
(Chao and Guo,
Microring Silicon, SiN, po- ~10% - 10° ~ 10% - 10° Bacteria, glucose Demonstrated 2002, Rama-
lymers chandran et al.,
2008)
Straightforward
T . e 104 - 106 104 - 106 N . . once waveguides are (Boyd and Heeb-
Microdisk Silica 10% - 10 10% - 10 Virus, protein, DNA integrated (Demons- ner, 2001)
trated)
Microspheres

Silica microspheres, shown in Fig. 2.5, were the first microcavity structures used in biosensing
(Vollmer et al., 2002). They are easily fabricated by melting the tip of an optical fiber using
a CO, laser beam and have very high Q-factors in air (~ 10) and in water (~ 10°%). Mi-
crospheres were demonstrated to detect the presence of a single virus (Vollmer et al., 2008),
protein (Vollmer et al., 2002), and DNA with detection limits of few pg/mm? (Vollmer et al.,
2003). Despite being highly sensitive and easy to fabricate, microspheres remain very diffi-

cult to integrate with microfluidics or for multiplexed sensing because of their bulky structure.

Microtoroids

Microtoroids are made of silica and are fabricated using lithographic techniques (Fig. 2.6).
Photolithography is used to transfer the patterns of microdisks onto a silica wafer. Hydro-
fluoric acid is then used to etch the silica to form the disks. Silicon pedestals are formed using
a xenon difluoride (XeF5) plasma etch. The last step is the reflow of the disks to form toroids
using a CO; laser. Microtoroids have high Q-factors (~ 10%) and are able to achieve a single

molecule detection. Because the reflow process cannot be controlled, the dimensions of the
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Figure 2.5 Silica optical microsphere (Vollmer et al., 2002)

microtoroids can vary of several micrometers, making the integration with microfluidics quite
difficult. A monolithically integrated silica microtoroid with a bent waveguide have been de-
monstrated (Zhang and Armani, 2013). The resulting microtoroid has a 70 um diameter and
a Q-factor of 3.2x10% at 1550 nm. However, the fabrication process is quite laborious and is

complicated to integrate with microfluidics.

Figure 2.6 Scanning electron micrograph of an optical microtoroid (Zhang et al., 2010)

Microrings

Microring biosensors, shown in Fig. 2.7, are the only WGM sensors to be commercialized.
They are fabricated on-chip using photolithographic techniques, and can be made of silicon,
silica and organic polymers. They are ideal for integration into portable electronic devices

and for multiplexed detection. Commercial silicon microrings have been used to detect the
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presence of a cancer biomarker antigen in an undiluted serum (Washburn et al., 2009). Ho-
wever, they have relatively low Q-factors (~ 10%), which makes them less sensitive than other
optical resonators, limiting their ability to detect ultra low concentrations of analytes or a

single molecule binding.

Figure 2.7 Scanning electron micrograph of a silicon microring (Li et al., 2008)

Microdisks

Optical microdisks are fabricated the same way as microtoroids but without the reflow step at
the end, as can be seen in Fig. 2.8. Their quality factors can range between 10* to 10%. They
can easily be integrated once the waveguides are integrated (Grutter et al., 2012), and used
for multiplexed sensing. Optical microdisks have been demonstrated to detect the presence

of virus particles, proteins and DNA (Boyd and Heebner, 2001) .

2.3 Conclusion

Several biosensing techniques have been developed over the years to diagnose illnesses and
detect the presence of infectious diseases caused by viruses and bacteria. Biosensors requiring
labeling of the target analyte were the first to be studied and used. However, they can be very
expensive, time-consuming, and the labeling process can interfere with the immunoreactivity
of the antibodies. Label-free biosensors were then developed to overcome these problems.
They can be divided into three main categories : electrochemical, mechanical and optical.
Despite being very sensitive and widely employed in point-of-care, the limitations of both
electrochemical and mechanical techniques lead the researchers to turn towards a new family

of biosensors, optical biosensors, and more specifically whispering gallery microcavities. WGM
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Figure 2.8 Scanning electron micrograph of an optical microdisk

resonators have been studied for the last decade and have many applications as biosensors.
Each geometry of microcavities has its advantages and limitations for use as a biosensor.
One geometry that can be a good compromise is optical microdisks. Optical microdisks have
relatively high Q-factors, are easy to fabricate, to integrate with microfluidics and to use for

multiplexed sensing. All of these characteristics make them ideal for biosensing applications.

In this thesis, detection of bacteria will be performed for the first time on the surface of optical
microdisks that will be properly functionalized to obtain a specific binding. The binding event
will be observed as a shift in the resonance wavelength of the disk, also known as the reactive

sensing mechanism, described in more details in the following chapter.
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CHAPTER 3 THEORY OF WHISPERING GALLERY MICROCAVITIES

In this chapter, the theory of whispering gallery microcavities is explained. First, an overview
of the phenomena of light confinement and propagation of the electromagnetic waves inside
the cavity is presented. This is followed by the main characteristics of the optical microreso-
nators. The second part of this chapter focuses on the different biosensing mechanisms that

govern the use of WGM microcavities as biosensors.

3.1 Theory of WGM

3.1.1 Light confinement and eigenmodes

Whispering gallery mode microcavities are structures that can efficiently confine light at the
microscale. They are named after Lord Rayleigh’s explanation of the "whispering gallery" of
St. Paul’s Cathedral in London, where acoustic waves are reflected along the curved walls of
the gallery, making it possible to hear a word whispered at the front end of the gallery at its
far end (Vahala, 2004). In a similar way, the optical wave is confined inside the microcavity
due to total internal reflection of light at the interface between the microcavity and its

surrounding medium.

The refraction of light at the interface between two media is pictured in Fig. 3.1 as described

by the Snell-Descartes law, also called the refraction law, presented in Eq. 3.1.

ny sin 0; = ny sin 6, (3.1)

Total internal reflection occurs when the angle of incidence (6;) of light is larger than a critical
angle (6.) that is measured with respect to the normal to the surface. The critical angle is

found according to Eq. 3.2, with n; > nao,

sin 0. = 2 (3.2)

ny

Considering a microcavity made of silica and surrounded by air, the critical angle would be
equal to 43.6°. The total internal reflection of light inside an optical microdisk is shown in
Fig. 3.2.

In the following, a description of the eigenmodes of a microcavity as well as the methods

to calculate them are presented, starting by finding the spatial distribution of the electric
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Figure 3.1 Refraction and reflection of light at the interface between the optical microcavity
and its surrounding medium

Figure 3.2 Total internal reflection of light inside a microdisk

and magnetic fields confined inside the cavity. Detailed explanations of the microresonators
theory can be found in the following references : Vahala (2004), Heebner et al. (2008), Bures
(2009) and Bergeron (2010). Although the microdisk is a three dimensional structure, the
wave equation is solved in two dimensions (2D) using the effective refractive index (nysyf)
approximation. In this case, the 2D problem is appropriate to apply on thin disks, and it

gives a good qualitative understanding of the nature of the modes.

The electric and magnetic fields inside a resonator each have three components, each of these
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components being the projection of the field on a coordinates system’s axis. There exists two
eigen-states of polarization where the magnetic (or electric) field is perpendicular to the inci-
dence yz and are called Transverse Magnetic wave [TM] where H, = H, = 0 (or Transverse
Electric wave [TE] where E, = E, = 0) (Bures, 2009). Since both of these modes can be
resolved similarly from the Maxwell’s equations, the following will detail the calculation of

the electric field E,(r, ¢, z). The other components can be easily found accordingly.

Figure 3.3 Schematic of a silica microdisk and the coordinates system used to find the modes
and the electric field inside the cavity

In cylindrical coordinates (Fig. 3.3), the electric and magnetic fields of a monochromatic sta-

tionary wave, assuming non-dispersive non-absorptive medium, can be expressed as follows :

E(r,t) = E(r, ¢) exp(—iwt) (3.3)

H(r,t) = H(r, ¢) exp(—iwt) (3.4)

V/\E:—;JJO%—I;I and  V.(¢n’E) =0

VAH=n*22  and  V.(gH) =0

(3.5)

with E being the electric field, H the magnetic field, ¢y the vacuum permittivity, po the

vacuum permeability and n the medium refractive index.

By deriving Eq. (3.3) and (3.4) according to Maxwell’s equations (Eq. 3.5), they can be
rewritten as a scalar equation, known as Helmholtz wave equation with two variables, as
described in Eq. 3.6 :

10 [ OFE.(r,¢) 1 0?E.(r,¢) 9 9 9

- r—— E-[1 — E.(r,9) =k“E,(r, 3.6
Lo (OB ) s OO e ) =BG (56)

where £ is the wave number or propagation constant (rad m™').
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The circular symmetry will facilitate the resolution of the problem, and the electric field can
hence be written as a product of a radial and azimuthal functions, i.e. E,(r,¢) = R(r)®(¢).

Using the variable separation to resolve this equation, Eq. 3.6 can be rewritten as :

O?R(r) 10R(r) 5 5 M2
or? +; or + kn_ﬁ R(r)=0 (3.7)
0P
where m is the constant resulting from variable separation, and k?n? = $3? is the mode

propagation constant.

Resolution of the Eq. 3.8 is straight forward, and the azimuthal function can be expressed
as a complex exponential equation, as demonstrated in Eq. 3.9, where A and B are the

integration constants.

D, () = A exp(im¢) + B exp(—imo) (3.9)

The radial equation (Eq. 3.7) can be reduced to the well-known Bessel equation. It can thus
be written as a linear combination of Bessel functions of order m. Due to the boundary
conditions, the radial equation can be written as a linear combination of a first-kind Bessel
function of order m (J,,,(nesskr)) inside of the cavity (r<p), and a first-kind Hankel function
of order m (H,,(kr)) outside of the cavity (r>p), as shown in Eq. 3.10 and Eq. 3.11, with

A,, and S, their integration constants respectively and p being the radius of the cavity.

R (1) = Apdm(nesrkr) (3.10)
R (1) = Sy Hop(kr) (3.11)

The general equations of the electric field for the TM mode have been established, the next
step is to determine an exact solution to these equations. The integration constants will be
calculated using the continuity of the electric field and its derivative at the interface between

the cavity and its surrounding medium (air), as can be shown in Eq. 3.12 and Eq. 3.13.

Ame(neffkp) = SmHm(kp) (3'12>
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dJm(neffk'r’)

B dH,,(kr)
dr ol

Am m
dr

(3.13)

p P

For a given value of m, it will be possible to determine the constants A,, and S,, and the
eigenvalues of the wavenumber & = w/c. Each of these eigenvalues will correspond to a
certain radial mode number [. Each mode will thus be defined by two mode numbers, the
radial mode number [ (= 0, 1, 2, ...) and the azimuthal mode number m (= -I, -i+1, ..., 0,
[-1, 1). Fig. 3.4 shows the simulations for a 10 ym-diameter microdisk at a 5 ym wavelength,
done using COMSOL Multiphysics Modeling Software (Bergeron, 2010). These parameters
were used to easily visualize m=10 modes, compared to greater disk diameters characterized

at telecommunication wavelengths (1.5 pm) where m would be of the order of few hundreds.

b)

e)

Figure 3.4 TM modes inside a 10 pm-diameter circular cavity at a 5 um wavelength. a) m
=10,1=1b)m=12,1=1¢)m=16,1=1,d) m=10,1=2,¢) m = 10,1 =4 f) m = 16,
1 = 4 (Bergeron, 2010)

3.1.2 Light coupling using tapered optical fiber

Once the eigenmodes of a silica microdisk are well known, the next step would be to examine

the method used to excite these modes.

There exist several techniques to couple light inside optical microcavities, ranging from free-
space illumination to evanescent coupling techniques (Vahala, 2004). For biosensing applica-

tions, it is important to have high efficient coupling and low losses of power, which is why
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evanescent coupling is the most appropriate technique for this specific application, especially
since the fundamental whispering gallery modes are confined near the surface of a micro-
cavity. Evanescent coupling is achieved using a tapered optical fiber, as shown in Fig. 3.5.
Tapered fibers are fabricated using standard optical fibers (SMF-28) that are stretched using

a torch and highly precise motorized stages in order to obtain 2 pym-diameter tapered fibers.

- -

Figure 3.5 Coupling of light inside an optical microdisk using a tapered optical fiber

The evanescent field of the tapered fiber is part of its leakage losses. Stretching the fiber to
obtain a 2 pum diameter contributes to the propagation of the evanescent field outside the
fiber. The overlap of this evanescent wave with the microcavity modes will allow to quantify
the energy transfer between the fiber and the microcavity. Considering that the coupling is
weak, and using the theory of coupled modes (Little et al., 1997), it becomes possible to
find the coupling coefficient (k) between the microcavity’s modes and the fundamental mode
of the fiber. The fundamental mode of the electric field inside a microcavity (€>(x,y,z)) was
found in the previous section for TM polarization. The same procedure can be used to find
the electric field of the fundamental mode (€ (x,y, z)) inside the tapered fiber. The electric
field of the fiber is a first kind Bessel function inside the core, and a modified second kind
Bessel function on the outside (Bures, 2009).

Both fields are calculated using the same coordinates system, with the z axis being the
propagation direction of the electric field inside the fiber, and the y axis being perpendicular
to the plane of both structures. The instant coupling coefficient (r12(z)) describes the energy
transfer from the guide 1 (tapered fiber) to the guide 2 (microcavity) and can be calculated
using the overlap integral shown in Eq. 3.14, with £ being the wave vector, 3; the propagation
constant of the mode in the fiber and 5, that in the cavity, @ the refractive index (RI) of the
undisrupted mode of the fiber and n the RI of its disrupted mode. The total energy is given
by integrating the coupling coefficient over the length of the fiber, in the direction of the z

axis, as calculated in Eq. 3.15.
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]CZ
K12(2) = Ky (2) = —— n? —m)ef(z,y, 2)é(w, y, 2)dA 3.14
(0= #a(e) = s [, 0 =)y ) 2) (314)
K12(2) = K5 (2) = /_O:o k12(2)exp(—iABz)dz (3.15)

3.1.3 Optical microcavities characteristics

In this section, the main characteristics of optical microcavities are described, including
the resonance, the free spectral range and the quality (Q-)factor. These features will help
compare the different shapes and sizes of optical microcavities and choose the most suited

for the desired application.

Resonances

Light remains confined inside an optical microcavity and recirculates for a long time since ab-
sorption loss in silica glass is less than 7 dB/km (Wu and Vollmer, 2014). As described earlier,
the propagated light is reflected at the interface silica/air consecutively until it circumnavi-
gates the entire cavity, and reaches its starting point. This interaction could be constructive,
meaning that the wave is in phase with itself, and optical power can accumulate at that
wavelength. If the interaction is destructive, the wave will be out of phase and accumulation
of optical power is limited at this wavelength. It becomes thus possible to define a resonance

wavelength as shown in Eq. 3.16 :

. QWRneff

A (3.16)

m

where R is the radius of the microcavity, n.¢s is the effective refractive index of the mode
and m its azimuthal order. The effective refractive index of the microcavity is the index seen

by the guided mode, and it varies with the surrounding refractive index.

Free spectral range (FSR)

The free spectral range of a microcavity is the wavelength difference between two consecutive
resonances, m and m+1. Using the expression found in Eq. 3.16, the FSR can be calculated

as follows :

A, = 2mRness (3.17)

m
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27TRneff
Ayl = ———— 1
= (3.18)
FSR(\) = A()) = 20R (1 ! ) "N (3.19)
N T TR\ m+1/)  27wRngsy '
Given that A = ¢/v and A\ = ¢ Av/v?, the FSR can be rewritten as :
c
FSR(v) = ———— 3.20
)= i (3.20)

Quality factor

The microcavity quality factor helps to quantify the efficiency of light confinement inside a
microcavity. It is an expression of the time spent by light inside the microcavity (Eq. 3.21)
(Vahala, 2004). The longer the light stays confined inside the cavity, the higher its quality fac-
tor will be. The photon lifetime can be measured by introducing a light wave at the resonant
frequency of the microcavity then cutting off the excitation signal. The power acquisition

right after stopping of laser allows to determine the half-life of the photon.

Q = wr = 27vT (3.21)

with w being the frequency and 7 the photon lifetime.

It can also be calculated by finding the resonance at full width at half maximum (FWHM)

from the transmission spectrum (Eq. 3.22).

A

Q=33 (3.22)

Fig. 3.6 shows a typical transmission spectrum of a 200 pym-diameter microdisk coupled to a
tapered optical fiber. The free spectral range and the FWHM are shown on the graph. For a
Q-factor around 10°, the photon lifetime inside the disk is about 1 ns.

The quality factor is also an expression of the losses, intrinsic and extrinsic, in the optical

microcavity (Armani, 2010). The total or intrinsic Q-factor can be written as :

LSS SIS SRR SIS SR
Qtotal st Qrad Qmat Qcoup Qcont

where Q is the surface scattering loss, Q,.q the radiation loss, Q,..; the material or absorp-

(3.23)
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Figure 3.6 Typical resonance spectrum of a 200 ym-diameter microdisk coupled to a tapered
optical fiber (Amrane, 2012)

tion loss, Qeoup the coupling loss, and Qo the contamination loss.

In order to maximize the quality factor and the sensitivity of a microcavity, it is important to
minimize the loss mechanisms. The surface scattering (Qss) and radiation losses (Qqq) rely on
the quality and the resolution of the microfabrication process. The radiation loss increases
when the radius of the microcavity is reduced. The absorption loss (Q,.q) is insignificant
for silica microcavities because of low absorption of silica at telecommunications wavelength
(around 1550 nm). Q¢ also depends on the effective refractive index of the cavity and can

be expressed as follows :

(3.24)

where n.s¢ is the effective RI, a.¢s the effective material or absorption loss and A the resonant
wavelength. The absorption loss plays a crucial role when the microcavity is coupled in an
aqueous environment, due to the high absorption coefficient of water in near-infrared (11.8
cm ™). Tt becomes thus important to choose an appropriate wavelength to reduce the impact
of absorption loss. For example, at 625 nm, the absorption coefficient of water is about 0.003

cm™ L.

It is also possible to decrease the impact of contamination on the quality factor (Qeont) by
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fabricating the microcavities in a sufficiently clean environment.

3.1.4 Biosensing mechanisms

There exist several methods of detecting biomolecules using optical microcavities, as shown
in Fig. 3.7. The first one (Fig. 3.7 a)) is through a shift of a resonant frequency due to the
reactive mechanism which occurs when a binding molecule changes the refractive index of
the microresonator. The second technique (Fig. 3.7 b)) is a change of the quality factor of the
cavity, mainly due to a change in the material absorption, also called line broadening. And
lastly, a change in the transmission (Fig. 3.7 c¢)) which results from a change of the optical

coupling.

Transmission

Transmission

Wavelength (nm) Wavelength (nm)

Figure 3.7 Detection techniques using optical microcavities : a) spectral shift due to the re-
fractive index change, b) line broadening due to material absorption and c) peak transmission
change resulting from the variation of the optical coupling (Armani, 2010)

Reactive sensing principle

When particles bind to the surface of the microresonator, they will interact with its evanes-

cent field, hence increasing the optical path length. This will lead to a shift towards lower
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frequencies, i.e. longer wavelengths, as shown in the relation of Eq. 3.25 and Fig. 3.7(a). This
is known as the reactive mechanism for biosensing (Vollmer et al., 2008). The wavelength

shift is given by :

AN AR An

3.25
A R + n ( )
where R is the radius and n the refractive index of the resonator.
The resonance condition described in section 3.1.3 yields the following equation :
2w Rn,
A, = el f (3.26)
m

According to Eq. 3.26, the resonant wavelength can be varied by either changing the radius

of the microcavity or changing the refractive index of the surrounding medium.

The resonance frequency is then expressed as :

-_n (3.27)

=2nf =2
w wf 7T>\r -

The binding of a biomolecule to the surface of a microresonator (Fig. 3.8) will increase its

path length by 27 Al, leading to a shift in the resonance frequency as following :

Aw 2w Al B Al

w  2tR R

(3.28)

Bacterium

Antibody
Silica
microdisk

Figure 3.8 Biodetection of a bacterium on a functionalized microdisk

For more complex cases where the protein or biomolecules are not uniformly distributed
across the resonator surface, the analysis becomes less straightforward. The polarizability of
the particles as well as the surface density will have an effect on the resonant frequency shift.

This relation has been established for a single protein binding to the equator of a microsphere,
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and is shown in Eq. 3.33. The steps leading to this expression are briefly described below
(Vollmer et al., 2002).

The resonant frequency shift in an optical microcavity can be described as follows :

- = 2
<5w> ~ _a6x|_?0(ri) | (329)
wW/i 2/63|E0(F)’2dv

The electric field can be written as :

> B = o, [ [ Bo(7)2dA (3.30)

with the surface density of the molecules binding to the surface of the microsphere being

N

- (3.31)

Os

and the excess polarizability of the molecules expressed as :

N, dn
Qer = 4Teg (%) (dc) m (3.32)

with n,, the medium refractive index, ‘;—Z the differential refractive index of molecules in

solvent, ¢ the solvent concentration and m the mass of a single particle.

The resonant wavelength shift can thus be expressed as :

oA Ny O
o~ erTs 3.33
A e(n2—n2)R (3:33)

where ., is the excess polarizability of the bound protein, o, the surface density, ¢, the

vacuum permittivity, n, and n,, the refractive indices of the sphere and the medium respec-

tively, and R the orbital radius of the sphere.

Line broadening

Changes in the linewidth of the resonance can also be a consequence of a binding event on
the surface of the cavity. This is due to the increase of the absorption or scattering losses
generated by the interaction of the WGM with the biomolecule. The change in linewidth of

the resonant mode (Fig. 3.7(b)) due to the molecular absorption is defined as :
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(0 (2
&yabs ~ Imla |E( f)'
Wo Jv €(F)|E(P)[2dr

Mode broadening has been used to determine the concentration of an analyte (Ilchenko and

(3.34)

Maleki, 2001) and for sensing individual polystyrene nanoparticles of 70 nm radius (Shao
et al., 2013).

Transmission change

The intrinsic Q-factor of an optical microcavity is the result of several sources of losses
as described in Eq. 3.23. Any binding event that occurs on the surface of the resonator can
influence one or more of these Q-factors. Since most biosensing experiences are held in aqueous
media, the absorption losses in water will increase. When coupling light via a tapered optical
fiber, the addition or evaporation of the sample solution can interfere with the coupling
efficiency between the fiber and the cavity. All these changes result in a variation of the

optical coupling, which yields to a change in the transmission peak, as shown in Fig. 3.7(c).

The mode splitting principle

Another biosensing principle used is the mode splitting (Vollmer and Yang, 2012). This hap-
pens when one resonant mode splits into two resonances when light interacts with nanoscale
objects, such as a nanoparticle. Since light propagates clockwise (CW) and counterclockwise
(CCW) inside a WG microcavity, the optical mode has a two-fold degeneracy. Both modes
propagate at the same resonant wavelength but in opposite directions. When the WGM field
interacts with a nano-molecule, the light is scattered from the molecule. A part of the scat-
tered light is lost to the environment, while the rest is scattered back into the mode volume,
coupling between the CW and CCW modes, thus lifting the degeneracy of the two modes.
This yields to a split of the resonance into two resonances in the transmission spectrum
(Fig. 3.9). Several reasons can lead to the observation of the mode splitting. The presence of

surface defects, inhomogeneities and nanoparticles are some of them.

3.2 Conclusion

In this chapter, the theory of the whispering gallery mode microcavities along with their
characteristics were given. Since this project is based on the use of the WGM microdisks as
biosensors, the different biosensing principles were explained. This gives a clear idea of the

mechanisms that take place when a binding event occurs on the surface of the resonator.
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Figure 3.9 Mode splitting in a whispering gallery microcavity (Vollmer and Yang, 2012)

In the following chapter, the fabrication of silica microdisks is presented, along with the
surface functionalization process that allows to obtain a specific biosensor, and the optical

characterization setup used to conduct the biosensing experiments.



32

CHAPTER 4 WGM MICRODISKS : MICROFABRICATION, SURFACE
FUNCTIONALIZATION AND OPTICAL CHARACTERIZATION SETUP

In this chapter, the microfabrication process of the whispering gallery microdisks as well as
the experimental setup are presented.

This chapter starts by detailing the microfabrication process of WGM microdisks. Then, the
surface functionalization process allowing specific sensing is described. Finally, the optical

characterization setup is presented.

4.1 Microdisks fabrication

Optical microdisks are fabricated using standard microfabrication techniques. The fabrica-
tion is carried out in a clean room where contaminating particles as well as environmental
parameters such as temperature and humidity are controlled. Since the resonators are in the
order of the micrometer, the presence of even one dust particle or high humidity environment

can affect the photolithography process, and hence, damage the fabricated resonator.

4.1.1 Photolithography

The substrates used for fabrication are purchased from Addison Engineering Inc., and are
made of Silicon (Si) with an 800 nm layer of thermal silicon dioxide layer on top (Bergeron
et al., 2009). The substrate is dehydrated in a vacuum oven and a thin layer of HMDS is
deposited to allow a better adhesion of the photoresist to the surface of the wafer (Madou,
2002). The process starts by performing UV photolithography to generate photoresist pat-
terns of the 200 pm-diameter microdisks with AZ5214-EIR photoresist (Fig. 4.1 a)). The
photoresist is spread out on the substrate using a spinner at 4000 rpm for 30 sec. This is
followed by a soft bake of the sample at 110°C for 1 min before exposing it using the UV lamp
at a wavelength A = 365nm of the Karl Suss MA-4 aligner. The wafer is then submerged in
a AZ-726-MIF solvent solution for 40 sec to be developed. The last step of photolithography
is a hard bake at 120°C for 20 min. The thickness of the photoresist deposited is about 1.5

.

4.1.2 Silicon dioxide etch

The second microfabrication step is the isotropic etch of silicon dioxide using a Buffer Oxide
Etch (BOE) solution (Fig. 4.1 b)). BOE is a mixture of Ammonium fluoride (NH,4F) and
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Hydrofluoric acid (HF), with a volume ratio of 7 :1 NH,F (40%) : HF (49%). It takes about
13 minutes to etch isotropically the 800 nm-thick Silicon dioxide (SiOs).
The reaction for etching SiO, with BOE is :

A downside for this etching technique is its isotropic nature that yields angled borders of the
disks instead of vertical ones, which can reduce the quality factor of the resonator. For the
purposed application of the disks in this thesis, the effect of this decrease did not influence

the experimental results, and thus could be overlooked.

4.1.3 Reactive ion etching

The last step of the microfabrication process is Reactive Ion Etching (RIE) to obtain a silica
microdisk on a silicon pedestal (Fig. 4.1 ¢)). The silicon is etched chemically using Sulfur
Hexafluoride (SFg) gas. The plasma is generated using an Inductively Coupled Plasma (ICP).
It takes around 5 minutes to etch 10 pum of Si. Finally, the remaining photoresist is removed
using an Oxygen (O3) plasma. A process flow of the whole microfabrication process is shown

in Fig. 4.1, and a Scanning Electron Microscope (SEM) image is shown in Fig. 4.2.

c)

Figure 4.1 Microfabrication process flow of a silica microdisk. a) UV photolithography gene-
rating 200 pm-diameter disks patterns, b) Isotropic etch of silica using buffered oxide etch
(B.O.E.) and c) Reactive ion etching of silicon pedestals using SFg plasma.
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Figure 4.2 Scanning electron micrograph of an optical microdisk

4.2 Surface functionalization

One critical characteristic of a reliable biosensor is its specificity. It is a very important feature
of the biosensor that will allow to eliminate the risk of false positives in complex environ-
ments. A proper surface functionalization becomes thus very important in order to have a
specific and selective optical biosensor, while making sure not to alter the latter’s optical

properties nor sensing efficiency.

Whole bacteriophages have long been used as microbial agents and recognition elements
for a wide variety of biosensors. However, purification of whole phages from host bacteria
is difficult. They also show enzymatic activity that might cause some instabilities to the
signal, and because of their large structure, they can decrease the signal strength, especially
in sensing systems that depend upon distance like optical microcavities. For these reasons,
isolating specific proteins from the whole bacteriophages will help overcome these problems.

The functionalization process performed on the optical microdisks uses LysK phage protein.

The LysK phage protein is an endolysin from the staphylococcal phage K that acts stron-
gly on S. aureus strains. It contains three domains : an N-terminal cystein, a histidine-
dependent amidohydrolase/peptidase (CHAP) domain, a midprotein amidase-2 domain, and
a C-terminal SH3b cell wall-binding domain (Becker et al., 2008).

The functionalization process starts by cleaning the samples in a piranha solution or with
oxygen plasma to remove organic residues and free the hydroxyl radical (-OH) that will bind

to the silane in the following step. The wafers are then submerged in an ethanol : water (95 :
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5) solution that contains 2.5 % Triethoxysilane-Polyethylene Glycol (Si-PEG) (Nanocs, MW
= 3400) for 2 hours, then thoroughly washed with ethanol and Deionized (DI) water. PEG
is used to prevent non-specific binding to the surface of the microresonator. The wafers are
then placed in a vacuum oven for annealing at 110°C for 2 hours. The next step is to add
the LysK protein phage that is specific to the bacteria of interest, which is Staphylococcus
Aureus (S. aureus) in this case. LysK will attach to the -NH, terminals of the Si-PEG using

carbodiimide coupling.

1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) is a crosslinking agent
used to couple carboxyl groups to primary amines. It is added to the LysK protein in a vo-
lume ratio of (1000 : 1) (EDC : protein). The PEGylated wafers are immersed in the protein :
EDC solution that is added to a buffer (10 mM Tris. HC1 pH 7.5, 150 mM NaCl, 1% glycerol)
and stored at 4°C overnight, then thoroughly washed with Phosphate-Buffered Saline (PBS)

and water.

A schematic of the functionalization process is shown in Fig. 4.3. Further details about this
functionalization process can be found in reference (Chibli et al., 2014). Details of the protein

purification process and bacterial culture are given in Appendix D.

N2

NH> NH-> NH, NH;
/ / 7
PEG PEG PEG PEG
\SI-O-\Si\ /\éi—o-\Si\
100 |

H gH gH QH

T Y9 F 9 9 g G 9 ¢ g

a) b) c)

Figure 4.3 Functionalization process of silica microdisks. (a) The silicon dioxide surface is
hydroxylated with oxygen plasma. (b) The disk is immersed in triethoxysilane-PEG-NH,.
(c) The free amines of the PEG-silane are covalently coupled to LysK using carbodiimide
coupling.

4.3 Optical characterization setup

Evanescent coupling techniques are the most widely used techniques for whispering gallery

mode resonators (Cai et al., 2000; Vahala, 2004). More specifically, the use of tapered optical
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fibers can provide very efficient excitation of whispering gallery modes, and allows extraction

of the optical power from the same fiber (Kippenberg et al., 2003).

In the following section, a description of the optical characterization setup is provided, as well
as a description of all the optical and electrical components used to carry out the biosensing

experiments.

The light from a tunable laser emitting in the red wavelengths is evanescently coupled inside
the microdisk through a tapered optical fiber. A photodetector then conveys the output
signal to an oscilloscope where the transmission spectrum of the microcavity is observed. The
solution containing the S. aureus bacteria is deposited on the microdisk using a micropipette.

The optical characterization setup is shown in Fig. 4.4, and it includes :

— Tunable laser (New focus TLB-6300-LN) : An external cavity tunable diode laser
scanning between 632.5 and 637.5 nm at a 1 mW power. The choice of a red laser
instead of one operating in the telecommunication wavelengths is due to the fact that
the characterization is done in liquid environment. The absorption coefficient of water
in the near-infrared to infrared is greater than that in visible light. The loss is about
11.8 em™! (Hale and Querry, 1973) at 1540 nm, which limits the sensitivity of the
resonator. At shorter wavelengths, the losses are significantly smaller and are around
0.003 em~! at 625 nm, which makes the use of a red laser more suited to achieve
highly sensitive biosensors using optical microcavities.

— Function generator (Agilent 33220A) : Tt feeds a trigger signal to the piezo input of
the laser. The signal is set to pulse with a 10 ms width, 3.5 V amplitude and 1.75 V
offset. These parameters can be adjusted to optimize the transmission spectrum.

— Polarization controller : It consists of a single mode fiber in red (Newport F-SV) that
can be moved to change the polarization of the wave inside of it to optimize the
coupling inside the microdisk. However, the exact polarization cannot be known since
it is impossible to precisely control it with this device.

— Tapered optical fiber : Tapered fibers are fabricated in the optical fiber laboratory at
Ecole Polytechnique. The SM fiber is stretched gently while it is heated over a flame,
so the fiber and its core become thinner over a certain length. The length and the
speed of the stretching are calculated in order to obtain an adiabatic taper, i.e. no
coupling would occur between the fundamental mode and the other modes of the fiber
(Bures, 2009). In the characterization setup described, a tapered single mode fiber in

red (Newport F-SV) of 2 ym-diameter is used. The taper is mounted on a fork-shaped
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holder and can be moved to optimize the coupling with the microdisk.

— Photodetector (Newport 818-SL/CM) : It is a silicon detector (400 - 1100 nm) that
conveys the light from the red laser and transforms it into an electric signal that can
be viewed on the oscilloscope.

— Oscilloscope (Agilent DSO6302A) : The sweep speed and the time unit are defined so

the entire transmission spectrum can be viewed on the oscilloscope.

The use of all of these equipments allows to view the resonance peaks in real-time, making

it a suitable setup to view real-time binding of bacteria on the surface of the micoresonator.

Sample deposition

Microdisk

—

Tapered fiber Photodetector

Figure 4.4 Optical characterization setup

Polarization
Controller

An image of a 200 pum-diameter microdisk coupled to a tapered optical fiber is shown in
Fig. 4.5.

Figure 4.5 A tapered fiber coupling the light from the red laser inside a microdisk

Typical transmission spectra of a coupled silica microdisk in air and in buffer are shown in

Fig. 4.6 and Fig. 4.7 respectively.
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Figure 4.6 Transmission spectrum of a 200 ym-diameter silica microdisk in air (Q ~ 10°).
Coupling was achieved using a 1.2 um waist diameter taper made of single mode fiber in red.

0.325 ]

0.32 _

Intensity (a.u.)

0.315| T

0.31 '
635 640 645

Wavelength(nm)

Figure 4.7 Transmission spectrum of a 200 pm-diameter silica microdisk in buffer (Q ~ 10%).
Coupling was achieved using a 2 pm waist diameter taper made of single mode fiber in red.
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4.4 Conclusion

In this chapter, the experimental methodology that was used during this Ph.D. project has
been provided. Firstly, the detailed microfabrication procedure that was developed within
the Microphotonics laboratory is provided. It is then followed by a specific functionalization
process optimized to be selective towards the bacteria we were interested to detect. The
functionalization process was developed and improved with the collaboration of Pr. Jay L.
Nadeau and Hicham Chibli from the Department of Biomedical Engineering of McGill. An
overview of the work done with McGill as well as the results generated will be given in Chapter
5. Finally, the optical characterization setup used to detect real-time binding of bacteria was
described above. The experimental results along with some theoretical calculations will be

provided in the following chapter.
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CHAPTER 5 Synthesis of the work and experimental results

This chapter starts by presenting the experiments that led to the use of the functionalization
process detailed above in section 3.2, as well as the techniques used to prove that each
functionalization layer was well present and had a good adherence to the surface of the
microresonator. In order to prove the specificity of the functionalization process, experiments
using fluorescence microscopy and a visible camera were performed. This is followed by
the results obtained for real-time detection of S. aureus on a microdisk using the optical
characterization setup described in section 3.3. It is worth noting that, to our knowledge, no
real-time binding experiments using bacteria were carried on optical microdisks before. The
last section of this chapter presents the development of a theoretical equation to quantify the
wavelength shift due to bacterial binding on the surface of a microdisk. This last part was

inspired by the theory of reactive sensing developed by Arnold et al. (2003) for a microsphere.

5.1 Experimental results

5.1.1 Specificity of the functionalization process

The work introduced in this section was presented in an article published in collaboration
with professor Jay L. Nadeau’s group from the biomedical engineering department of McGill
University (Chibli et al., 2014).

As discussed in section 3.2, a proper surface functionalization is crucial in order to obtain
a specific biosensor that will allow to eliminate the risks of false positives in complex envi-
ronments. In the literature, three different proteins or bacteriophages have been used to lyse
staphylococci strains; LysK, Phill and Lysostaphin. Before introducing the phages used in
the experiments, it is important to define what are bacteriophages and the advantages to use

them for biosensing.

Bacteriophages are viruses that target and infect bacteria. Their name is derived from a
Greek word, meaning "to devour" bacteria. They are composed of three parts : the head that
encapsulates a DNA or RNA genome, the collar and the tail (Fig. 5.1). They are amongst
the most diverse entities on Earth, and help regulate its microbial balance (Tolba et al.,
2010). They are highly specific to their target host cell, the interaction between the phage
and the bacterial cell is very strong and they are able to lyse and kill the host cell. All of
these characteristics make bacteriophages a valuable tool for biodetection and eventually for

rapid diagnostics of bacterial diseases.
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However, using whole bacteriophages in biosensing applications can have certain disadvan-
tages. The purification from the host bacteria is difficult. The lytic or enzymatic activity
of the phage may cause the signal to become unstable, and since whole phages are large,
they decrease the signal strength in biosensors that depend upon distance such as SPR or
optical microresonators (Chibli et al., 2014). To overcome these limitations, it is possible to
isolate specific proteins from the bacteriophages, called purified phage proteins or endolysins.
Endolysins usually consist of a cell-wall binding domain (CBD) which is very specific and

shows rapid binding to the target cell and an N-terminal catalytic domain.

@ cenome

(DNA or RNA) HEAD
@-rromEn
COLLAR
TAIL
— LONG TAIL — / "
FIBERS

Figure 5.1 Structure of a bacteriophage showing its three parts : the head containing the
DNA or RNA genome, the collar and the tail (www.ck12.org)

In the following, a brief description of each of these protein phages is given along with the
results that gave rise to the functionalization process used to generate the results for real-time

detection of S. aureus bacteria.

The LysK phage protein is an endolysin from the staphylococcal phage K that acts stron-
gly on S. aureus strains. It contains three domains : an N-terminal cystein, a histidine-
dependent amidohydrolase/peptidase (CHAP) domain, a midprotein amidase-2 domain, and
a C-terminal SH3b cell wall-binding domain (Becker et al., 2008). The CHAP domain alone
is sufficient to cause cell lysis of staphylococci. Although LysK is not species specific, it acts
very strongly on S. aureus strains, and more weakly on other staphylococci and has no effect

on E. coli strains.
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Another protein phage thought to act on S. aureus strain is the Phill. ®11 produces an
endolysin that has similar domains to LysK, but has low sequence similarity. It acts against

several living forms of staphylococci, including S. aureus (Sass and Bierbaum, 2007).

Lysostaphin is an endopeptidase that can also lyse staphylococci. It has been shown to elimi-
nate staphylococci in wounds in in vitro (Miao et al., 2011) and animal models (Satishkumar
et al., 2011), and it specifically binds to the cell wall of S. aureus.

All three bacteriophages were tested against S. aureus bacteria (diameter = 0.6 um), and E.
coli (rodlike shape 2 x 0.5 ym) was used as a negative control. ®11 and lysostaphin did not
show consistent results over different trials. While some ®11 and lysostaphin-functionalized
wafers showed binding of S. aureus bacteria, other wafers prepared identically did not show
any attachment. S. aureus bacteria attached to the wafers that were functionalized with
LysK protein on every trial. However, none of the proteins acted on the E. coli strain. Since
LysK protein was proven the most reliable to bind to S. aureus, it will be used in all the
experiments described in this thesis. More details of these trials are given in (Chibli et al.,
2014).

In order to verify that the functionalization process was well performed and that each step
allowed a good adherence of the PEG-Silane and LysK protein on the surface of the resonator,
ellipsometry and X-Ray Photoelectron Spectroscopy (XPS) were performed. Polyethylene
glycol (PEG) is used to prevent non-specific binding of staphylococcus aureus on the surface

of the microdisk.

Ellipsometry is an optical technique that allows to determine the dielectric properties such
as the refractive index of a thin film. It can also be used to characterize the composition,
roughness and thickness of the thin film, just to name a few. In the following, we are interested
to find the thickness of the Si-PEG layer and the LysK protein deposited on top of a glass
microscope slide. Microscope slides were used instead of thermal silica on silicon chips because
their surface is smoother and more uniform, generating less error when measuring the surface

roughness.

A RC2 ellipsometer with dual rotating compensators (J.A. Woollam Co.) was used to measure
the thickness of each functionalization layer. Six different positions on at least two replicates
of each sample type were analyzed. Data were taken at four different incident angles (45, 55,
65 and 75°) from 292 to 1690 nm. Using CompleteEase software (J.A. Woollam Co.), the

resulting data were fit using a three-term experimental Cauchy fit.

For starters, the thickness of the glass was measured separately on a clean microscope slide

and subtracted from the total layer thickness. The measured root mean square (RMS) rough-
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ness of the glass was of 10.5 4 0.03 A.

Measurements were done on each slide before and after surface modification. Three regions
of each sample were scanned. The resulting thickness of Si-PEG was 2.97 + 0.23 nm, with
an average refractive index of 1.42. This result is consistent with what has been presented in
the literature (Schlapak et al., 2006). The LysK protein thickness was equal to 5 £+ 0.05 nm.

These values are summarized in Table 5.1.

Table 5.1 Ellipsometry measurements of Si-PEG and LysK layers thicknesses

Glass slide Si-PEG LysK protein
105 +£0.03A 279 +023nm 5+ 0.05 nm

In order to confirm adequate attachment of Si-PEG and LysK protein to the surface of
silica and to identify their elemental composition, X-ray photoelectron spectroscopy was
used. Measurements were done using a VG scientific ESCALAB 3 MKII XPS spectrometer
with an Mg Ka X-ray source. The electron beam power was of 206 W (12 kV, 18 mA).
High-resolution spectra were taken with a 20 eV pass energy and a resolution of 0.05 eV. Six
different positions on at least two replicates of each sample were analyzed, and the background
noise was subtracted using the Shirley method. The XPS spectra of the silica surface treated
with PEGylated-aminosilane only as well as silica with Si-PEG and LysK protein are shown
in Fig. 5.2 and Fig. 5.3 respectively.

Both figures show high-resolution regions of Cls, Ols, N1s and Si2p, indicating the presence
of Si-PEG and LysK on the surface. The binding of the Si-PEG molecule on the surface of
silica is confirmed by the appearance of an oxygen peak, Ols, centered at 532.5 eV (Fig. 5.2).
This peak is due to the O-Si link that forms between the PEGylated aminosilane and the
glass surface. After the addition of LysK protein, the carbon peak, C, centered at 288.3 eV,
becomes more significant, indicating the presence of amine bonds (N-C=0) from the protein
(Fig. 5.3). The increase in the nitrogen quantity, N1s centered at 400.2 €V, is also a proof
of the presence of LysK protein and is typical of the N-C=0 bonds. Fig. 5.4A and C show
the XPS measurements of carbon (C) and nitrogen (N) respectively for a PEGylated silica
wafer. Fig. 5.4B and D show the XPS measurements of carbon and nitrogen respectively for
a PEGylated silica wafer with LysK phage protein. When comparing Fig. 5.4B to A, a C
peak appears at 288.3 eV corresponding to the amine bonds N-C=0 in LysK. In Fig. 5.4D,
the N peak intensity at 400.2 eV increases considerably compared to Fig. 5.4C, indicating
the presence of LysK protein.

As discussed earlier, specificity is a very important feature of any biosensor. Before we pro-

ceed with the real-time detection of bacteria, the specificity of the functionalization technique
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Figure 5.2 XPS measurements of silica functionalized with PEGylated aminosilane
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Figure 5.3 XPS measurements of silica functionalized with PEGylated aminosilane and LysK
protein

needs to be proven. While the tapered optical fiber coupled the light from a red laser inside
a 200 pm-diameter disk, images were taken using a visible camera, as can be seen in Fig. 5.5.
Four different combinations of functionalization processes were tried and two different strains
of bacteria were used. Fig. 5.5A shows a microdisk without PEGylated aminosilane but with
LysK protein attached directly on the surface of silica. S. aureus bacteria was then added.
As may be observed, S. aureus (the green dots in the figures) attached nonspecifically to the

surface of the resonator, forming small islands. When no LysK functionalization was perfor-
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Figure 5.4 Carbon and nitrogen XPS measurements on silica with Si-PEG (A and C) and
silica with Si-PEG-LysK (B and D)

med on the microdisk, as in Fig. 5.5B, S. aureus bacteria did not bind to the microresonator.
In Fig. 5.5C, the silica microdisk was functionalized with PEGylated aminosilane and LysK
protein, and E. coli bacteria were then added to the surface. Again, no specific binding of
bacteria to the resonator was observed, since LysK protein is not specific to E. coli strains.
Fig. 5.5D confirms the latter affirmation, where S. aureus bacteria (the green dots) attached
specifically to the surface of a microdisk that was functionalized with Si-PEG and LysK
protein. This proves the functionalization process used is specific to the S. aureus strains of
bacteria we are interested in detecting. It is worth noting that some bacteria also bound to
the silicon substrate. This is simply due to the presence of a thin film of native oxide that
formed on the substrate and that was also functionalized during the process. This binding
will however not alter the results of the optical characterization since only the binding that

occurs at the edge of the resonator will give rise to the spectral shift.

The specificity of the functionalization process was also confirmed using fluorescence mi-
croscopy. Two silica wafers were cleaned using oxygen plasma and then functionalized with
Si-PEG and LysK protein. On one substrate, S. aureus bacteria were added (Fig. 5.6A),
whereas E. coli bacteria were deposited on the other (Fig. 5.6B). As can be clearly seen, S.

aureus attached specifically to the resonator’s surface, while E. coli formed random islands
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Figure 5.5 Visible camera images of a tapered optical fiber coupled to a 200 pm diameter
microdisk. A) Disk-LysK-S. aureus, B) Disk-S. aureus, C) Disk-Si-PEG-LysK-E. coli and D)
Disk-Si-PEG-LysK-S. aureus

demonstrating nonspecific binding. A suitable rinsing of the substrate using Tween solution, a
non-ionic detergent for use in immunoassay wash buffer, diluted in phosphate buffered saline

(0.05% in PBS) can help remove any unspecific binding.

Figure 5.6 Fluorescent microscope images of a silica substrate functionalized with A) Si-
PEG-LysK-S. aureus bacteria and B) Si-PEG-LysK-E. coli bacteria
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In Figure 5.7, the specific functionalization process was used with five different protein concen-
trations. The number of bacteria bound was roughly proportional to the LysK concentration,
up to a plateau value of ~7.5 M. This plateau could be due to the steric inhibition at high
concentrations. Each atom within a molecule occupies a given space. When these atoms are
brought too close together, their electron cloud can overlap, causing some energy loss, which
may affect the reactivity of the molecule. Thus, the number of bacteria that bind to the sur-
face will not increase for greater concentrations of LysK protein phage. This demonstrates
that the ability of functionalized wafers to attach S. aureus bacteria was dependent on the

density of immobilized protein on the surface (Fig. 5.8).

The limit of detection (LOD) was determined using wafers functionalized with 2 uM of LysK
and immersed in several concentrations of S. aureus. The concentrations used were 500, 5x103,
5x10* and 5x10° CFU/ml. The control wafer was only covered with Si-PEG and immersed in
a solution of 5x10° CFU/ml. The number of bacteria that bound to the wafers increased with
the solution concentrations. The limit of detection was defined as the lowest concentration
tested for which the mean number of S. aureus attached to the functionalized wafer was

higher than the standard deviation of the control and it was 5000 cells/ml.

- |

Figure 5.7 Fluorescence microscope images of S. aureus bacteria bound to silica wafers func-
tionalized with different concentrations of LysK. A) 0 uM, B) 0.06 M, C) 0.3 uM, D) 1.5
pM and E) 7.5 uM
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Figure 5.8 Mean number of bacterial cells on a surface area of 0.15 mm? versus LysK concen-
tration (Chibli et al., 2014)

5.1.2 Real-time binding of bacteria

In the following, the optical characterization setup described earlier is used to achieve real-
time detection of bacteria through the observation of the wavelength shift. Measurements are
performed on eight different microdisks for each concentration and results are mean values of
the experiments done for each concentration. All microdisks used have the same size of 200
pm diameter and a quality factor of around 10 for the sake of comparison. Silica microdisks
are functionalized with a 2uM LysK solution and coupled to a tapered optical fiber. The
wavelength is scanned between 632.5 and 637.5 nm. 2 ul of elution buffer (10 mM Tris-HCI,
pH 8.5) is added to the surface of the resonator using a micropipette and the transmission
spectrum is observed on an oscilloscope. Making sure to keep the same coupling mode, another
2 pl of elution buffer containing S. aureus at ODgyo = 0.5 (around 5.10° CFU/ml) is added

(CFU : colony forming unit). The wavelength shift is observed over a period of 30 minutes.

It can be seen in Fig. 5.9 that the wavelength begins to shift immediately after adding the
bacteria, indicating an immediate attachment of the bacteria to the surface of the resonator.
It takes around 15 minutes for most of the bacteria to bind to the surface. The resulting
wavelength shift is at its highest and is about 0.22 £ 0.002 nm. The error on the shift value
is mainly due to the laser drift, which is around £+ 1 pm and the error in calculating the
wavelength shift from the transmission spectra observed (£ 1 pm). After 15 minutes, the
wavelength shift starts to decrease. The LysK protein having a high lysing efficiency over
S. aureus strain (Becker et al., 2008; Chibli et al., 2014), most of the bacteria bound to the

surface will be dead after 30 minutes.

The same experiment was carried out, this time by changing the concentration of the S.
aureus solution used. Starting with the ODggg = 0.4 solution, dilutions of 10, 100 and 1000
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Figure 5.9 Wavelength shift in time after S. aureus binding to the resonator

fold were made. Fig. 5.10 shows the mean values of the wavelength shifts for the four different
concentrations, also summarized in Table 5.2. From the reactive sensing mechanism, it can be
predicted that the resonance shift will decrease with smaller concentrations (Arnold et al.,
2003). However, due to the high concentrations of bacteria used, the relation is not quite
linear. Thus, the number of bacteria binding to the surface is significantly high. The 100-
and 1000- fold dilutions show almost the same wavelength shift, meaning that almost the
same number of bacteria bound to the resonator in both cases. A limit of detection of 5 pg/ml,
corresponding to 30 bacteria binding to the surface of the microdisk, is found in section 5.2.2.
Experiments with lower concentrations couldn’t be carried out because of the limitations due
to the relatively small quality factors of the microdisks (Q =~ 10%) and the instabilities of
the optical characterization setup, as discussed in the following chapter. The tunable laser
used during the experiments shows a drift of £ 1 pm, thus making it difficult in this case to
detect a single bacterium. It is worth noting that the Q-factor did not significantly change
before and after the bacterial binding. The dominant sensing mechanism in this case is the
reactive principle which sees the resonant frequency shifting towards longer wavelengths, as

described in section 3.1.4.

Specificity of the functionalization process was once again demonstrated, this time using
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Figure 5.10 Wavelength shifts after S. aureus binding for four different concentrations

Table 5.2 Mean values of the wavelength shifts versus bacterial concentration

No dilution Diluted 10x Diluted 100x Diluted 1000x
022+ 00l nm 0.19+ 0.0l nm 0.154+ 0.0l nm 0.14 £+ 0.01 nm

the real-time binding of bacteria. A 200 pm-diameter microdisk was functionalized with the
LysK protein phage. When coupled to the tapered optical fiber, a solution of elution buffer
containing E. coli bacteria (ODgy = 0.4) was added to the resonator. As can be seen in
Fig. 5.11, the transmission spectrum between times 0 and 20 minutes did not change. No
shift was observed, meaning no E. coli bound to the surface of the microdisk. When both E.
coli and S. aureus bacteria were added together to the surface of the resonator, a wavelength

shift of 0.22 nm was observed, similar to the one obtained with the S. aureus bacteria alone.
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Figure 5.11 Wavelength shifts for S. aureus and E. coli binding to a functionalized silica
microdisk

5.2 Theoretical reactive shift for a microdisk

A theoretical equation to determine the resonance shift in a sphere following a binding event
was developed by Arnold et al. (2003). This formulation allows to determine the surface area
covered by the molecules using the experimental wavelength shift (Vollmer et al., 2002). To
our knowledge, similar equations were not developed for microdisks, mainly because it is not

possible to obtain exact analytical solution to the spatial distribution E (7wo) of a microdisk.

In this section, a theoretical wavelength shift equation for a microdisk is developed, inspired
by the one applied to microspheres. An analytical approximation detailed by Borselli et al.
(2005) of the spatial distribution of the electric field in the microdisk is used, as shown in
Eq. 5.18.

A brief reminding of the Maxwell’s equations is given, followed by the expression of the TE
mode for a microsphere and an analytical approximation of this mode for a microdisk. Al-
though the wavelength shift for a microsphere can be expressed as a simple equation (Arnold
et al., 2010), it is not the case for a microdisk. The expression is more complex for a disk

since no exact solutions exist to define its modes. Thus, it becomes less obvious to deduce
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some dependencies such as the effect of the microdisk radius or the medium refractive index

on the spectral shift.

5.2.1 Maxwell’s equations

The propagation of the electric and magnetic fields in dielectric media with no free charges

is expressed by Maxwell’s equations as follows :

V- D(7t) =0 (5.1)

V- B(ft) =0 (5.2)

V x B(Ft) = _agé? t) (5.3)
V x H(7 1) = aﬁg:,t) (5.4)
D(7,t) = e(F) E(7, 1) (5.5)
A t) = ;Oém ) (5.6)

with D being the electric flux density, B the magnetic flux density, E the electric field, H
the magnetic field, € the permittivity of the medium and py the permeability of the medium.

Maxwell’s equations can be combined into one second-order wave equation as follows :

. n2(F) 02F
V2F - C2 W - 0 (57)

with .
ﬁz{ﬁ,ﬁ}, c2z—andn2(f'):@ (5.8)
€oto €0
where n is the medium refractive index, ¢ the speed of light in free space and ¢y the vacuum

permittivity.
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The solution will have an oscillatory form,

F(7,t) = F(f)exp(—iwt) (5.9)

allowing to write the time-independent Maxwell’s equation into a cylindrical form as

LNRY-NRE SN
op>  pdp  p?20¢p*  0z? c

bt ot (2) 0 Fi =0 (5.10)

The high index contrast in a thin semiconductor microdisk provides large vertical confine-
ment, which will help approximate the problem to a two-dimensional equation. Two polariza-
tions are dominant in this case : transverse electric (TE) where the electric field is parallel to
the disk plane, and transverse magnetic (TM) where the electric field is perpendicular to the
disk plane. The time-independent equation (Eq. 5.10) becomes thus scalar in the 2 direction,
and for p smaller than the disk radius R, the separation of variables can be used to write the

equation as follows :

1 (0*°W 10W 1 0*°W 10%Z
7 0z

— I ——— 4+ k() = 11
i 3p2+p8p+p20¢>2 + + kgn*(7) =0 (5.11)

where

F.=W(p,¢$)Z(z) and kg = “ is the wave number (5.12)
c

It is worth noting that F, is continuous across the interfaces for the TE mode and disconti-

nuous for the TM mode. Eq. 5.11 can thus be separated into two differential equations :

(82W 1owW 1 9*W

L L 2,2 _
92 +p 9 +p2 052 ) + kin;, (p)W =0

(5.13)
>’z 202 2
9.2 + ky(n*(z) —n;)Z =0
The second equation can be easily solved and the solution expressed as :
Z(z) = A,, exp(iko(y/n2 — n2)z) (5.14)

The separation of variable is once again applied to the first equation in 5.13 with W(p, ¢) =
U(p)Q(¢p), leading to equations 5.15 and 5.16.
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O*U 10V m?

—— 4+ ——— + | kgnl, —)xy:o 5.15
0*Q 9 .
90 +m Q2 =0= Q(¢) ~ exp(imo) (5.16)

Eq. 5.16 is simply an exponential solution Q(¢) ~ exp(im¢), and Eq. 5.15 is solved approxi-
mately and is expressed as Bessel functions inside the disk and Hankel functions approximated

by a decaying exponential outside the disk.
Using the boundary conditions at R = p and matching H,(E,) and Ey for TE(TM) modes

lead to the following transcendental equation :

ot (ko) Jist (Korm (ko) R) = (’JZ + na) Ti(konm (ko) R) (5.17)

with
{"gg for TE modes
n=4{"

1 for TM modes
The unnormalized radial mode dependence is then expressed as :
Jy(konmp) if p<R
U(p) =
J(kony, R)exp(—a(p — R)) if p> R
with the decay constant a = ko(n2, — n2)1/2.

The electric field inside a microdisk can thus be approximated by the following expression :

Eo=9(p)QUp)Z(2) = Ji(konmp) exp(ime) exp <ik0(\/n§ — n?n)z) (5.18)

5.2.2 Resonant shift for a microdisk

The resonant shift of a microresonator can be written as follows (Arnold et al., 2003) :

- = 2
(&u) ~ _0461‘|_"E’0(/ri) | (519)
wW/i 2/63|E0(F)’2dv

with
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S B 2 o, [ |Eo(7)PdA (5.20)

and where A is the surface area of the resonator, V its volume, a., the excess polarizability of
the molecules binding to the resonator’s surface, o, the surface area covered by the molecules

and €, = €p€,, the resonator’s permittivity.

The frequency shift caused by the binding of a biomolecule considers the energy of inter-
action as a first-order perturbation to a single-photon resonant state. The integral in the
denominator is taken over the edge of the microdisk which contains the majority of the mode
energy. The addition of equal electric and magnetic contributions is accounted for by adding

the factor 2 in front of the integral.

The surface coverage can be expressed as the number of bound molecules (N) per surface

unit as follows :

B N
- r(R2,, — 1)) +2mRh

max

Os (5.21)
Eq. 5.21 considers that bacteria only attach on the top surface of the microdisk. Since the
majority of the mode energy is contained on the edge of the microdisk, only bacteria that
attach in this region will contribute to the spectral shift. The surface area taken into consi-
deration is then the surface of a ring of outer diameter R,,,, ~ 90 um where the electric
field is maximum, and an inner diameter r ~ 84 pum where the intensity of the electric field

decays to 1/e of its maximum, in addition to the surface of the edge.

The excess polarizability of the molecules binding to the resonator’s surface can be written
as follows (Vollmer et al., 2002) :

n dn
ox = 4 )= 5.22
e =m0 (52) (G2 ) m (522
with n,, the solvent refractive index, dg—é” = limeo("==") the differential refractive index

of molecules in water, where c is the solvent concentration, and is usually of the order of 0.1
mL/g for polymers in water (Tumolo et al., 2004), and m the mass of a biomolecule, in this

case the mass of a bacterium.

The parameters used to determine the spectral shift due to S. aureus binding to a 200 pum-
diameter silica microdisk submerged in Tris-buffered saline (TBS) are defined in Table 5.3.

Their typical values are also given and are used for the simulations shown at the end of this



section.

Table 5.3 Parameters of the wavelength shift equation for a microdisk

Parameter | Definition Value

Oless Excess polarizability 4meg x 2.12x107%° (m?)
s Surface coverage o (pm )
€0 Vacuum permittivity 8.854x1072 F/m
€rs Relative permittivity of silica 3.9

ko Wavenumber (27) 9.895x107 nm ™!
ng Refractive index of the microdisk | 1.457

n,, Refractive index of the buffer 1.332

h Thickness of the microdisk 800 nm

R Radius of the microdisk 100 pm

m Mass of one bacterium 1072 g

1 Mode number (M#) 1442

The frequency shift due to the reactive mechanism caused by a binding event to the surface

of a WGM optical microresonator can thus be written as :

b ouo, | IEoPdA 523,
w 2€p€,5 / |Eo(ﬂ|2dv

Using Eq. 5.18 and Eq. 5.23, and considering that bacteria attach only on the top surface of

the microdisk, the resonant shift for the TE mode of the microdisk can be written as follows :

(D 12()[* R)I* [e)* |1Z(2)|* Rd¢dz

o o WL 0 0002 2 ()] pdww//

A 260@5

/ / / P)F[Qe) 1?2 (2) ] pdepdpd=

The integral of the first-kind Bessel function and the integral of the cosine function can be

(5.24)

written according to Eq. 5.25 and Eq. 5.26 respectively.

/0 [ iormp)Podp = ; R? [J2 (konm R)] (5.25)
/Oh exp? |:ik)0 (M) z} dz=nh (5.26)
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The three integrals of Eq. 5.24 will each be solved separately according to Eq. 5.27, 5.28 and
5.30.

The first double integral in the numerator will be expressed as follows :

R r2m 9 ] 9 5. h
/0 /0 |7 (konmp)| lexp(imo)|” exp [zk()( nﬁ—n%) 2] pdodp

5 (5.27)
T
=R [ I (Form R))|
The second double integral of the numerator can be written as :
h r27
/ / ‘Jf(konmR)\ |exp(z’m¢)‘2 exp? [z’ko (\/nz — n?n) z} R dodz (5.28)
o Jo .
=27 R [J (konm R)| h
with
2m
/ lexp(ime)|2d¢ = 21 (5.29)
0
The denominator of Eq. 5.24 will be calculated as follows :
h rR r27 9
/ / / ’le(konmp)‘ lexp(im@)|” exp? [z’ko (\/nfl - n?n) Z] pdodpdz
o Jo Jo (5.30)

27
=R T2 (konm R)| B
The integral part (I) of the spectral shift equation (Eq. 5.24) can be grouped and simplified

as can be seen in Eq. 5.31.

- R [ (konmR)| + 2h [J2 (Konm R))| 12 J2(kon )] sy
Rh [ J2(konm R)] h R|JA (konmR)]

Microdisks are considered as 2D structures. Since there are no exact solutions of the electric
field of the microdisks, an approximation of the modes inside the disks was demonstrated in
Eq. 5.18. Furthermore, only the bacteria that bind to the top surface of the microresonator

are taken into account to calculate the wavelength shift. Based on these approximations, the
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resonance shift for a WGM microdisk can then be estimated by the following equation :

h R [Jl%d(kO”mR)}

6)\ exV s 1 2 2 k m

Oea0 { [J7 (kor R)] } (5.3
Figure 5.12 relates the wavelength shift found experimentally for a 200 pm-diameter silica
microdisk with a Q = 10* to the calculated number of bacteria that bind to the surface found
from Eq. 5.21 and 5.32.

x10™*

Wavelength shift (%)
N w

—
T
I

0 10 20 30 40
Number of bacteria binding to the microdisk

Figure 5.12 Wavelength shifts in terms of number of bacteria contributing to the shift

As can be seen from Eq. 5.32, the wavelength shift is proportional to the excess polarizability,
the surface coverage and hence the number of bacteria binding to the surface. For the shifts
found above experimentally, it becomes possible to estimate approximately the number of
bacteria that binds to the surface and contributes to the reactive shift. These numbers are

summarized in Table 5.4 for the four concentrations of bacterial solution used above.
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Table 5.4 Surface coverage and number of bacteria binding to the resonator for four different
concentrations

Bacterial solution Wavelength shift Surface coverage Bacteria bound
concentration (cfu/ml) (nm) (m™?) to the surface
5.10° 0.22 8.21 x 10° 46
5.108 0.19 7.15 x 107 40
5.107 0.15 5.56 x 107 31
5.10° 0.14 5.3 x 10° 30

Previously, the values of the wavelength shifts given for the four different bacterial concen-
trations were the mean values resulting from repeating the real-time binding experiments
several times. In Table 5.5, the standard deviation (SD) of the wavelength shifts is given for
the different concentrations. It can be seen that the SD increases with lower concentrations.
The same functionalization process was done on all the microdisks used for the experiments,
meaning that the binding sites for all cases were the same. For greater concentrations of
bacteria, the possibility of binding to the surface are limited due to the great number of
bacteria present, giving almost the same wavelength shift every time the experiment was
repeated. When the concentration decreases, the bacteria will attach more randomly on the
surface of the microdisk, having more possible sites to bind to. However, not all these sites
are necessarily situated on the sensitive part of the microdisk, hence they won’t contribute
similarly to the wavelength shift every time. This makes the calculation of the number of
bacteria that binds to the surface for lower concentrations less accurate. Considering the four
concentrations tested, the limit of detection of the biosensor for a Q-factor of 10* was 5x10°

CFU/ml or 5 pg/ml.

Table 5.5 Standard deviation of the wavelength shift for four different bacterial concentrations

Bacterial solution Wavelength shift Standard deviation (nm)

concentration (cfu/ml) (nm)
5.10° 0.22 0.01
5.10° 0.19 0.02
5.10° 0.15 0.04
5.10° 0.14 0.05

As can be observed in Fig. 5.12, the spectral shift varies linearly with the number of bacteria
that attach to the surface of a microdisk. Accordingly, an extrapolation shows that the

binding of a single bacterium is expected to cause a shift of 5 pm. The smallest shift that
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can be detected using the optical characterization setup described in chapter 4 is equivalent
to the full width at half maximum (FWHM) of the resonance peak. Considering a FWHM of
5 pm and a cavity resonance wavelength of 635 nm, the corresponding quality factor would
be equal to 9.1x10*, meaning that optical microdisks can be used to specifically bind a single
bacterium. It is thus important to make sure that the single bacterium binds to the edge
of the microdisk where the mode energy is at its highest to be able to observe the spectral
shift resulting from the attachment. This can be achieved using appropriate microfluidics
devices, as described in the following chapter. It is also important to make sure that the
optical characterization setup is stable, and environmental changes such as vibrations or
temperature variations don’t have any effect on the spectral shift. In section 6.1.2, the effect
of temperature changes on the spectral shift are discussed. When the temperature variations
are controlled to 0.01 °C, the associated thermal spectral shift would be 38.1 fm (section
6.1.2). A well-controlled environment will then allow the detection of a single bacterium

using optical microdisks.

5.3 Conclusion

In this chapter, the studies done to find a reliable specific functionalization process to attach
S. aureus bacteria on the surface of optical microdisks were presented. Real-time binding of
S. aureus bacteria was done for the first time on the surface of an optical microdisk, giving
opportunities for wide range of use of these resonators for point-of-care tests. A theoretical
expression of the reactive shift in terms of the number of bacteria that bind to the surface of
the resonator was also developed, using an analytical approximation of the cavities modes. It
was used to estimate the number of bacteria that attached to the whispering gallery micro-
cavity experimentally and contributed to the wavelength shift. The challenges faced during
the project and some recommendations that could improve the use of optical microdisks as

biosensors will be provided in the following chapter.
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CHAPTER 6 GENERAL DISCUSSION

Real-time bacterial sensing using high-Q optical microcavities is a very delicate process, in
the sense that it can be highly affected by the environmental and experimental parameters.
Since one of the main goals is to achieve a sensitive robust biosensor that includes integrated
optics and microfluidics for on-site use, some improvements need to be made on the current
platform. In this section, a description of the main challenges faced during the project is given,
mainly the ones related to the use of a tapered optical fiber, followed by some suggestions
and recommendations that can bring the use of optical biosensors from the laboratory to a

commercially used device.

6.1 Challenges and recommendations for real-time detection experiments

6.1.1 Tapered optical fiber

The tapered fiber is one of the most efficient ways to achieve evanescent coupling to an optical
microdisk with low losses. They are easily fabricated by stretching a single mode fiber and

can be easily placed

However, tapered fibers are very fragile and can break easily. They are also unstable in the
presence of liquid which can cause fluctuations in the measurements due to the hydrodynamic-
induced instabilities in the taper-microdisk coupling (Lu et al., 2011). This phenomenon was
reduced by using a micropipette to inject the liquid on the surface of the microdisk, while
making sure not to touch neither the disk nor the tapered fiber, instead of a syringe pump

that generates more vibrations.

Another issue faced when measuring the real-time binding of bacteria is the evaporation of
the buffer during the experiment. Elution buffer originally covered the microdisk, the tapered
optical fiber coupled to the disk and the gap between them. While performing the experiments
over several minutes, the buffer evaporated, causing a change in the coupling efficiency. This
was observed as a change in the intensity of the transmission peaks. Adding more liquid lead
to the same problem, even worse sometimes when the coupling was completely lost due to
the shifting of the tapered fiber. Also, adding a high volume of buffer can lead to high surface
tensions between the liquid and the tapered fiber and eventually break the taper.

In order to overcome this problem, the waveguide can be integrated on chip with the optical
microdisk. One proposed process was the integration of a silicon MEMS actuators with silica

optical microdisk and waveguide (Grutter et al., 2010), as shown in Fig. 6.1.
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Figure 6.1 Schematic of an integrated silica microdisk and waveguide (Grutter et al., 2010)

The process used to fabricate this device is a modified Single Crystal Reactive Etching
and Metallization (SCREAM) fabrication process on a Silicon-on-Insulator (SOI) wafer. A
1 pm-thick layer of phosphosilicate glass (PSG) is deposited on the SOI. Several steps of
photolithography and etching are performed, to finally release the structures using a XeF,

etch of the silicon.

Although integrating the waveguide adds several steps to the fabrication process, it can
remove many challenges related to the use of tapered fiber mentioned above, and bring the
bionsensors based on optical microcavities one step closer to becoming portable and robust

SEnsors.

6.1.2 Temperature variation

It was previously described that the detection of bacteria that attach to the surface of a
microcavity is observed through the reactive sensing mechanism, where the binding leads to

a change in the optical path length and results in a red shift of the resonance wavelength.

Another mechanism resulting from a binding event can also be responsable of a red shift ; the
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thermo-optic effect. The high intensities that circulate in the cavity will heat the molecules
attached to its surface. The heated molecules will increase the temperature of the whispering
gallery microcavity, hence shifting the resonance towards longer wavelength (Armani et al.,
2007), since the thermo-optic coefficient (dn/dT) in dielectric materials is positive (Socorro
et al., 2015). It has been reported that this mechanism is much smaller than its reactive
counterpart, accounting for about one thousandth of the wavelength shift associated with
the binding of a single protein (Arnold et al., 2010).

The thermally induced resonance shift is expressed by the following equation (Carmon et al.,
2004) :

with A\g the cavity resonance wavelength, e the expansion coefficient (m/m °C), dngy/dT
the thermal optic coefficient (1/° C) and ng the refractive index of the cavity. Silica has
a positive thermo-optic coefficient of 0.55x107% K (Weber, 2002). This low thermo-optic
coefficient confers an improved stability to the devices made of silica, which is an essential
feature for a reliable biosensor. For silica, the coefficient [e + (dno/dT’) / no| is equal to
6x107° [1/°C] (Carmon et al., 2004). Considering a cavity resonance wavelength of 635 nm,
the thermal spectral shift will be equal to 3.81 pm/°C. This shift is almost 60 times smaller
than the reactive shift caused by bacterial binding to a microdisk with a Q-factor of 10*. In
this case, the temperature changes don’t have a major effect on the wavelength shift and can
be ignored. However, for a single bacterium detection, the spectral shift would be of the order
of 5 pm, as discussed in section 5.2.2 in the previous chapter. Temperature thus needs to
be controlled and stabilized so the variations do not exceed 0.01 °C. One method to control
the temperature is to use a Peltier heat pump device and thermistor that could control the
temperature to 0.01 °C (Barrios et al., 2007). Nonetheless, the use of these systems can add

some complexity, size and increase the cost of the device (Xu et al., 2010).

6.1.3 Multiplexing assays

Multiplexed biosensing can have many interesting applications in clinical diagnostics and
environmental monitoring. It can help achieve fast simultaneous responses for multiple sample
solutions. Optical biosensors intended for multiplexing use can be easily fabricated using a
series of microdisks that are close one to another. However, coupling using tapered optical
fibers can add some difficulties to the multiplexed devices, making integrated waveguides

more appropriate for this purpose.
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Multiplexed biosensing assays are a series of optical microdisks coupled to a single wave-
guide. Each resonator is functionalized with a different antibody or bacteriophage, specific
to the target molecule it needs to detect. The resonance wavelength is observed for each
microcavity independently, and it shifts according to the strain and concentration of the tar-
get molecule that binds to its surface, as shown in Fig. 6.2. Usually, micropipettes or syringe
pumps are used to deliver the sample to the microcavity. However, these techniques can cause
non-specific binding and cross-reactivity between the capture agents because they deliver re-
latively large volumes of analytes. The cross-reactivity to non-target proteins is common and
ubiquitous to antibodies (Juncker et al., 2014). The use of smaller volumes to deliver the
analytes to the specified position can help overcome this problem. The use of inkjet printing
is one proposed way to do so. Inkjet printing is a non-impact technology that deposits the
liquid drops directly on a pre-specified position through a small aperture (Li et al., 2015).
This method can deliver volumes as small as 0.6 picoliter on a surface as small as 5 pm wide
(SonoPlot GIX microplotter), reducing sample consumption and automating the assays. A
potential complication of this technique, especially when used with protein based analytes,
is the spot drying. Proteins should always be kept in aqueous environment to avoid their

denaturation.

The potential of inkjet printing in the biosensing field is still largely untapped. The deve-
lopment of automated processes to deposit the samples or even the miniaturization of the
printer into a portable machine can lead to highly efficient, portable, high resolution and

rapid biosensing tools.
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Figure 6.2 Multiplexed biosensing showing a series of optical microdisks coupled to a single
waveguide. Two of the disks are functionalized with two different bacteriophages specific to
two different strains of bacteria. The spectral shifts are observed for each of these resonators,
according to the nature and concentration of bacteria attached to their surface.

6.2 Conclusion

In this chapter, a brief description of the problems and limitations encountered during the
project was given. Due to the developments in the optical and microfluidics fields, we could
suggest some recommendations that would allow the use of optical microdisks on-site for
clinical diagnostics and environmental sampling. This could lead the way towards the com-

mercialization of optical biosensors based on optical microdisks.



66

CHAPTER 7 CONCLUSION AND RECOMMENDATIONS

The presence of pathogenic bacteria and virus particles in food supplies and contaminated
water can cause serious infections and diseases and is responsible for a high percentage of
mortality around the world. Over the years, several biosensing techniques have been developed
to detect the presence of viruses and bacteria and prevent the spread of infectious diseases.
The first biosensors to be studied and used were label-based sensors. However, these sensors
can be very expensive, and the labeling process can be time-consuming and can interfere
with the immunoreactivity of the antibodies and the biomolecules to be detected. From
here came the need to develop label-free biosensors to overcome these problems. Label-free
electromechanical and electrical sensors had many limitations, like having a short shelf life or
a long detection time as well as complex fabrication processes. This lead researchers to turn
towards a new family of biosensors, the optical bioensors, and more specifically whispering

gallery mode microcavities.

Numerous studies have emerged in the last decade using whispering gallery mode microcavi-
ties as biosensors. Optical microcavities are structures that can efficiently confine light at the
microscale, and are thus characterized by their high quality factors. They have a wide range
of applications in telecommunications as filters and lasers, optomechanics and sensing. In ad-
dition to their high Q) factors, they are easy to fabricate and to integrate with microfluidics

and multiplexing essays, which make them ideal for biosensing applications.

The aim of this project is to develop a specific label-free biosensor based on whispering
gallery mode microdisks. The first step towards achieving this goal is via an appropriate
surface preparation. Specificity is a very important feature of a biosensor that makes it
suitable for clinical and medical use in complex environments, and we have demonstrated an
important step towards it. During this PhD project, a novel functionalization process was
developed that used specific protein phages instead of whole phages to avoid unnecessary
and additional purification steps. After a series of experiments, LysK protein phage turned
out to be the most specific to bind Staphylococcus aureus strains of bacteria. This binding
event on the surface of the microdisk was quantified through the reactive sensing mechanism.
The attachment of bacteria changes the refractive index of the resonator, hence shifting its

resonance wavelength towards longer wavelengths.

The reactive sensing principle was only developed for a microsphere (Arnold et al., 2010),
since it is impossible to find an exact expression of the electromagnetic field inside a micro-

disk. In this thesis, a theoretical expression for the wavelength shift was developed using an
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analytical approximation of the electric field inside a microdisk. This expression allowed to
approximately determine the concentration of bacteria that bind to the surface of the resona-
tor and contribute to the reactive shift. It has been found that for an initial concentration of
5.10° CFU/ml of S. aureus bacteria, the reactive shift was about 0.22 nm, which corresponds

to approximately 46 bacteria that attach to the sensitive part of the microdisk.

The observation of the wavelength shift also allowed to learn more about the kinetics of
the binding between the LysK protein phage and its host bacteria, S. aureus. The graphics
showed that LysK has a high lysing efficiency on S. aureus, and began to act strongly on the
bacteria the moment it was added into the sample. It took about 15 minutes for the LysK to
attach the maximum number of bacteria. After that time, the shift started to decrease until
it reached its initial value. After about 30 minutes, the bacteria were totally destroyed by the
protein phage. The limit of detection for a solution of 2 uM of LysK was of 5x10¢ CFU/ml
or 5 pg/ml, corresponding to 30 bacteria.

For the first time, label-free detection of bacteria using optical microdisks was achieved. The
device obtained was highly specific, easily fabricated and gave fast responses. Despite this
success, some improvements are still needed, especially if the use of such biosensors needs to
be expanded outside the academic laboratory. It becomes thus important to integrate this
biosensor into a lab on a chip in order to have a robust, low cost, easy to use and reproduce

portable device that requires low sample volumes and improved multiplexing capabilities.

The developments in optical and microfluidics fields allow the integration of many optical
components and microfluidic channels with the microdisk. As mentioned in the previous
chapter, optical waveguides have been integrated with a silica microdisk on a chip using
standard lithographic techniques (Grutter et al., 2010). This will lead to a more robust
biosensor with improved stability and more efficient coupling that won’t be affected by the

instabilities caused by the use of a tapered optical fiber.

Multiplexing assays are also of a great interest especially when fast sample throughput or mul-
tiple simultaneous assays are required (Luchansky and Bailey, 2011). Advancements in micro-
fluidics and the possibility to use inkjet printing to automate and reduce sample consumption

can lead the way towards having very efficient, low cost, integrated and rapid biosensing tools.

Many studies have demonstrated the ability of optical microcavities to detect a single mole-
cule thanks to their high sensitivity. However, this kind of experiments is still unlikely to be
feasible in complex environments like blood or serum. The high sensitivity of optical micro-
cavities can be put to use by analysing the interactions between the molecules or the kinetics

of the binding between the protein and the bacteria, as described earlier in the thesis.
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Single molecule detection using whispering gallery optical microcavities can be a very useful
tool for biochemists and biotechnologists to study the mechanisms and behaviours of single
nanoparticles such as proteins, enzymes and viruses (Foreman et al., 2015). It can help
understand the fundamental physical and biological mechanisms of these molecules as well
as providing new tools to study nanomachines using label-free techniques, for example, when

using optical tweezers.

Single molecule detection can also provide very useful information of the interactions between

a molecule and its receptor to be applied in clinical diagnostics.

Integration of whispering gallery mode biosensors on lab-on-chips with microfluidics, photo-
nics and electric devices will enable the use of robust and portable biosensors for environ-
mental and health diagnostics and monitoring. They can be used for early-stage detection of
infections and diseases rapidly and accurately, and can eventually become a new family of

commercialized label-free biosensors.

Although the studies and research in the biosensors field are developing fast, many bacteria
strains are mutating and becoming resistant to antibiotics and other treatments. That’s why
the biosensing field is in continuous improvement to always have the most sensitive, specific,

robust, high resolution and fast response biosensors.
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Abstract

Whispering gallery mode microcavities have recently been studied as a means to
achieve real-time label-free detection of biological targets such as virus particles,
specific DNA sequences, or proteins. Binding of a biomolecule to the surface of
a microresonator will increase its path length, leading to a shift in the resonance
frequency according to the reactive sensing principle. In this paper, we develop
a theoretical expression that will link the reactive shift to the bacteria and
microdisk parameters and help quantify the number of bacteria that bind to
the surface of a 200 pm-diameter silica microdisk.

Keywords: optical microdisk; wavelength shift; bacterial sensing

1. Introduction

Whispering gallery microcavities (WGM) have attracted increased attention
in the last decade as tools for label-free biosensing [1, 2, 3, 4]. They are structures
that can efficiently confine light at the microscale due to total internal reflection
of light at the interface between the cavity and its surrounding medium. WGM
have a high sensitivity potential due to their high quality factors, as well as
being selective when their surface is properly functionalized with the appropri-
ate recognition element, relatively low cost and yield fast response. While the
bulk of the research in this field is oriented towards the detection of viruses and

small molecules, whispering gallery modes microcavities have a great potential
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for the detection of bacteria. For instance, Staphylococcus aureus (S. aureus) is
a gram-positive bacterium, which is a common cause of skin and respiratory in-
fections and presents antibiotic-resistant strains such as methicillin-resistant S.
aureus (MRSA). MRSA is responsible for over 60% of staphylococcal infections
in hospitals. It becomes thus crucial to find tools to achieve fast diagnosis and
early detection of staphylococcal infections. There exist several techniques that
are widely used for this purpose. Bacterial culture is used in most hospitals
to identify the presence of Staphylococcus aureus. However this kind of tests
can take several days to identify the pathogenic bacteria [5]. Real-time PCR
is the most widespread FDA-approved test for MRSA [6, 7]. However, this
technique is time-consuming (about 2 hours), require prior isolation of bacterial
DNA, can be very expensive and is impractical for use on-site or in developing
countries. Another study shows the detection of Staphylococcus aureus using
aptamer-conjugated gold nanoparticles [8]. Although this technique is very sen-
sitive, it can take up to 1.5 hours to detect the presence of the bacteria, making
it unsuitable for real-time detection. Recently, we have shown the detection of
S. aureus bacteria in Tris-buffered saline (TBS) (10 mM Tris-HCL, 150 mM
NaCl, pH 7.5) by measuring the resonance shifts in silica microdisks which were

specifically functionalized to react only to S. aureus [9].

2. Materials and Methods

2.1. Microdisks fabrication

Optical microdisks are fabricated using standard silicon micromachining
techniques [10]. The substrates used are silicon topped with an 800 nm ther-
mal silicon dioxide layer. The first step performed is UV photolithography
to generate photoresist patterns of 200 ym-diameter microdisks with AZ5214
photoresist. Patterns are then transferred to silica using buffered oxide etch
(B.O.E.) of silicon dioxide. The last step is isotropic dry etching of silicon with

SFg gas to obtain microdisks on pedestals. A scanning electron micrograph of
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a fabricated 200 pm-diameter silica microdisk is shown in Fig. 1.

2.2. Surface functionalization

The functionalization process, needed for the response to be specific to
S. Aureus [11] and shown in Fig. 2 starts by cleaning the microdisks using
oxygen plasma to remove organic residues. The samples are then immersed
in an ethanol:water (95:5) solution containing 2.5% triethoxysilane-PEG-NH;
(Nanocs, MW = 3400) for 2 h, then thoroughly washed with ethanol and dion-
ized water. The PEGylated wafers were then immersed in a 2 uM LysK : 2000
uM EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) (1:1000) solution in
buffer (10 mM Tris. HCl pH 7.5, 150 mM NaCl, 1 % glycerol) at 4 °C overnight,
then thoroughly washed with PBS and water.
After the functionalization process, the microdisk surface exposes a layer of
LysK, an endolysin from the staphylococcal phage K that binds strongly to
staphylococci. It contains three domains: an N-terminal cysteine, a histidine-
dependent amidohydrolase / peptidase (CHAP) domain, a midprotein amidase-
2 domain, and a C-terminal SH3b cell wall-binding domain [12]. This layer
causes approaching bacteria to stick to the surface of the microdisk and then
starts lysing their cell membranes. Lysing starts immediately after the addition

of Staphylococcus aureus to LysK.

2.8. Optical characterization setup

The resonance shifts caused by the binding of bacteria were measured with
the experimental setup represented in Fig. 3. Light from a tunable laser source
was coupled into a tapered optical fiber next to the 200 pm-diameter silica
microdisk, and the transmitted light intensity was measured as the laser wave-
length was scanned. The resonances appeared as dips in the transmission spec-
trum. A typical transmission spectrum of a 200 pym-diameter silica microdisk
coupled to a 1.2 pum waist diameter tapered optical fiber is shown in Fig. 4.

Quantitative sensing of the bacterial concentration is important, as a simple
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presence/absence detection scheme might not be efficient enough in a clinical
setting. In this article, we develop a detailed model of the silica microdisks as
biosensors in order to quantify the number of detected bacteria based on the

measured resonance shifts.

3. Biosensing principle

The biodetection principle has been demonstrated and described in several
studies [13, 14]. When particles bind to the surface of the microresonator,
they interact with its evanescent field, hence increasing the optical path length,
leading to a shift towards lower frequencies, i.e. longer wavelengths. This is
known as the reactive mechanism for biosensing[15]. The wavelength shift is

given by:

AN AR An
LA _Bk, o 1)
A R n
where R is the radius of the microresonator and n its refractive index. For more
complex cases where the protein or biomolecules are not uniformly distributed
across the resonator surface, the analysis becomes less straightforward. The
polarizability of the particles as well as the surface density will have an effect

on the resonant wavelength shift [13].

3.1. Theoretical wavelength shift

In order to convert the resonance shifts to more useful information we need
a theoretical wavelength shift equation for a microdisk. This formulation allows
to determine the surface area covered by the analytes using the experimental
wavelength shift, and hence estimate the number or concentration of bacteria
that bind to the surface of the disk and contribute to the reactive shift.
The frequency shift caused by the binding of a biomolecule considers the energy
of interaction as a first-order perturbation to a single-photon resonant state.

When a particle binds at a position 7;, the resonant shift can be expressed as
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follows [16]:

- = 2

(6)\) o~ —Oéew‘Eo(Ti) | ) (2)
A 2/ €| Bo (2 dV

\%

The integral in the denominator of Eq. (2) is taken over the microdisk’s
volume (V). The excess polarizability of the particles binding to the resonator’s
surface iS .., while the resonator’s dielectric constant is €, = €gé,s. The
addition of equal electric and magnetic contributions is accounted for by adding
the factor 2 in front of the integral.

If there is a relatively large number of binding sites with a reasonably uniform

distribution, we can approximate the sum in the numerator of Eq. (2) by:

N
Y 1B = o, / |Eo(7)[2dA, 3)

with A being the surface area of the resonator and o, is the surface area density
of the particle covering.
The surface coverage density can be expressed as the number of bound

molecules (N) per surface unit as follows:

N
m(R? — T%/e) + 27 Rh’

o5 = (4)
where R is the radius of the microcavity. Equation (4) considers that bacteria
only attach on the top surface of the microdisk. Since the majority of the mode
energy is contained on the edge of the microdisk, only bacteria that attach in
this region will contribute to the spectral shift. The surface area taken into
consideration is then the surface of a ring of outer diameter R where the electric
field is maximum, and an inner diameter r,, where the intensity of the electric
field decays to 1/e of its maximum, in addition to the surface of the edge.

The excess polarizability of the molecules binding to the resonator’s surface
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can be expressed as follows [13]:

N, dn
Qey = 4Teg ( ) < dcm> Mbact, (5)

where n,, is the medium (TBS) refractive index, % = lime_o(™="2), the

differential refractive index of molecules in water, where ¢, is the solvent con-
centration, and is usually of the order of 0.1 mL/g for polymers in water [17],
and mpqct, the mass of a single particle.

The only missing piece of information is the spatial distribution of the am-
plitude of the electric field in the resonator, |E(7)|. We use an analytical ap-
proximation to the electric field in a microdisk[18], where the amplitude of the

field is separated as follows:

Eo = 9(p)Q)Z(2) = Ji(konmp) exp(ime) exp(iko(y/n3 —n2,)z), (6)

where p is the microdisk’s radius, ¢ represents the angle on the top surface of
the disk, k¢ the wavelength number, ng and n,, the refractive indices of the disk
and the medium, respectively, and z the thickness of the resonator, as shown in
Fig. 5.

The parameters used to determine the spectral shift due to S. aureus binding
to a 200 pm-diameter silica microdisk submerged in Tris buffer are defined in
Table 1. These values are used for the calculations shown below.

Using Eq. (2), (3) and (6), the resonant shift for the TE mode of the mi-
crodisk can be written as follows:

O\ Qe l/ /% P17 1(e)? <2>

85

2
pdidp + / / R) |90)]? | Z(2) > Rdodz

X 2, [ [ [ worawrize s

(7)
The integrals in the numerator of Eq. (7) are taken over the top surface of
the microdisk and its edge surface respectively. The denominator is the volume

integral of the electric field inside the microcavity. The integral of the first-kind



15 Bessel function can be written according to Eq. (8).

R? [J2 1 (Konm R]). (8)

R’ 1
/ [Ji(konmp)]*pdp = 3
0

The three integrals of Eq. (7) are each solved separately. The first double

integral in the numerator is expressed as follows:

R 2 h
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(9)
2T o 149
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The second double integral of the numerator can be expressed as:
h 27 9
/ / |JZ (konmR)| | exp(ime)|” exp? [iko (\/nfl — n%n) z} R dodz
0 Jo (10)

=27R [J} (konmR)] h
with

h
/ exp? {iko ( n? — nfn) z] dz=h (11)
0

and

2
/ lexp(ime)|* d¢ = 27 (12)
0

The denominator of Eq. (7) is calculated as follows:

h rR p27
[ 7t et )

1 "
= §R2 [Jl2+1 (konmRﬂ h/ |exp(zm(b)\2 d¢
0

(13)

1w The integral part (I) of the spectral shift equation (Eq. 7) can be grouped and
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simplified as follows:

- R [Jla_l(kionmR)] 19 [Jf(k’onmR)] _ 1 N 2 [Jf(konmR)] (14)

Rh [J2 1 (konmR)] h R[JZ(konmR)]

With an explicit expression for the integral in Eq. (7) in hand, we can then
use Eq. (2) to find out an expression for the spectral shift. This expression is an
approximation rather than an exact solution because there is no exact solution
to the modes of a microdisk. Furthermore, microdisks are considered as 2D
structures, and only the bacteria that bind to the edge of the microresonator
are taken into account to calculate the wavelength shift. The resonance shift

for a WGM microdisk can then be estimated by the following equation:

(15)

X 2e06s | b R[JE (konmR)]

oA o YexOs {1 + 2 [JZQ(kOnmR)] }
As can be seen in Eq. (15), the wavelength shift depends on the radius of
the microdisk and is not affected by its Q-factor. This relationship can hence

be applied to all optical microdisks of different sizes and Q-factors.

3.2. Ezperimental results

Bacteria were added to the surface of a functionalized silica microdisk using
a micropipette. As soon as the bacteria stick to the surface of the microdisk,
LysK phage starts immediately lysing the Staphylococcus aureus. It takes about
30 minutes for most of the bacteria to be lysed. A graph showing the variation
of the wavelength shift in time after the binding of S. aureus to the surface of
an optical microdisk is shown in Fig. 6.
Four different concentrations of bacteria were used experimentally, leading to
four different wavelength shifts [9]. Fig. 7 shows the maximum wavelength
shifts obtained experimentally for the four different concentrations. From these
wavelength shifts, the corresponding number of bacteria that bind to the surface
of the resonator in each case was calculated using Eq. (15). The results are

summarized in Table 2 and plotted on Figure 8.
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The minimum shift that could be observed was of 0.14 nm, corresponding to
20 bacteria binding to the surface of the microresonator and contributing to the
spectral shift. The bacterial concentration used in this case was 5.10° CFU/ml.

Figure 8 is a graphical representation of the theoretical wavelength shift
relationship of Eq. (15). It shows the variation of the theoretical wavelength
shift versus the number of bacteria that bind to the surface of a 200 pm-diameter
silica microdisk with a Q = 10%, found from Eq. (4) and (15). As can be observed
in Fig. 8, the spectral shift varies linearly with the number of bacteria that
attach to the surface of a microdisk. Accordingly, an extrapolation shows that
the binding of a single bacterium is expected to cause a shift of 7 pm. Since
the shift caused by the attachment of a single bacterium is relatively small, it
becomes crucial to have a stabilized optical characterization setup to avoid the
effects of laser instabilities or temperature changes on the spectral shift. The
thermal spectral shift for a cavity resonance wavelength of 635 nm is equal to
3.81pm/°C. A method to control the temperature could be to use a Peltier heat
pump device and thermistor that could control the temperature to 0.01 °C [19].
Another method could be the use of thermal-stabilized reference interferometer
with a high-Q optical microcavity[20]. This could enhance the signal to noise
ratio and allow to have a highly sensitive biosensor. The use of appropriate
microfluidic channels could also ensure that the bacterium binds to the edge of
the microdisk that contains most of the mode energy so it could be accurately

detected.

4. Conclusion

In this work, we have developed an equation to estimate the number of
bacteria that bind to a 200 pm-diameter silica microdisk from the wavelength
shift observed experimentally. This expression has allowed us to find a limit of
detection for Staphylococcus aureus of 5 pg/ml for a microdisk with Q = 10%,
correponding to 20 cells [9]. The theoretical expression of the wavelength shift
developed in this work can be applied more generally to find the spectral shift
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that results from the binding of any biological particle on the surface of an opti-
cal microdisk. It is important however to use the appropriate parameters corre-
sponding to these particles while calculating their excess polarizability in order
to obtain an accurate result. It is believed that using microdisks with higher
quality factors combined with an adequate and stabilized optical characteriza-
tion setup so that environmental changes don’t affect the biosensing process,

would allow real-time single bacterium detection using optical microdisks.
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Figure 1: Scanning electron micrograph of an optical microdisk.
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Figure 2: Functionalization of silica microdisks. (a) The silicon dioxide surface is hydroxylated
with oxygen plasma. (b) The disk is immersed in triethoxysilane-PEG-NHs. (c) The free
amines of the PEG-silane are covalently coupled to LysK using carbodiimide coupling.
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Figure 3: Optical characterization setup. The light from a tunable laser at 630 nm propagates
through a polarization controller and is coupled inside the microdisk using a tapered fiber. The
signal conveyed from the photodetector to the oscilloscope yields the transmission spectrum.
Resonant modes are observed as a series of dips.
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Figure 4: Transmission spectrum of a 200um-diameter silica microdisk coupled to a 1.2 pm

waist diameter tapered optical fiber.
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Figure 5: Schematic representation of a fabricated microdisk a) Top view and b) vertical cut
view

Table 1: Parameters of the wavelength shift equation for a microdisk
Parameter | Definition Value
ey Excess polarizability 4reg x 2.12x1072Y (m?)
o5 Surface coverage % (m=2)
€0 Vacuum permittivity 8.854x10~'2 F/m
€rs Relative permittivity of silica | 3.9
ko Wavenumber (2F) 9.895x10 m~!
ng Microdisk refractive index 1.457
Ny, TBS refractive index 1.332
h Microdisk thickness 800 nm
R Microdisk radius 100 pm
Mpget Mass of one bacterium 10712 g
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Figure 6: Wavelength shift in time after S. aureus binding to the resonator. A buffer solution
is added to the surface of the microdisk using a micropipette. At time T = 0, the same
buffer containing S. aureus bacteria is added. Error bars are due to uncertainties in the values
resulting from laser drift and error in calculating the shift from the transmission spectra
(£2pm).
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Figure 7: Wavelength shifts after S. aureus binding for four different concentrations. A buffer
solution is added to the surface of the microdisks using a micropipette. At time T = 0,
the same buffer containing four different concentrations of S. aureus bacteria is added to the
microdisks. Error bars are due to uncertainties in the values resulting from laser drift and
error in calculating the shift from the transmission spectra (+2pm).

94



Table 2: Number of bacteria binding to the resonator for four different concentrations

Bacterial Solution ‘Wavelength Shift | Bacteria Bound
Concentration (CFU/mL) (60X in nm) to the Surface
5x107 0.22 31
5x108 0.19 27
5x107 0.15 21
5x10¢ 0.14 20
x10™

[\ w

—

Wavelength shift (0A/\)

-1 ' ' '
0 5 10 15 20 25 30

Number of bacteria binding to the microdisk

Figure 8: A graphical representation of the theoretical wavelength shift relationship of Eq. (15)
in terms of number of bacteria contributing to the shift. The graph shows the variation of the
wavelength shift versus the number of bacteria that bind to the surface of a 200 pm-diameter
silica microdisk with a Q = 10, found from Eq. (4) and (15).
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Abstract: Whispering Gallery Mode (WGM) microresonators have recently been studied as a means
to achieve real-time label-free detection of biological targets such as virus particles, specific DNA
sequences, or proteins. Due to their high quality (Q) factors, WGM resonators can be highly sensitive.
A biosensor also needs to be selective, requiring proper functionalization of its surface with the
appropriate ligand that will attach the biomolecule of interest. In this paper, WGM microdisks are
used as biosensors for detection of Staphylococcus aureus. The microdisks are functionalized with LysK,
a phage protein specific for staphylococci at the genus level. A binding event on the surface shifts
the resonance peak of the microdisk resonator towards longer wavelengths. This reactive shift can be
used to estimate the surface density of bacteria that bind to the surface of the resonator. The limit
of detection of a microdisk with a Q-factor around 10* is on the order of 5 pg/mL, corresponding
to 20 cells. No binding of Escherichia coli to the resonators is seen, supporting the specificity of the
functionalization scheme.

Keywords: optical microdisk; surface functionalization; bacterial sensing; specific binding

1. Introduction

Viruses and bacteria are a major cause of human disease [1]. Staphylococcus aureus causes
serious skin and respiratory infections and food poisoning. Overuse of antibiotics has given
rise to antibiotic-resistant strains such as methicillin-resistant Staphylococcus aureus (MRSA), which
is responsible for over 60% of staphylococcal infections in hospitals [2,3]. It is crucial to find
new approaches to fast diagnosis and early detection of staphylococcal infections. Real-time
PCR is the fastest (about 2 h) [4] and most widespread (FDA) (United States Food and Drug
Administration)-approved test for MRSA. However, this technique can be very expensive and is
impractical for use on-site or in developing countries.

Other biosensing techniques such as fluorescent immunoassays require labeling of the target
molecule, adding an extra step to the functionalization process. Although these methods can be very
specific, especially in complex environments such as blood, they require a prior knowledge of the
target molecule [5].

Therefore, it is useful to develop label-free sensors to detect the bacterium itself, rather than
a fluorescent label. Whispering gallery mode microresonators have been recently studied for this
purpose, considering their high quality factors that yield high sensitivity, as well as their selectivity,
fast response, low cost and reproductibility [6-9]. In order to obtain good selectivity, the biosensor
needs to be properly functionalized with a ligand that is specific to the biomolecule to be detected.

Biosensors 2016, 6, 20; d0i:10.3390/bios6020020 www.mdpi.com/journal/biosensors
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This ligand may be an antibody, aptamer, complementary sequence, or other molecule that binds
specifically to the target of interest while ideally protecting the resonator from non-specific binding.

Non-specific bacterial detection has been demonstrated in previous studies [10,11]. However,
non-specific biosensors are not suited for clinical uses in complex environments such as blood or serum.
In this study, we demonstrate real-time specific detection of Staphylococcus aureus using whispering
gallery mode microdisks. Specific functionalization was achieved using LysK phage protein. LysK
is an endolysin from the staphylococcal phage K that binds strongly to staphylococci. It contains
three domains: an N-terminal cysteine, a histidine-dependent amidohydrolase/peptidase (CHAP)
domain, a midprotein amidase-2 domain, and a C-terminal SH3b cell wall-binding domain [12]. It has
previously been studied as a potential antimicrobial [13] and a biosensor [14]. The LysK-functionalized
microdisks showed a concentration-dependent wavelength shift in the presence of S. aureus. No shift
was seen with a control strain (E. coli), indicating specificity at least at the genus level.

2. Materials and Methods

2.1. Microdisk Fabrication

Optical microdisks were fabricated using silicon micromachining techniques [15]. The substrates
used were silicon topped with an 800 nm thermal silicon dioxide layer. The first step performed was
UV photolithography to generate photoresist patterns of 200 um-diameter microdisks with AZ5214
photoresist. Patterns were then transferred to silica using buffered oxide etch (B.O.E.) of silicon dioxide.
The last step was isotropic dry etching of silicon with SFs gas to obtain microdisks on pedestals.
Microdisks were characterized by scanning electron microscopy (Hitachi S-4700, Tokyo, Japan).

2.2. Plasmids and LysK Purification

Phage proteins expressed in the pET21 plasmid vector were kindly provided by
David M. Donovan. The plasmid constructs [16,17] and LysK purification procedure were previously
described [14]. In summary, 0.5 mg of plasmid DNA was transformed into E. coli BL21 (DE3) and
grown overnight in modified lysogeny broth (LB) (15 g tryptone, 8 g yeast extract, 5 g NaCl per
liter, pH 7.8). Colonies were picked and grown in modified LB until they reached an optical density
at 600 nm (ODgqp) of 0.4-0.5. Then, protein expression was induced with 1 mM IPTG (Isopropyl
B-D-1-thiogalactopyranoside) at 10 °C for 20 h. The bacteria were pelleted by centrifugation (5000 rpm,
4 °C) and the pellet was resuspended in lysis buffer (50 mM NaH; POy, 300 mM NaCl, 10 mM imidazole,
pH 8.0 and 30% glycerol) and sonicated to lyse the cells. His-tagged proteins were purified through
nickel chromatography using Ni-NTA (NitriloTriacetic Acid) Superflow (Qiagen, Hilden, Germany).
Supernatant was incubated with Ni-NTA matrix at 4 °C for 1 h. Then, the column was washed once
with lysis buffer and twice with wash buffer (50 mM NaH;POy, 300 mM NaCl, 20 mM imidazole,
pH 8.0 + 30% glycerol). Protein was eluted with elution buffer (50 mM NaH,;PO,, 300 mM NacCl,
250 mM imidazole, pH 8.0 + 30% glycerol). The purified protein was analyzed at 10% SDS-PAGE
(Sodium Dodecyl Sulfate-Poly Acrylamide Gel Electrophoresis) and visualized with Coomassie blue
staining. Lytic activity of the proteins against bacterial strains was tested with a zymogram assay
as follows: the mid-log growth phase cell pellet from 75 mL of bacterial culture was mixed with
SDS-PAGE resolving gel. The gel was run as usual (1 h), then rinsed with dH,O and incubated in
Tris-Buffered Saline (TBS) (10 mM Tris, 150 mM NaCl, pH 7.5) for up to 24 h until clearing in the turbid
gel appeared, indicating lytic activity.

2.3. Surface Functionalization

The samples were cleaned using oxygen plasma or piranha etch to remove organic residues.
The wafers were then immersed in an ethanol:water (95:5) solution containing 2.5% triethoxysilane-
Polyethylene Glycol (PEG)-Amine (NHj) (Nanocs, MW = 3400) for 2 h. Samples were then thoroughly
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washed with ethanol and deionized water and then annealed at 110 °C for 2 h. The PEGylated wafers
were then immersed in a 2 pM LysK:2000 uM EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide)
(1:1000) solution in buffer (10 mM Tris. HCI pH 7.5, 150 mM NaCl, 1% glycerol) at 4 °C overnight, and
then thoroughly washed with PBS and water.

2.4. Optical Characterization Setup

The light from an external cavity tunable diode laser (New focus TLB-6300-LN, Newport, VA,
USA) emitting at 630 nm was evanescently coupled inside the microdisk through a tapered optical
fiber. Tapered fibers were fabricated by gently stretching a single mode fiber while it was heated
over a flame until the tapered region reached a 2 um diameter. A red laser was used to limit the
absorption losses in aqueous media. A function generator (Agilent 33220A) fed a trigger signal to the
piezo input of the laser. The signal was set to pulse with a 10 ms width, 3.5 V amplitude and 1.75 V
offset. A photodetector (Newport 818-SL/CM, Newport, VA, USA) conveyed the output signal to an
oscilloscope (Agilent DSO6302A) where the transmission spectrum of the resonator was observed as
the laser wavelength was scanned.

2.5. Bacterial Strains and Maintenance

S. aureus strain ATCC (American Type Culture Collection) 29213 and E. coli strain 10798 were
purchased from ATCC. S. aureus and E. coli were maintained by serial passages in LB media.
For binding studies, cells were pelleted and resuspended in Tris-buffered saline (TBS) (10 mM Tris-HCl,
150 mM NaCl, pH 7.5).

3. Results and Discussion

3.1. Fabrication and Characterization

An SEM image of a typical microfabricated WGM optical microdisk is shown in Figure 1.
Functionalization was confirmed by ellipsometry and X-Ray Photoelectron Spectroscopy (XPS).
Measurements were taken on the same silica wafers used to fabricate the microdisks and the results
are detailed in [14]. The functionalized microdisks were coated with polyethylene glycol (PEG) to
block any non-specific binding of bacteria to the surface of the resonator. Microdisks with 2 uM of
LysK incubated in a solution of 107 CFU/mL are expected to have around 60 4 5 recognition elements
per 3.3 X 10% umz region [14]. A schematic of the functionalization scheme is shown in Figure 2.

Figure 1. Scanning electron micrograph of an optical microdisk.
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Figure 2. Functionalization of silica microdisks. (a) the silicon dioxide surface is hydroxylated with
oxygen plasma; (b) the disk is immersed in triethoxysilane-PEG-NH;; (c) the free amines of the
PEG-silane are covalently coupled to LysK using carbodiimide coupling.

3.2. Bacterial Binding

Binding experiments were performed on a functionalized 200 um-diameter microdisk coupled to

a tapered optical fiber, and the wavelength was scanned from 635.2 to 637.5 nm as shown in Figure 3.

When the signal was stable, 2 uL of TBS was added to the surface of the disk using a micropipette
and the transmission spectrum was observed on an oscilloscope. Addition of TBS did not lead to any
wavelength shift. Keeping the same coupling position, another 2 uL of TBS containing S. aureus at
ODgqo = 0.4 (approximately 5 x 10° CFU/mL) was added. The wavelength shift of a selected mode

was observed over 30 min.
Sample deposition

Microdisk
Red Laser m N | |
Polarization Tapered fiber Photodetector
Controller

Figure 3. Optical characterization setup. The light from a tunable laser at 630 nm propagates through a
polarization controller and is coupled inside the microdisk using a tapered fiber. The signal conveyed
from the photodetector to the oscilloscope yields the transmission spectrum. Resonant modes are
observed as a series of dips.

The wavelength began to shift almost immediately after adding the bacteria, indicating rapid
binding of the bacteria to the surface. The maximum wavelength shift of 0.22 4 0.002 nm was seen
after approximately 15 min (Figure 4). Uncertainties in the values resulted from laser drift (1 pm) and
the error in calculating the wavelength shift from the transmission spectra (1 pm) . After reaching its
maximum, the wavelength shift began to decrease. This is most likely because the LysK protein has
strong lytic activity [12,14], so that at 30 min, a majority of the bound cells were lysed.
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Figure 4. Wavelength shift vs. time after S. aureus and E. coli binding at a cell concentration of
ODyggo = 0.4 (5 x 10° CFU/mL). After 15 min, a maximum shift is obtained and is about 0.22 nm for
the Staph., whereas no shift is observed for E. coli detection. Error bars are standard deviations as
discussed in Section 3.2 of the text.

3.3. Specificity of LysK

Specificity of the PEG-LysK functionalization at the genus level was demonstrated using in a
previous study fluorescent labeling [14]. Here, we confirmed this by using E. coli as a control with the
microdisk system. E. coli at ODgp = 0.4 was applied to the resonator, and as can be seen in Figure 4,
the transmission spectrum at time 0 and after 20 minutes did not change. No shifts were observed,
suggesting that E. coli did not bind to the surface of the resonator.

When both S. aureus (ODggo = 0.4) and E. coli (ODggp = 0.4) were added to the surface of the
resonator, a shift of 0.22 nm was observed, similar to the one obtained with the S. aureus alone. Thus,
no E. coli attached to the resonator and only the presence of S. aureus contributed to the reactive shift.

3.4. Concentration-Dependent Shift

Concentration-dependence of the shift was examined by varying the concentration of the S. aureus
solution used for biodetection. The ODgq = 0.4 solution was diluted 10, 100 and 1000 fold, and Figure 5
shows the maximum wavelength shifts for the four different concentrations (also summarized in
Table 1). The 100- and 1000-fold dilutions showed almost the same wavelength shift, meaning that
approximately the same number of bacteria attached to the resonator in both cases. Experiments with
lower concentrations could not be carried out because of the limitations due to the relatively small
quality factors of the microdisks (Q =~ 10*). Quality factors of the microdisks were measured after each
functionalization step (addition of Si-PEG and LysK) and after biodetection. It is worth noting that the
quality factor did not significantly change during the process and a value around 10,000 was found
each time.
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Figure 5. Wavelength shifts after S. aureus binding for four different concentrations. Error bars are
standard deviations as discussed in Section 3.2 of the text.

Table 1. Resonance shifts in terms of bacterial concentration.

No Dilution Diluted 10 x Diluted 100 x Diluted 1000 x
022 £0.002nm 0.194+0.002nm 0.15+0.002nm 0.14 £+ 0.002 nm

3.5. Bacterial Surface Density

In the previous sections, an experimental wavelength shift was found for several bacterial
concentrations. A theoretical expression that links the wavelength shift to the number of bacteria that
bind to the surface of the microdisk was developed in [18] and shown in Equation (1). Using this
expression, it was possible to obtain an approximate number of bacteria that bound to the surface
of the microdisks and contributed to the reactive shift. For example, for the solution with OD = 0.4,
the shift was 0.22 nm. With a resonance wavelength of 635 nm, the surface density can be estimated to
be around 8.21 x 10° m~2:

0 oo | (B () o (1 (V) 5) e g

3= 2
A 2egers [Zko ( nf, — n%) h + sin <2k0 ( nﬁ — n%) h)} R [Jiy1 (konmR)]

with a,yx being the excess polarizability of the molecules binding to the resonator’s surface, o; the
surface area covered by the molecules, €y and €,s the vacuum and resonator’s relative permittivity,
respectively, ko the wave number, n; and n,,, the microdisk and the solvent refractive index, respectively,
h the thickness of the microdisk, R its radius and J;(kgn, R) the first kind Bessel function.

The parameters used to determine the spectral shift due to S. aureus binding to a 200 pm diameter
silica microdisk submerged in TBS are defined in Table 2.

@
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Table 2. Parameters of the wavelength shift equation for a microdisk.

Parameter Definition Value Unit
Koy Excess polarizability 4eg x 212 x 1070 m3
Os Surface coverage m () m~2
€0 Vacuum permittivity 8.854 x 10712 F/m
€rs Relative permittivity of silica 3.9

ko Wavenumber (27”) 9.895 x 103 nm~!
ng Refractive index of the microdisk  1.457 -

Ny Refractive index of the buffer 1.332 -

h Thickness of the microdisk 800 nm
R Radius of the microdisk 100 m

m Mass of one bacterium 1012 g

1 Mode number (727(11'14 L) 1442 -

The surface density can be written as:

_ N
~ m(R2%,, —12) +27Rh

where N is the number of bacteria that attach to the surface, Ry;qx the radius of the ring where the
electric field is maximum, r. the radius of the ring where the electric field decays to 1/e of its maximum
value, R the radius of the microdisk and # its height. This suggested that 31 bacteria bound to the
surface and contribute to the wavelength shift for the undiluted culture. The estimated surface
coverage and the number of bacteria that bound to the surface of the microdisk for the four different
concentrations used are given in Table 3.

Os

@)

Table 3.
different concentrations.

Surface coverage and number of bacteria binding to the resonator for four

Bacterial Solution Wavelength Shift Surface Coverage Bacteria Bound
Concentration (CFU/mL) (nm) (m—2) to the Surface
5 x 10° 0.22 8.21 x 10° 31
5 x 108 0.19 7.15 x 10° 27
5 x 107 0.15 5.56 x 10° 21
5 x 100 0.14 5.3 x 10° 20

3.6. Variability in Binding

Measurements were done on eight different microdisks for each concentration, and results were
mean values of the experiments done for each concentration. All microdisks used had the same
size of 200 um diameter and a quality factor of around 10* for the sake of comparison. In Table 4,
the standard deviation (SD) of the wavelength shifts is given for the different concentrations. It can
be seen that the SD increased with lower bacterial concentrations. Assuming that the microdisks
used were functionalized identically, a saturation of all of the available binding sites by bacterial
cells should lead to the same maximum value of the wavelength shift. This is what was seen for the
highest bacterial concentration, where the wavelength shift was highly reproducible from experiment
to experiment. For more dilute solutions, the bacteria will be depleted before all of the binding sites
are saturated. Because some of the active protein sites will not be located on the sensitive part of the
microdisk, there will be variability in the number of bound cells that contribute to the wavelength
shift. Considering the four concentrations tested, the limit of detection of the biosensor for a Q-factor
around 10* was 5 x 10® CFU/mL or 5 pg/mL.
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Table 4. Standard deviation of the wavelength shift for four different bacterial concentrations.

Bacterial Solution

Concentration (CFU/mL) Wavelength Shift (nm) Standard Deviation (nm)

5 x 10° 0.22 0.01
5 x 108 0.19 0.02
5 x 107 0.15 0.04
5 x 10° 0.14 0.05

4. Conclusions

In this work, we achieved real-time specific detection of S. aureus using whispering gallery
mode microdisks functionalized with the staphylococcal-specific LysK endolysin. We showed that
the resonance peak shifted towards longer wavelengths almost immediately after S. aureus addition,
and the shift continued to increase for 15 minutes as the number of bacteria that bound to the surface
of the resonator increased. Different concentrations of bacteria gave rise to different wavelength shifts,
showing the dependence of the reactive shift on surface density. The limit of detection of a microdisk
with a Q-factor of 10* was found to be 5 pg/mL. The selectivity of the functionalization process at
the genus level was also demonstrated using E. coli, which did not lead to any significant change of
the resonance. Specificity is a very important feature of a biosensor that makes it suitable for clinical
and medical use in complex environments, and we have demonstrated an important step towards it.
Further studies using very low concentrations of bacteria need to be performed in order to achieve
single-bacterium detection and exploit the high sensitivity of WGM resonators. The lytic effect of the
LysK may be exploited by downstream sensors which could identify the lysed cells at the species or
strain level, and thereby differentiate antibiotic-resistant and -sensitive strains of S. aureus [19].
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Hala Ghali', Pablo Bianucci', Hicham Chibliz, Jay L. Nadeauz, and Yves-Alain Peter’
Ecole Polytechnique de Montréal, Canada, *McGill University, Canada

ABSTRACT

In this work, we demonstrate the specificity of functionalized optical microcavities as bacteria sensors. We used
endolysin LysK as a specific binding molecule to Staphylococcus aureus (S. aureus). Wavelength resonance shifts are
observed after each functionalization step and biodetection, confirming the label-free detection of bacteria on the surface
of the microresonator. Further experiments conducted using Escherichia coli (E. coli) bacteria with the same endolysin
validate the specificity of our biosensor.

KEYWORDS
Optical microdisk, label-free bacteria detection, resonance shifts, specificity

INTRODUCTION

Whispering gallery optical microcavities are structures which can efficiently confine light at the micro scale [1]. This
confinement is based on total internal reflection of light at the interface between the cavity and the surrounding medium.
Since the field evanescently extends into the medium, the optical properties of the microcavity are extremely sensitive to
changes in its surroundings. In this work, we describe a biosensing application of these optical microcavities for the
label-free detection of bacteria.

EXPERIMENT

Silica microdisks were fabricated using conventional microfabrication techniques [2]. The initial substrate was a
silicon wafer with an 800 nm layer of thermal silicon dioxide. First we used UV photolithography to define the pattern of
disks on the wafer, which is then transferred to the oxide using hydrofluoric acid. This is followed by an isotropic
reactive ion etching of the silicon to form a silica disk on a pedestal. A scanning electron micrograph of a
microfabricated optical microcavity is shown on Fig.1.

Figure 1: Scanning electron micrograph of an optical microcavity

An as-fabricated microcavity sensor will show a change in its optical response under any alteration of its
environment. In order for the sensor to be specific to a particular species of bacteria, we need to properly functionalize its
surface so that only that kind of bacteria will result in detectable changes. In our work, we are interested to detect the
presence of Staphylococcus aureus (S. aureus). The microcavity surface was first functionalized using PEGylated
aminosilane (PEG-Si). We then introduced phage-derived proteins (the endolysin LysK) specific to S. aureus. The
binding between the bacteria and the phage proteins creates a perturbation in the electromagnetic environment of the
microresonator which is observed as a shift in the resonance wavelengths present in the transmission spectrum [3].

16th International Conference on
Miniaturized Systems for Chemistry and Life Sciences
978-0-9798064-5-2/uTAS 2012/$20©12CBMS-0001 October 28 - November 1, 2012, Okinawa, Japan
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We used a tapered optical fiber to couple the light from a tunable red laser (635 nm) into the resonator, and measured
the transmission spectra. Resonances appear as dips in the transmission. The microdisk was functionalized using PEG-Si
and LysK protein. S. aureus cells were then introduced. Figure 2 represents a resonant mode of this microresonator
(shown on Fig. 3 (c)) after microfabrication and each functionalization step, up to biodetection. It can be seen that the
mode wavelength (i.e. the wavelength at the center of the dip) changes after each step. The as-fabricated microcavity
shows a resonant mode at 635.4 nm. After adding the PEG-Si, the mode shifts to 636.3 nm. We would expect a shift
towards longer wavelength after each functionalization step, but the microdisk covered with PEG-Si and LysK protein
resonates at 635.1 nm. This blue shift is most likely due to the difficulty of coupling to the same resonant mode when
using off-line functionalization (where the microdisk is removed from the setup for each step of the process). When the
bacteria attach to the surface of the microdisk, the resonant mode is observed at 637 nm. It should be noted that the
quality factor did not undergo a drastic change. It decreased from 2.54x10* for a clean microdisk, to 1.59x10* after
biodetection.

I
Q+.11x10" \ /‘
0.9 4
Q=1.59x10
0.8+ ‘ F _
0.7 ' Microdisk 7
0.6 - Microdisk - 1 + PEG-Silane |
05" PEGSilane | || Q=1.27x10 + LysK Protein |
" LysK Proteig : + 8. Aureus
Microdisk
0.3 q ; . i
Q=2.54x10 + PEG-Silane
0.2 _
0.1 |
or Microdisk 7
-0.1 | \ i I
635 635.5 636 636.5 637 637.5
Wavelength

Figure 2: Resonances of the microcavity after each functionalization step and biodetection

To prove the specificity of our microresonator, we tested its surface functionalization. In the absence of PEG-Si and
LysK protein, S. aureus did not attach on the surface of the microresonator as can be seen on Fig. 3 (a). In microdisks
treated only with LysK (Fig. 3 (b)), S. aureus cells attached randomly on the surface. When the full treatment with PEG-
Si and LysK was performed on the microdisk, a lower density of S. aureus attachment was noted, as can be seen on Fig.
3 (c), with a somewhat larger density of attachment on the resonator. Finally, Fig. 3 (d) shows a microdisk treated with
PEG-Si, LysK protein and E. coli bacteria where no bacteria attached, demonstrating the specificity of the
functionalization.

In conclusion, we proved that, with the proper functionalization, we obtained a specific microresonator able to
capture S. aureus cells on its surface. Optical characterization using a tapered optical fiber showed the response of the
sensor after biodetection. We observed a shift of the resonant mode after each functionalization step and biodetection due
to a perturbation of the electromagnetic environment. Work is in progress to achieve on-line functionalization and real-
time detection of bacteria in order to couple the same resonant mode into the biosensor.
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Figure 3 : Microdisk with (a) S. aureus (b) LysK protein and S. aureus (c) PEG-Si, LysK and S. aureus (d) PEG-Si,
LysK protein and E. coli
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APPENDIX D PROTEIN INDUCTION AND PURIFICATION PROCESS

The following details the protein expression and purification process that allows obtaining
LysK protein phage used in the experiments described in the thesis. This procedure was
developed by professor Jay L. Nadeau’s group of the biomedical engineering department of
McGill University, and adapted to the needs of the project by Soohyang Park and Hicham
Chibli.

The first step of the process is the protein induction, followed by its purification. At the end

of the appendix, the details of some useful processes are also detailed.

Protein Induction
Everything in this procedure has to be sterile except for IPTG and Ampicillin antibiotic
that are made in sterile water. IPTG, Isopropyl 8-D-1-thiogalactopyranoside, is a molecular

biology reagent, an effective inducer of protein expression.

1. Appropriate DNA plasmid is transformed into BL21(DE3) E. coli competent cells and
plated on Lysogeny Broth (LB) + 100 pug/ml Ampicillin agar. It is then incubated
overnight at 37°C.

2. 5 to 50 colonies are picked from the agar plate the next morning !, and a starter culture
is grown in "modified LB" (15g Tryptone, 8g Yeast Extract, 5g NaCl per litre, pH 7.8)
+ 150 pg/ml Ampicillin with shaking at 37°C.

(a) The starter culture is usually grown in 5 ml mLB+4amp in a tube for 1 hour then
in 50 ml mLB+Amp in the same 2 L (for 1 hour) flask. The entire 1L culture will

be eventually grown.

3. When starter culture shows turbidity (about 2 hours later), 1 L modified LB + Amp
is added to the same 2L flask and is incubated at 37°C with shaking. 1 ml of sterile
mLB 4+ Amp is saved to use as a blank for spectrophotometer.

4. The optical density at A = 600 nm (ODgo) of culture is monitored, and when it
reaches 0.4 to 0.5 value, the flask is moved to an ice bath and is incubated on ice for
20-30 minutes.

5. Fresh IPTG is added to a final concentration of 1 mM (1 ml of 1M IPTG per 1L of
culture) and the culture is incubated with shaking at 10°C for 20 hours.

1. The plates cannot be stored at 4°C and then colonies picked later as regular transformation. The day
after the transformation, the colonies have to be picked and start growing.
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The last step of protein induction is to pellet cells. First, the culture is spun down at
6000 rpm for 15 minutes at 4°C. If more than a litre is being spun down, then the
supernatant from first spin is poured off and then more is added to the same bottle
and spun down again. The supernatant is poured off again and stored at -80 °C until
ready to purify protein. The 1L is usually split into 8 x 50 ml tube, depending on the
size of the pellet, and is spun down again for 15 minutes at full speed on tabletop

centrifuge.

Protein Purification

1.

9.

Frozen cell pellets are thawed on benchtop and resuspended in 10 ml Lysis buffer (50
mM NaH,; POy, 300 mM NaCl, 10 mM imidazole, pH 8.0) + 30% glycerol.

Resuspended cells are sonicated in ice bath for 5 to 8 minutes.

Sonicated cells are centrifuged at > 9000 x g for 30 minutes at T= 4°C. Supernatant

is then moved to a new 15 ml tube.
1 ml of Ni-NTA Superflow is added to 15 ml tube and rotated at 4°C for one hour.

1 ml of polypropylene column (Qiagen cat. # 34924) is prepared before adding lysate.
To do this, the bottom and top cap from column are removed and 6 ml of Lysis buffer
is added. Lysis buffer is pulled from bottom outlet with a 10 ml syringe to begin flow.
6 ml of Lysis buffer is then added from syringe back onto column to check flow rate
(it should be very fast). If flow rate is still slow (1 drop per second or slower) then

Lysis buffer is pulled through with syringe again.

Cleared lysate with Ni-NTA matrix is added to column and allowed to drip through.
The column is then washed as follows : 10-20 ml Lysis buffer (10 mM imidazole, pH
8.0) + 30% glycerol, then 20-40 ml Wash buffer (50 mM NaH,; POy, 300 mM NaCl,
20 mM imidazole, pH 8.0) + 30% glycerol.

All excess wash buffer is pushed or spun out from column. The bottom of the column
is then capped and 1.0-1.5 ml Elution buffer (50 mM NaHy;PO,, 300 mM NaCl, 250
mM imidazole, pH 8.0) + 30% glycerol is added. The column is vortexed until all

Ni-NTA is in solution in the column, followed by 5 minutes of waiting.

(a) All eluate is collected by pushing it all out, or spinning it out gently for 5 minutes

at low speed on the tabletop centrifuge into a 15 ml conical tube.

If desalting is necessary for downstream experiments, a Zeba desalting column (Pierce)
is used according to the manufacturer’s instructions. The proteins are commonly de-
salted into 10 mM Tris, pH 7.5, 150 mM NaCl, 1% glycerol.
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Bacterial Transformation and Culture

1.

AR R Y

10.

11.

E. coli BL21 (DE3) is thawed on ice. 100 ul is gently pipetted into a tube and 0.4 pg
DNA is added and mixed gently.

It is then incubated for 15-30 minutes on ice.
The solution is heat shocked at 42°C for 45 sec.

It is then incubated on ice for 5 minutes.

500 pl of warm SOC (at 42°C) is added into the E. coli + DNA. SOC is microbial
growth medium composed of 20 g/L Tryptone, 5 g/L Yeast Extract, 4.8 g/L MgSOy,
3.603 g/L dextrose, 0.5g/L NaCl and 0.186 g/L KCIL.

The culture is incubated at 37°C while shaking for 1 hour.

20-100 pl of E.coli is placed in prewarmed plate of LB agar + Ampicillin antibiotic at
37°C overnight.

A brain-heart infusion broth (BHI), a highly nutritious growth medium, is prepared

and autoclaved to sterilize.
A colony is picked and grown in 5 ml BHI overnight.
On the day of the experiment, the overnight culture is diluted into more BHI at the

desired concentration.

Staph. and E. coli on LB plate are kept at 4 °C. For long term storage, overnight

culture is combined with 25 % glycerol and stored in a cryogenic vial at -80°C.

Growth of E. Coli and Staphylococcus Aureus

. 2g of Lysogeny Broth (LB) are diluted in 100 ml of water.

. The solution is then autoclaved for 25 minutes and left to cool until it reaches 37°C.

A fine spatula is heated using a Bunsen burner, left to cool and used to scrape off few

colonies of bacteria that are put in the LB medium.
The bacteria solution is incubated at 37°C at 250 rpm.
Optical density is verified after two hours.

Solution is incubated until OD reaches 0.4.
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Adding Dye to Bacteria Solution

1. 1 ml of bacteria solution is put in LB and centrifuged at 7000g for 12 minutes.
2. The pellet is then suspended in 1ml Buffer solution.
3. 1 ul of DAPI is added, vortexed and centrifuged.

4. The solution is washed then suspended in Buffer.



