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RESUME

Il y a un intérét grandissant dans les domaines de la biologie cellulaire et de la pharmacologie
pour la détection fiable d’interactions cellule-cellule et d’activités résultantes de 1’interaction
cellulaire avec I’environnement physique et biochimique. Les techniques de détection sans
marquage, telles que celles basées sur la résonance plasmonique de surface, les réseaux de
diffraction ou la spectroscopie d’impédance électrique, sont désormais utilisées de facon
routiniére. Celles-ci permettent de mesurer, entre autres, les signaux cellulaires sous-jacents et
I’activité fonctionnelle des cellules exposées a des hormones, des agents pharmacologiques ou
encore, des toxines.

Lors de ces tests, le signal mesuré est issu de plusieurs cellules. Il est généralement supposé que
le profil de réponse cellulaire est homogéne parmi la population de cellules testées. Or, de plus
en plus de publications tendent & mettre en évidence un haut niveau d’hétérogénéité au sein
d’une population de cellules. Bien que pourvues d’une grande sensibilité, les techniques
précédemment mentionnées ont des lacunes en termes de résolution spatiale et de profondeur
de sondage, ce qui rend impossible la détection d’activité cellulaire individuelle. Le niveau de
complexité augmente lorsque I’on considére que les profils de réponses cellulaires résultent d’un
amalgame de divers événements de signalisation cellulaire individuels, ce qui rend difficile
I’extraction de la contribution d’une composante précise du signal global mesur¢.

Dans cette thése, une plate-forme d’imagerie a été développée en combinant deux méthodes,
I’une sans et I’autre avec marquage. Ces méthodes sont respectivement les guides d’ondes a
gaine métallique (MCWG, metal clad waveguide) et la fluorescence exaltée en surface (SEF,
surface enhanced fluorescence). L’objectif est de simultanément visualiser et quantifier les
signalisations et activités fonctionnelles des cellules individuelles. Des simulations numériques
sont présentées qui illustrent les performances attendues du systéme. Le systeme a été testé
expérimentalement sur une combinaison d’échantillons synthétiques bien définis et de
nombreuses cellules vivantes génériques, de nature variée. Nous avons montré que la plateforme
MCWG proposée peut atteindre une grande profondeur de mesure (>600 nm) tout en maintenant
une bonne résolution latérale (5 pm), permettant ainsi 1’observation de cellules individuelles.
Contrairement a I’imagerie MCWG, le signal obtenu en SEF ne dépend pas d’un mode de
propagation et sa résolution est limitée seulement par la diffraction.

Il a été possible de montrer le caractére hétérogéne d’une petite population de cellules en
mesurant, sans employer de marqueur, les variations de signalisations et de la morphologie
cellulaire. Le caractére unique de chaque cellule en lien avec son profil de réponse a été détecté
et quantifié par la mesure de 1’activité intracellulaire de cellules endothéliales en état d’apoptose
induite. Dans une seconde série d’expériences, le systetme a été employé pour étudier les
changements dans D’intégrit¢ d’un film de cellules confluentes exposé a des stimuli
biochimiques. L’utilisation du mode d’imagerie MCWG a permis d’illustrer le lien direct entre
le signal mesuré et la formation d’interstices intercellulaires dans la monocouche de cellules.

Les avantages d’un systéme combiné exploitant des approches avec et sans marqueurs ont été
montrés. Ceci a été réalisé par ’emploi de marqueurs fluorescents afin d’associer les variations
dans les composantes moléculaires et structurelles des cellules au signal MCWG mesuré. Plus
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spécifiquement, le systéme d’imagerie a été utilisé dans le but de visualiser le cytosquelette de
cellules musculaires lisses vasculaires. Finalement, la plateforme d’imagerie a été exploitée afin
de mesurer 1’activité des signaux médiés par les récepteurs. L’analyse simultanée du signal
MCWG, lequel n’emploie pas de marqueur, et du signal calcique associé¢ a ’activation du
récepteur de I’angiotensine 1 a permis d’identifier certains éléments caractéristiques du signal
obtenu sans marqueur. De plus, en utilisant des inhibiteurs pharmacologiques, il a été possible
d’isoler certains chemins de signalisations dans I’activité cellulaire observée.

Mots-clés : Microscopie sans marqueurs, microscopie par fluorescence, biodétection cellulaire,

hétérogénéité, plasmons de surfaces, guides d’ondes a gaine métallique.
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ABSTRACT

There is a sustained interest in the field of cell biology and pharmacology to reliably detect cell-
cell interaction or their signaling and functional activities resulting from their interactions with
the physical and biochemical environments. Label-free sensing techniques based on surface
plasmon resonance, diffraction grating and electrical impedance spectroscopy are now routinely
used for monitoring the underlying cell signaling and functional activity when exposed to
hormones, pharmacological agents and toxins.

In these assays, the measured signal derives from the summation of many cells, thereby
assuming that the underlying cell response profile is homogeneous within the tested cell
population. There is, however, an increasing body of evidence demonstrating a high level of
cell-to-cell heterogeneity within a cell population. While highly sensitive, these techniques often
lack the spatial resolution and probing depth to detect individual cell signaling activity, thereby
hindering the detection heterogeneous cellular activity. Further complexity arises from the fact
that cellular response profiles are an integration of complex intracellular signaling events which
makes it challenging to precisely delineate the contribution of the underlying intracellular
components on the obtained signal profiles.

In this thesis, an imaging platform was developed combining a label-free and label based
imaging modality, namely metal clad waveguide (MCWG) and surface enhanced fluorescence
(SEF), for the simultaneous visualization and quantification of individual cell signaling and
functional activity. Numerical simulations are presented, demonstrating the expected
performance of the system and the developed system was experimentally characterized with a
combination of well-defined synthetic samples and various live cells models. We have shown
that the proposed MCWG imaging platform can achieve a deep probing depth (> 600 nm) while
maintaining a lateral resolution (5 um) allowing the resolution of individual cells. Unlike
MCWG imaging, the SEF signal is not dependent on a propagating mode and diffraction limited
resolution was achievable.

The label-free detection of cell-to-cell heterogeneity was demonstrated by the real-time
monitoring of cell signaling activity and morphological changes in a small population of cells.
Heterogeneity in individual cell response profiles was successfully detected and quantified
within apoptosis-induced intracellular activity in an endothelial cells model. In a second set of
experiments, the system was used to assess changes in the integrity of a confluent cell layer
exposes to biochemical stimuli. In this experiment, MCWG imaging modality has allowed to
establish a direct link between the obtained sensor signal and the formation of intercellular gaps
in the cell monolayer.

The advantages of a combined label-free and label based imaging approach were demonstrated
by using fluorescent markers to detect underlying molecular and structural cellular components
associated with the MCWG signal. The imaging system was used for the visualization of actin
cytoskeleton within vascular smooth muscle cells. Finally, the imaging platform was applied to
monitor receptor-mediated signaling activity. The simultaneous analysis of the MCWG label-
free signal and the SEF intracellular calcium signal from angiotensin 1 receptor activation



allowed the attribution of label-free signal features. Further, using pharmacological inhibitors
allowed to delineate specific signaling pathways in the observed cellular activity.

Keywords :  label-free microscopy; fluorescence microscopy, cell-based biosensing;
heterogeneity; surface plasmons; metal clad waveguides;
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CHAPTER 1 Introduction

1.1 Context and Research Problem

Recent developments in the fields of cell biology and pharmacology lead to an increased
understanding of how cells sense and interact with their microenvironment and how intracellular
signaling events play a major role in maintaining and regulating their functions. This knowledge
triggered the development of whole new research fields such as synthetic biology, making it
possible to genetically design novel organisms acting as living sensors systems [Levskaya et al.,
2005], for therapeutic applications such as cancer therapy [Anderson et al., 2006] or for the
commercial production of drugs [Paddon et al., 2013]. These systems, however, require a
reliable detection technique (transducer) converting the changes in cellular activity triggered by
external stimuli into quantifiable and measurable signals. Different transducer technologies
have been developed, with the most widely used approach being the generation of fluorescent
dyes (e.g. green fluorescent protein (GFP)) to detect specific signaling events or observe gene
transcription [Tsien, 1998]. While highly sensitive to specific hallmarks during intracellular
signaling, the use of gene transcription and synthesis of these dyes render such secondary
readout mechanisms rather slow, putting the response time in the range of hours. Further, these
markers have been reported to sometimes interfere with the cell response itself [Aizawa ef al.,
1997] and the signal reflects only a small aspect in a larger, more complex signaling cascade

leading to the integrated functional response of the cell.

More recently label-free transducer technologies such as electrical impedance spectroscopy
[Tiruppathi e al., 1992] and evanescent based technologies such as refractive waveguide grating
(RWG) [Fang et al., 2006] and surface plasmon resonance (SPR) [Chabot et al., 2009] have
successfully been applied to detect minute changes in cellular activity, providing insight in
endothelial function [Benson et al., 2013], apoptosis [Arndt et al., 2004; Maltais et al., 2012]
and G-protein coupled receptor (GPCR) signaling [Schroder ef al., 2010; Scott & Peters, 2010].
These label-free platforms provide signals similar to classical approaches without the need of

exogenous labels and allow for real-time quantification of cellular activity and function.

11
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While highly sensitive, sensor signals of most label-free assays originate form a large number
of cells (typically ranging from 100 to 4000). While cell populations are commonly assumed to
behave homogeneously within a population, and there is an increasing body of evidence
showing that even among genetically identical cells, distinct phenotypical sub-groups exist
within a given population [Samadani et al., 2006; Slack et al., 2008]. Such phenotypical
heterogeneity is involved in various physiological processes during development [Bahar et al.,
2006; Colman-Lerner et al., 2005] or in pathological processes such as tumor heterogeneity
[Campbell & Polyak, 2007]. However, label-free sensing technologies lack of a sufficiently high
spatial resolution down to a single cell level. This hinders the detection of such heterogeneity
and therefore these systems cannot detect phenotypical heterogeneity within a cell population.
Evanescent field based sensing platforms such as RWG and SPR natively support imaging and
have the potential to overcome this limitation. These methods have been applied to study
receptor-ligand binding kinetics, detecting binding events happening at the very proximity of
the sensor’s surface [Homola, 2003]. For example, most common SPR systems operated in the
visible spectral range offer probing depths (defined as the distance at which the evanescent field
amplitude decays to l/e of its surface value) in the range up to 200 nm [Homola, 2003].
However, when probing microscopic sized objects such as cells, common structures of interest
may be located higher up in the cell body (i.e. actin-cytoskeletal components > 100 nm;
intracellular organelles > 200 nm). Thus, a system offering a deeper probing depth (> 200 nm)
while maintaining individual cell resolution (< 10 um) is desirable when one wants to reliably

extract individual cell signaling activity.

Further complexity arises from the fact that label-free technologies rely on probing a certain
physical property such as the refractive index in the case of evanescent field based assays. The
measured cellular structures and organelles have distinct optical properties depending on their
molecular density and distance within the probed volume, thereby contributing to varying
degrees to the measured sensor signal. Thus, the obtained signal represents multiple intracellular
structures, thus to delineate the contribution of individual signaling events and structural
components within the signal can often be challenging. To overcome this challenge, evanescent
field based methods offer another advantage due to their native support for fluorescence

excitation similar to conventional total internal reflectance fluorescence (TIRF) microscopy. For
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SPR this technique is termed surface plasmon enhanced fluorescence (SPEF) spectroscopy
[Liebermann & Knoll, 2000]. Such a combined label-free and labeled based approach has been
used to enhance the detection limits and specificity of biomolecular binding assays [Yao ef al.,
2004]. More recently, SPEF was also successfully applied to living cells, thereby visualizing
the underlying structural components associated with the sensor’s signal within a large
population of cells [Chabot et al., 2013; He et al., 2006, 2009]. While these studies demonstrate
the feasibility of such a combined approach, the lack of high resolution imaging as well as the
shallow probing depth limited these studies to structures in the very basal section of the cell and

to large populations of cells.

1.2 Research Question and Objectives

To overcome these limitations, the central goal of this work was to develop a_deep probing

depth evanescent field based imaging platform for simultaneous label-free and labeled

based characterization of individual cell activity. The advantages of such a combined

approach were demonstrated by the visualization and quantification of individual cell activity
for different cell types and applications. Such integral assessment of cellular activity ultimately
allows one to monitor specific intracellular signaling events and structures, thereby delineating

their impact on the obtained label-free sensor signal.

This goal was achieved by completing the following objectives:
1) Development of a high magnification imaging platform capable of discriminating

individual cellular activity in both label-free and labeled based imaging modalities.

2) Optimize, fabricate and characterize deep-probe evanescent field based sensor chips.
Such sensor chips must be operated at visible wavelengths for fluorescence excitation
while maintaining a deep sensing depth and a high resolution to discriminate individual

cells.

3) Detect heterogeneity within a cell population and demonstrate the systems’ sensing
capabilities. Quantify cell-cell heterogeneity and characterize the impact of cellular

features on the measured sensor’s signal.
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4) Demonstrate the benefits of a combined label-free and labeled based sensing approach
for simultaneous visualization and quantification of cellular activity, in order to delineate
the specific underlying signaling events and structure leading to the sensor’s signal

detected at a single cell level.

1.3 Thesis Organization

The document is structured in six chapters. After the introduction (Chapter 1), different
fundamental concepts from the field of integrated optics form the basis for an overview on
different label-free sensing technologies with a focus on evanescent field based sensing (Chapter
2). Further, the different design parameters are discussed in order to optimize the sensor chip
and achieve deeper probing depth while maintaining a high spatial resolution using a special

class of waveguides, namely metal clad waveguides (MCWGs).

Chapter 3 provides details on the developed imaging platform and the underlying optimization
of MCWG based sensor chips. Simulation results are presented, showing how an informed
choice was made to obtain the optimal sensor structure that allows for high resolution, deep
penetration depth imaging. Further, experimental results are shown demonstrating the system’s
imaging capabilities on both synthetic and biological samples. This chapter is presented as a
scientific article which was published in Optics Express with the title of “Metal Clad Waveguide
(MCWG) Based Imaging using a High Numerical Aperture Microscope Objective”.

Chapter 4 presents the application of the developed system on live cell sensing using the label-
free sensing modality. Two applications are demonstrated with one focusing on intracellular
events following the apoptotic response within an endothelial cell population. The second
application shows how the additional information from the label-free imaging platform can be
used to monitor cell monolayer integrity. This chapter is based on the scientific article published
in Biosensors & Bioelectronics under the title “Label-free visualization and quantification of

single cell activity using metal-clad waveguide (MCWG)-based microscopy”.
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Chapter 5 combines both the label-free and labeled based imaging modalities for integrated
visualization and quantification of individual cellular signaling activity. The capabilities of the
system are demonstrated by visualizing the actin cytoskeleton within vascular smooth muscle
cells. Individual cell signaling activity is quantified in HEK293-AT1R by following intracellular
calcium levels using the fluorescent dye Fluo-8 upon activation of the Angiotensin 1 receptor
by its ligand Angiotensin II. The involvement of different intracellular signaling cascades is
probed and the advantages of such integral cell assessment are demonstrated. This chapter is
based on the draft of a scientific article to be submitted to Biosensors & Bioelectronics under
the title “Monitoring Individual Cell Signaling Activity using Combined Metal Clad Waveguide

and Surface Enhanced Fluorescence Microscopy”.

The chapters 6 and 7 present a general discussion and conclusion of the different aspects realized

during this work along with an outlook for potential further investigations.






CHAPTER 2 State of the Art

This chapter will introduce different concepts and topics to understand evanescent field based
biosensors and their application to cell based biosensing. Initially, the field of integrated optics
will be introduced with a focus given on dielectric slab waveguides. This section is followed by
surface plasmon resonance (SPR), one of the most widely applied biosensing techniques
nowadays. After SPR, a special class of waveguides, namely metal clad waveguides (MCWGQG),
will be discussed. For both SPR as well as the MCWG, an overview of their current applications
in biosensing, and in particular cell-based biosensing is given. Besides these two evanescent
field based biosensing technologies, two other technologies have emerged for the label-free
study of cell activity and behavior which will be briefly discussed following the MCWG section.
Evanescent field based sensing technologies natively support microscopy and different imaging
concepts have been proposed. These systems along with their application to cellular imaging
will be discussed towards the end of this chapter. The chapter concludes by a brief description
of how the evanescent field can be used to excite fluorophores and how a combination of label

free and label based sensing complement each other in the assessment of cell activity.

2.1 Integrated Optics

The field of integrated optics is concerned with the phenomena of light guided along a thin
dielectric film or strip. Since nearly all evanescent based sensor concepts involve some sort of
guided light along various waveguide structures, it is important to introduce the underlying
concepts of this field to understand the different aspects and behaviors of these sensing

technologies.

2.1.1 Refraction, Reflection and Polarization of Light

Let us consider an interface separating two lossless, isotropic, homogeneous dielectric materials
with refractive index ni and nz, respectively (Figure 2.1). Light travelling within one of the
media undergoes repetitive scattering and re-scattering due to interaction with the medium itself.
As such the medium induces repetitive phase shifts of the light which becomes apparent as the

phase velocity of the light beam within the media changes compared to the speed of light in

17
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vacuum. This change is expressed as the refractive index n of the media representing the ratio

of the phase velocity (v) inside the media compared to the speed of light (¢):

n:gandn:«/g,y, (0.1)

|4

with &; being the relative permittivity and p. the relative permeability of the material. Note that

most natural materials are non-magnetic at optical frequencies and thus p,~ 1 and n= /e,

[Hecht, 2002]. If the media is not vacuum and interacting with the light (n > 1) the result is a
decreased wave speed. Certain materials (such as metals) do, however, not only alter the speed
the wave travels within the media but also its amplitude (i.e. absorption). These materials

therefore have a complex refractive index which can be expressed as:

oo e =l k) 0.2)
For such materials, the real part of the refractive index (n) represents the ratio of the speed light
travelling inside the media with that of vacuum (0.1) while the imaginary part (k) provides

information about the decay rate of the wave amplitude inside the media.

Figure 2.1: Refraction and reflection at an interface (n; > n2 and 0, > 01)

As shown in Figure 2.1 a light wave, with propagation direction indicated by its wave vector £,

, perpendicular to the wave fronts of a uniform, monochromatic plane wave with wavelength A

is incident at an angle 0; to the interface (ni > ny).
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The amplitude of ng” is given as:

1=~ 03)

The light wave will be partially refracted and reflected at the interface and its exit angle 02 is

given by Snell’s Law:
n,sin@ =n, sinb, (0.4)

Hk}nsin(@) = [K;||sin(,) (0.5)

TM-Polarized TE-Polarized

'N

1.reflect Lincident E 1 reflect

Figure 2.2: Polarization of light. The direction of the electric field with respect to the plane
of incidence (x,z) determines the polarization of the light. If the E-Field is in the plane of
incidence it is referred to as transverse magnetic (TM). If it is perpendicular to the plane of
incidence it is transverse electric (TE).
While Snell’s Law provides the direction of the reflected and transmitted waves, it does not
describe the amplitudes of these components. The amplitudes are dependent on the angle of
incidence and the polarization of the light and is given by the Fresnel formulas. The polarization
of the light gives the orientation of the electric and magnetic fields of the wave with respect to
the plane of incidence (Figure 2.2). If the electric field is in the plane of incidence, the light
polarization is transverse magnetic (TM). On the other hand, if the electric field is perpendicular
to the plane of incidence, it’s polarization is transverse electric (TE). The Fresnel Equations
yield the complex reflection and transmission coefficients (r and t) of the wave components and

are dependent on their polarization:
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n,cos & —n,cos b, 2n, cos b,
TE:x,, = and t, =
n,cos g, +n,cos b, n,cos g, +n,cos b,
0 0. 2 0 0.6)
™ :x, - n,cos§ —ncosd, - n, cos 6,
n,C08 v, +1,C08 U, 1,008 U, +1,c08 6,

These equations describe the reflection and transmission coefficients at an interface as shown
in Figure 2.1. These equations can be coupled to describe the reflectivity of a multi-layer stack
based on the Abeles matrix method [Abelés, 1950]. Dr. Pierre-Jean Zermatten together with Dr.
Vincent Chabot developed a MatLab program in the Biophotonics group of the University of
Sherbrooke which is based on this formalism [Yeh, 2005]. The initial version of this code was
further modified throughout this thesis and reflected light simulations presented throughout this

thesis are based on this code.

2.1.2Total Internal Reflection and the Evanescent Field

Using the Fresnel Equations (0.6), the reflected and transmitted light intensities for a

monochromatic incident light wave can be calculated. Figure 2.3 shows such reflected and

transmitted light intensities expressed as the reflectances (R,,, =|r |" and R, —!» ") and the

transmittances (7,,, =|¢, [ and T,,, —1+") for a glass/water interface (nGlass = 1.524, Dwater =

1.336) for a monochromatic light wave (A =470 nm) as a function of the angle of incidence and
polarization. While at lower angles of incidence most light gets transmitted (Figure 2.3 B)
something interesting happens when 0; approaches and exceeds the critical angle 0. (e.g. 61.30°

in this case, Figure 2.3 C). The angle of transmittance 0: becomes 90° and all incident light is

reflected back from the surface (|R| =1), a phenomenon known as total internal reflection.
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Figure 2.3: Simulated reflected and transmitted light intensity as a function of the angle of
incidence for a glass/water interface (nGlass = 1.524, nwater = 1.336) for a monochromatic
light wave (A =470 nm) (A). B) For 6; < 0. Part of the light gets reflected back and part is
transmitted into the water. C) At the critical angle 0: becomes 90° and total internal
reflection occurs. D) For angles above the critical angle 6; = Or.

The wave in the top medium beyond the angle of TIR can be described by starting from the

general expression for a plane wave with an angular frequency of @ =27f":

E(x,y,z,t) = Em (x,, Z)ef””i’;” (0.7)
With
k=ke +ke, +ke.

- A A (0.8)
r=ze +ye, +ze,

After solving Snell’s Law for the above case of TIR (complex with sin(6;) > 1), one finds that
there exists a wave at the water/glass interface (E2) which can be described as [Hecht, 2002]:
E (x,z)=E e e’ (0.9)
where En is the electric field amplitude, a is the decay rate of the wave along the x-axis and 3
is the propagation constant of the wave. Thus, an evanescent wave exists traveling parallel along
the interface (along the z-axis, attributed by e /”* in (0.9)) with an amplitude that exponentially

decays away from to the interface (along the x-axis, attributed by e*** in (0.9)).
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The electric field profile for such a water/glass interface is shown in Figure 2.4. Due to
constructive interference of the incoming and reflected light at 6. a small increase in the electric
field amplitude can be seen [Liebermann & Knoll, 2000] at the interface which rapidly
diminishes away from the glass surface. The depth with which the wave amplitude decays to

1/e (=37 %) of the value at the interface is called the penetration depth, Lpen:

L =— (0.10)

ben =
where a is the decay rate of the wave amplitude along the x-axis. For the visible spectra it lies
typically within hundreds of nanometers away from the interface. The evanescent wave and its
penetration into the dielectric (i.e. water in the example above) is of central importance for

optical sensors and will be part of deeper discussions later on.
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Figure 2.4: Simulated electric field intensity profile for a glass water interface at an angle
of incidence of 65° (ngGlass = 1.524, nwater = 1.336) for a monochromatic light wave
(A =470 nm). The electric field amplitude rapidly diminishes in the water. The depth
where it decreased to 1/e of its value at the interface is indicated as the penetration
depth (gray dot, Lpen= 109 nm)
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2.1.3Dielectric Slab Waveguides

If a thin, high refractive index dielectric layer is placed on top of the glass substrate, this
dielectric slab can then act as the simplest form of an optical waveguide. Figure 2.5 shows a
schematic of such a dielectric slab waveguide. It consists of a thin core layer and two semi-
infinite volumes surrounding the core layer namely the substrate and the cladding, respectively.
For the structure to act as a waveguide the refractive index of the core must be higher than that

of the substrate and the cladding (ncore > Nsubstrate = NCladding)-

X

Y
z

2a

nSubs trate

Figure 2.5: Schematic of a dielectric slab waveguide. A thin dielectric layer of a higher

refractive index (ncore) forms the core of the waveguide and is surrounded by two semi-

infinite volumes having lower refractive indices (nsubstrate and NCladding)-
For 6 < 0. the light is only partially reflected (Figure 2.3 B) and a part will escape the dielectric
slab through the cladding or the substrate, respectively. Such modes are also referred to as
radiative modes. For the case of TIR at each interface (8 > 6.) the light can be guided as shown
in Figure 2.5. However, not all 0 > 0., but rather a discrete set of 6 will result in so called guided
modes. To obtain the 0 for which guided modes exists one has to have a look at the phase shifts
(9) imposed on the reflected light for each reflection at the interface [Tamir, 1975]:

R=¢e" (0.11)

The polarization dependent phase shifts are given by the Fresnel equations as:
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2 ) 2
\/nCore sin (9) - nSub./Clad.

ne,,, €SO

tan(g;,; ) =
(0.12)

2 2 s 2 2
t _ nCore \/nCore Sin (8) B nSub./C/ad.
an(gy,, ) = — )
nSub./C[ad. nCure Cos

For the structure shown in Figure 2.5, a phase shift of 4, _24cos(g) for each transverse passage
(core/cladding and core/substrate) results in two phase shifts of 24, . and 24, .,

respectively. For constructive interference and a guided mode to exist, the sum of these phase
shifts has to be a multiple of 2. Thus, the self-consistency condition can be expressed as [ Tamir,
1975]:

4kn._ _acosB —2¢@

core substrate 2 ¢(;()re - 2’V72- (013 )
where v is an integer (0,1,2...) and is called the mode number. From Equation (0.13) the

propagation constant () of the guided modes for this structure can be derived and is given as:
= kn, = ZZ n with n, = n,,,, *sin(0 0.14
B=kn, = anﬂ.wzt Ny =N, *sin(0) (0.14)

The effective refractive index (nefr) determines the velocity of the guided light of the mode.

If, for example, a thin (2a = 500 nm) high refractive index dielectric (i.e. a photoresin such as
KMPR, ncore = 1.58) is deposited in between the glass and water volumes, such a structure can
act as a waveguide for a monochromatic wave (A =470 nm). The propagation constant of the
mode can be calculated from Equation (0.14) using numerical tools or mode solvers (e.g.
MatLAB or FIMMWAVE). Using this approach, the effective index for the first order modes
presented in Figure 2.6 was determined to be netr,rm = 1.5502 and nefr,re = 1.5526, respectively.
For a given thickness of 500 nm, only one single solution is found for each polarization and the
waveguide is referred to as a single mode waveguide. Having determined the propagation
constant of the modes, the electric field along the x-axis can also be calculated [Pollock &
Lipson, 2003]. Figure 2.6 shows the electric field amplitude across the three layer stack
(Glass/KMPR/Water). Since nsubstrate # Ncladding the resulting electic field profile is asymmetric,
with a larger portion of the energy in the cladding with the higher refractive index (i.e. glass)

and the waveguide is called an asymmetric dielectric slab waveguide. As with TIR, an electric
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Figure 2.6: Simulated E-Field profile for a dielectric slab waveguide. A thin high refractive
index dielectric layer (KMPR, ncore = 1.58) forms the core of an asymmetric dielectric slab
waveguide in between a glass substrate (BK7, nsubstrate = 1.52) and water (ncladding = 1.33).

field penetrates in the cladding volume (water and glass) evanescently decaying along the x-
axis. In the following, two biosensing techniques will be discuhat utilize this phenomenon to

detect binding of biomolecules and follow cellular activity as evanescent field based biosensors.

2.2 Surface Plasmon Resonance (SPR)

Following the discovery of abnormalities in the absorption spectra of polychromatic light from
a metallized diffraction grating by Wood in 1902 [Wood, 1902], it was not until 1968 that the
effect of surface plasmon resonance was understood simultaneously by Otto and Kretschmann
[Kretschmann & Raether, 1968; Andreas Otto, 1968]. In the early 1980s, Liedberg and Nylander
were the first to demonstrate that SPR could be used for both gas and biomolecular sensing
applications[Bo Liedberg ef al., 1983; Nylander ef al., 1982]. This lead to the launch of the first
commercial SPR platform in 1990: the BIAcore [B Liedberg et al., 1995]. Over the past decades
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and following the initial proofs of concept, SPR was applied to a wide range of applications as

a label-free sensing approach in the fields of chemistry, engineering and biology.

2.2.1Definition of Surface Plasmons

A surface plasmon (SP) is a charge density oscillation at the interface between a metal film and
a dielectric [Barnes et al., 2003]. Solving Maxwell’s equations with the appropriate boundary
conditions yields the frequency dependence of the complex SP propagation constant [Jiri

Homola, 2006] :

'

3/2
~ &' & " &' &
) . _ M “D : M M D
/’plasmon l"' '+lﬂ"_k0 ] +12 [} 2 kO( [} ] (015)
'y, te, (€'y) &'y, te,

where ’ and 3’ are the real and imaginary parts of the propagation constant, ko represents the
free space light wave vector, em and ep are the permittivity of the metal and dielectric,
respectively. For a guided mode (called the surface plasmon mode or simply surface plasmons)
to exist, the real parts of the metal and the dielectric permittivity must have opposite sign for SP
to occur at the interface [Jiri Homola, 2006]. Note that surface plasmons are a surface mode
with exponential decay of the field on each side of the interface. Several metals meet these
conditions (permittivity with negative real part) at visible wavelengths such as Au, Ag and Cu,
with Au being the one most commonly used in sensing applications due to its chemical stability

and sensitivity [Homola, 2003]. Note that a metal/dielectric interface only support a mode for
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Figure 2.7: SPs at a metal/dielectric interface A. Surface plasmons are charged density
oscillation at the metal/dielectric interface. B. Simulated total electric field profile for a
BK7/46 nm Ag/Water structure exited at 470 nm. The electric field sharply diminishes in
the dielectric layer (water).
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TM polarized light (Figure 2.7A). The guided surface wave character of the SP leads to an
electric field normal to the interface, which decays exponentially away from the interface
(Figure 2.7B) [Homola, 2003]. As the propagation constant of the surface plasmon mode has a
non-zero imaginary part, it exhibits attenuation. This attenuation is defined as the distance L
in direction of propagation at which the energy of the mode decays to 1/e of its steady-state
value [Jiri Homola, 2006]:
L
25"

The finite attenuation length has great consequences for the use of surface plasmon based

(0.16)

imaging techniques, effectively reducing the achievable lateral resolution for such systems. This

will be part of a deeper discussion in Section 2.4.2.

2.2.2Excitation of Surface Plasmon Resonance

To excite surface plasmon resonance, the wave vector of the incident light has to match the SPR
wave vector. The most widely used coupling technique is based on a so-called attenuated total
reflection (ATR) technique first demonstrated by Kretschmann [Kretschmann & Raether, 1968].
In this configuration, the incident light is reflected at an angle superior to the critical angle at
the interface between a high refractive index prism and the bottom side of a thin metal layer.
Under phase-matching conditions, the light evanescently tunnels through the metal layer and
the TM polarized part of the light excites SPs on the opposing metal surface. The magnitude of

the wave vector component along the x-axis of the incident light is:
k _ 2% ing (0.17)
Photon ATR — 2 np sm :

where A is the wavelength of the incident light, n, is the refractive index of the prism and 0 is

the angle of incidence.
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Figure 2.8: Excitation of SPR using ATR coupling technique A Schematic of an ATR based SPR
setup. TM-polarized light is reflected at an angle superior to the critical angle from an
interface between the prism and a metal layer. The reflected light intensity is recorded by a
photodetector. B Simulated reflected light intensity as a function of the angle of incidence
for a BK7/46 nm Ag/Water stack exited at 470 nm. Both, the critical angle and the coupling
angle for SPR are indicated.

A schematic of the ATR coupling technique is shown in Figure 2.8A. TM- polarized light is
reflected at an angle superior to the critical angle and the reflected light intensity is recorded by
a photodetector. A simulation of the reflected light intensity for a BK7/46 nm Ag/Water stack
as a function of the angle of incidence is shown in Figure 2.8B. When 0 approaches 6. a similar
effect can be observed as in TIR and the light intensity increases reaching a maximum at 6.
Unlike in TIR, for 8 > 6. a sharp drop in light intensity becomes visible, reaching a minimum in

intensity at Ospr. At this angle %

PhotonATR

=B, and critical coupling is achieved. From (0.15)

together with (0.17) the critical coupling angle Ospr can be written as:

2
—sin (L [EulD_y (0.18)
n,\ &, +n

(7

SPR

It is important to note that Ospr is strongly dependent on the refractive index of the dielectric
(np) above the thin metal layer. Any variation in np will directly translate into a variation of
Ospr. Since biomolecules and cells exhibit a refractive index larger than water, SPR can be used
to detect changes of biomolecular contents at the metal/dielectric interface forming the

underlying principle of SPR based biosensing.
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2.2.3Surface Plasmon Resonance Biosensing

In conventional SPR, biorecognition elements (ex: antibodies, ligands, etc.) are immobilized on
the metal surface. Analyte molecules in the fluid can then specifically bind to the biorecognition
elements, producing an increase in refractive index at the sensing surface, thereby generating a

shift in Ospr, detectable by the system.
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Figure 2.9: Impact of refractive index changes in close proximity to the metal surface that change

coupling conditions (A). When light is incident at a fixed angle of incidence and the reflected light

intensity is recorded, refractive index changes can be followed in real-time (B).
Binding events can be measured without the need for any labeling of the analyte molecules
(Figure 2.9A). Moreover, by keeping the angle of incidence constant and following the reflected
light intensity changes, the binding kinetics can be observed in real time (Figure 2.9B). Once
equilibrium is reached, the shift in the dip of the SPR spectra can be converted into the analyte
molecule concentration on the surface [Tumolo ef al., 2004]. SPR biosensors can be tailored for
the detection of any analyte if a biomolecular recognition element is available. SPR does not
require fluorescent or radioactive labels. Furthermore, unbinding of an analyte can also be
observed, enabling the detection of the recovery of the sensing layer, making continuous
monitoring possible. These features helped SPR to become an established method to study a
broad range of bimolecular interactions such as: antibody-antigen [Fagerstam et al., 1990],
receptor ligand [Ward et al., 1995] nucleic acid-nucleic acid [M. Yang et al., 1998]and nucleic
acid-protein [Fisher et al., 1994] and with more than 20.000 PubMed listed publications so far.

Besides the characterization of molecular interactions, more complex biorecognition elements
have been used such as, artificial cell membranes [Knoll ez al., 2000] and whole biological

organisms such as bacteriophage [Balasubramanian ef al., 2007]. In drug screening or medical
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diagnosis, however, single biomolecule interactions are only a small part of a complex
functional process. This illustrates the necessity to shift from single biomolecule detection

methods to more complex, functional biorecognition elements such as whole cells.

2.2.4Living Cell-Based Surface Plasmon Resonance Biosensing

There is an increased interest in biosensors using living cells, since such assays can be used for
functional diagnostics. A cell-based biosensor (CBB) uses living cells as a biorecognition
elements. External stimuli (e.g. environmental, food or blood samples) change the cellular
microenvironment and trigger distinct cellular responses (Figure 2.10) [Banerjee ef al., 2008;
Bernard et al., 2014; Ziegler, 2000]. These changes in the cell can be correlated to analyte
composition and are used to report for example live pathogens, active toxins or cytokines
[Banerjee & Bhunia, 2009]. CBB have the advantage of providing insight into physiological
effects of the analyte at different levels (organelle, cellular or tissue) [Pancrazio et al., 1999].

In the past decade, different cell-based assays (CBA) have been developed to detect changes in
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Figure 2.10: Spectrum of measurable cell responses by SPR and their impact on the SPR signal.

cellular physiology [Ziegler, 2000]. Some, for example, utilize changes in the metabolic
response of cells by measuring change in oxygen or glucose consumption, while others detect
the metabolic end-products such as lactic acid secreted from the cells into the media [Rawson

et al., 1989; Ziegler, 2000]. While such assays rely on the detection of secondary cellular
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markers, rendering their response rather slow, other CBAs follow cellular responses in real-
time. Conductivity assays have been used, exploiting the electrical resistance of a cell monolayer
in order to measure cell-cell and cell substrate interactions [Lo ef al., 1993] which is presented
in more details towards the end of this chapter. Other transducers such as quartz crystal
microbalance (QCM) [Marx et al., 2001] and field effect transistors (FET) [Sakata & Sugimoto,

2011] were also proposed.

More recently, optical based transducer techniques such as optical gratings and SPR were found
to be sensitive tools to follow cellular responses in real-time, without any need for labeling with
exogenous markers [Chabot et al., 2009; Scott & Peters, 2010]. The high sensitivity of SPR,
along with the capability for fluorescence using SPEF and the potential application for single
cell imaging and endoscopic instruments make this transducer technique a valuable tool for
clinical diagnosis [Yanase et al., 2014]. SPR based CBA have successfully been applied for the
detection of allergens [Het al., 2002; Yanase et al., 2010] and to study the therapeutic effect of
drugs [Kosaihira & Ona, 2008; Nishijima et al., 2010]. Our group further developed multiple
SPR based CBA utilizing cells for the detection of pro-apoptotic factors, toxins and hormones

[Chabot ef al., 2009; Cuerrier et al., 2008; Maltais et al., 2012].

One potential limitation of SPR based CBA is the penetration depth which lies within the
hundreds of nanometers range. This results in a relatively shallow sensing depth when it comes
to measuring responses of living organisms such as cells and bacteria that are in the range of
micrometers in size. It is therefore beneficial to achieve a deeper SPR penetration depth to
maximize the molecular content within the evanescent field of the organism under study. To
overcome these limitations, a “hybrid” structure between a dielectric slab waveguide and SPR,

namely metal clad waveguides, can be used.

2.3 Metal Clad Waveguides (MCWGs)

Metal clad waveguides were first described shortly after SPR in the early 70°s [Kaminow ef al.,
1974; Reisinger, 1973] and were initially applied as polarizers and mode filters [Suematsu et
al., 1972]. Besides the term MCWGs, multiple other terminologies have been used throughout

the literature to describe essentially the same structures such as metal clad leaky waveguides
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(MCLWs) [Mohammed Zourob et al., 2003; Mohammed Zourob & Goddard, 2005], coupled
plasmon-waveguide resonance (CPWR) [Salamon et al., 1997; Salamon & Tollin, 2001],
plasmon-waveguide resonance (PWR) sensors [Abbas et al., 2011] and guided wave surface
polarizations (GWSP) [Herminghaus & Leiderer, 1989]. Throughout this work, the term
MCWG will be used with respect to their sensing capabilities, MCWGs have seen less attention
throughout the last decades compared to SPR, and their applications focused mainly on gas
sensing [Herminghaus & Leiderer, 1989; Osterfeld er al., 1993; A. Otto & Sohler, 1971;
Podgorsek et al., 1997; Podgorsek & Franke, 1998]. More recently, MCWGs were also applied
in biosensing and, due to their advantages in terms of evanescent field penetration depth, applied
to larger objects such as cells and bacteria [N. Skivesen et al., 2007; M Zourob et al., 2005;
Mohammed Zourob et al., 2003].

2.3.1Definition of Metal Clad Waveguides
A MCWG is similar to a dielectric slab waveguide with the only difference being that a thin
metal layer forms the lower cladding. A schematic of a MCWG is shown in Figure 2.11. As

most common metals (e.g. Ag, Au, Al, Cr and Ni) have large imaginary components of their
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Figure 2.11: Schematic of a MCWG. The basic setup of a MCWG sensor chip is similar to
that of a classical dielectric waveguide with the only difference being a thin metal layer as
the substrate. Due to the complex refractive index of the metal (nmetartikmetal) absorption
losses (Ymetal) and radiation losses (Ysubstrate) render the mode lossy.
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refractive index in the visible spectra [Johnson & Christy, 1972], they introduce high losses for
the light propagations in such structures (ymetal, Figure 2.11). To study the propagation of waves
in such structures, the same analysis as in Section 2.1.3 can be applied, just that now the complex
refractive indices are used to account for the losses in the metal layer. If a high refractive index
substrate is used, as it is the case with the ATR coupling technique, a small portion of the guided
light back-couples into the substrate leading to additional damping losses for the guided mode
(Ysubstrate) [Jiri Homola, 2006]. Thus, such modes are often referred to as /eaky modes. This leads

to a complex propagation constant of the mode, , ...'", where B~ accounts for the

propagation losses (YMetal and Ysubstrate) Of the waveguide. The same discussion of the complex
propagation constant for SPR is also valid for MCWGs. Using numerical tools, one can calculate
[ for these structures. All calculations involving the characteristics of MCWG were obtained

using the FIMMWAVE (Photon Design Inc., V6.3.1 (x64)) software.

2.3.2Characteristics of MCWG Sensor Chips

MCWG based sensor chips are highly flexible in terms of their sensing characteristics and can

be tailored to suit different sensing needs. Starting from the SPR structure introduced in
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Figure 2.12: Guided modes effective index for a MCWG as a function of core thickness.
Beyond a minimum dielectric core thickness (cutoff thickness), it is capable of supporting
guided modes. With increasing thickness, the effective index of the guided mode also
increases and more modes are supported by the structure.
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Section 2.2.1, a high refractive index dielectric (e.g. photoresist KMPR) is deposited on top of
the thin metal layer (tag = 50 nm). Depending on the thickness of the dielectric core layer, an
increasing number of guided modes is supported by the MCWG structure. Figure 2.12 shows
the real part of the effective refractive index (nefr) of each individual mode as a function of core
thickness. The minimum core thickness, termed the cutoff thickness, (e.g. 130 nm for TEO and
225 nm for TMO), is needed for the structure to support a single mode in TE or TM. With
increasing core thickness more guided modes are supported and the structure acts as a multimode
waveguide. Furthermore, the effective index of the modes gradually increases with increasing
core thicknesses. The core thickness determines the sensing characteristics of the MCWG

structure.

If, for example, a KMPR core layer of txmpr = 500 nm is selected, the MCWG supports two
guided modes in TM (TMO and TM1) and one mode in TE (TEl). Using the ATR prism
coupling technique as introduced in Section 2.2.2, light can be coupled into the individual modes
and Figure 2.13 shows simulated reflected light intensities for the MCWG and compares them
to the SPR sensor chip introduced above. While the SPR sensor chip supports only one TM
mode (Ospr = 80.30°, Figure 2.13A), two TM-modes are observed in the MCWG structure
(Omcwa.tvo = 82.10°  and Omcwa, ™M1 = 61.60°, Figure 2.13A). Further, in contrast to SPR,
MCWG also support TE modes (Omcwae,te1 = 66.30°, Figure 2.13B) which can be used to
provide additional insight into the optical anisotropy of samples [Salamon & Tollin, 2001].
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Figure 2.13: Simulated reflected light intensity for a SPR (BK7/50 nm Ag/ Water) and
MCWG (BK7/50 nm Ag/500 nm KMPR/ Water) structure for TM (A) and TE (B)
respectively. Only the fundamental TM mode is observed for SPR, while two TM modes and
one TE mode are supported by the MCWG structure.
In terms of resolution, one striking feature when comparing the reflectance dips of SPR and
MCWG is how “sharp” the MCWG dips appear. This characteristic is quantified by the full
width half max (FWHM) of the dip. SPR has a FWHMspr = 18.30° which is much larger
compared to the MCWG modes with FWHMwycwae ™o = 0.328° and FWHMwmcwe ™1 = 0.145°,
respectively. Depending on the underlying detection system, the dip shape has a great impact
on the sensitivity of the sensor. If the system is based on angular interrogation and reflected
light intensity is the measured signal (as it is the case for the system developed during this
thesis), the FWHM has a direct impact on the resolution of the system [Nina Skivesen et al.,
2005]. Changes in the refractive index of the dielectric cladding will ultimately change the
effective refractive index of the mode, thereby shifting the dip position. If the angle of incidence
is kept constant such changes directly translate to variations of the reflected light intensity.
Figure 2.14 demonstrates this principle for SPR and MCWG for a small change of the cladding

refractive index (Anc=0.001). Such a refractive index (RI) step leads to a small change in



36

A B
1.0 - SPR 10-MCWG-TM1  MCWG-TMO

0.8 1 0.8

0.6 1 0.6

0.4 0.4

1

RMCWG,TI\/H =0.456

Reflected Light Intensity (TM)

1 AR, =0.064 ARerg o = 0.090
0.2 - 024 ?
1—n,=1.336 ] ——n,=1.336 U
- n = 1337 ——n_=1.337
0.0 — 1 00 — 7 —
70 75 80 85 90 610 615 815 820 825
Angle of Incidence [°] Angle of Incidence [°]

Figure 2.14: Change in reflectance for An. = 0.001. A small FWHM leads to a larger
increase in reflected light when the refractive index of the cladding changes and allows for
an easier estimation of the dip minimum.

reflectance for SPR (ARspr = 0.064). In MCWAG it is slightly larger for the MCWG-TMO0 mode
(ARMmcwa, ™0 = 0.090) and much larger for the MCWG-TM1 mode (ARmcwa, ™1 = 0.456). The
difference between the MCWG-TMO0 and MCWG-TM1 modes is explained by how close these
modes are to their cutoff. To achieve highest sensitivity, MCWG are best operated very close to
their cutoff thickness [Nina Skivesen ef al., 2005] and, as shown in Figure 2.14, a given change
in refractive index will lead to the largest change in reflected light intensity for the MCWG-
TMI because it is closest to cutoff. In the context of imaging, this characteristic of MCWG

sensors is also very interesting and will be discussed in more detail in the next section.

Another important sensing characteristic of MCWGs is the penetration depth of the electric field
into the dielectric above the core layer. The penetration depth determines how deep the sensor
can “sense” into the dielectric above the surface. Above this penetration depth, changes in the

dielectric will only marginally impact the signal and the sensor is effectively “blind”. For classic
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biomolecular assays (e.g. antibody-antigen), binding events occur within tens of nanometers of
the surface and, for such an application, a shallow penetration depth is beneficial to strongly
confine the electric field within the binding region as it is the case in SPR (see Figure 2.7B).
The sensor’s sensitivity to surface events is termed adlayer senmsitivity. In contrast, when
micrometer sized objects such as bacteria and cell are of interest, RI changes may occur much
further away of the sensor’s surface within the cell or bacteria. In such an application, it is
important to penetrate as deeply as possible into the dielectric above the surface to maximize
the sensitivity into the bulk (bulk sensitivity). Figure 2.15 shows the electric and magnetic field
profiles throughout the MCWG sensor structure. A penetration depth into the water of around
50 nm is observed for the MCWG-TMO compared to more than 400 nm for the MCWG-TM 1
mode. Again, depending on how close the mode is to its cutoff determines the penetration depth,

with the deepest penetration depth achievable closest to the cutoff (MCWG-TM1).
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Figure 2.15: Simulated E and H-Field profiles through the MCWG structure. The field has
a strongly asymmetrical shape with a larger portion of the field in the dielectric cladding
compared to the metal. The closer the mode is to its cutoff, the deeper the penetration depth.
Further, MCWG can be used as an additional enhancement of the electric field from the
thin metal layer.

Interestingly, similar to SPR, in MCWAG the field is greatly enhanced (Figure 2.15). In MCWG,
however, the electric field enhancement due to the metal can further be enhanced. The field
enhancement is around 30 times at the silver/KMPR interface for the MCWG-TM1 mode. These
field enhancements have been utilized to excite different molecular probes and have been

utilized for surface enhanced raman spectroscopy [Chen et al., 1976; Nemetz & Knoll, 1996]
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and surface enhanced fluorescence spectroscopy [Fort & Grésillon, 2008; Liebermann & Knoll,

2000; Yu et al., 2003] with the latter being further discussed towards the end of this chapter.

Taken together, depending on the dielectric core material used and on the dielectric core
thickness chosen, MCWGs can be tailored to achieve deep penetration depth, a high bulk
sensitivity, and a significant electric field enhancement. When operated close to their cutoff,

these capabilities make them well suited to study larger objects such as cells and bacteria.

2.3.3Cell Based Biosensing with Metal Clad Waveguides

Initially MCWG sensors were applied to characterize artificial lipid bilayers and their improved
sensitivity was demonstrated [Salamon et al., 1997]. Interestingly, it was found that the use of
both TM and TE modes is beneficial to characterize anisotropy and helps to reliably determine
the optical parameters of complex biological samples [Salamon & Tollin, 2001]. Their
capability for deep penetration depth was applied to the detection of bacteria and yeast cells [M
Zourob et al., 2005; Mohammed Zourob ef al., 2003] and a nearly threefold signal increase for
these cells and a twofold increase in the corresponding fluorescence signal was observed when
compared to SPR. MCWG have also been employed to study mammalian cells and their growth
could reliably be followed using MCWGs operated in TM and TE modes [N. Skivesen et al.,
2007]. The TE mode was found to exhibit a slightly higher sensitivity compared to TM.
Interestingly, more recently a study applied the concept of MCWG slightly differently and used
a confluent epithelial cell monolayer as the dielectric core layer [ Yashunsky et al., 2012, 2013].
Since the cells themselves have a slightly higher refractive index than their surrounding media,
and given they form a tightly interconnected monolayer, they were found to be capable of
guiding light in the infrared. The authors demonstrate this by utilizing their technique to sense

thickness variations within the monolayer and monolayer disruption due to bacteria.

Different groups demonstrated the label-free detection of cellular activity by both SPR and more
recently by MCWGs. These studies provided insight into cellular activity and growth and could
show the advantage of label-free evanescent field based biosensing to study large populations
of living cells. Nevertheless, while cell populations are often assumed to respond

homogeneously, there is growing body of evidence about phenotypic heterogeneity within cell
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populations [Samadani et al., 2006; Slack et al., 2008]. To study such underlying heterogeneity
within a cell population in a label-free modality, individual cells on top the sensor’s surface
must be resolved. Evanescent field based technologies have the advantage that they inherently
support imaging. Thus, it is possible to utilize SPR and MCWG based sensors to study

individual cells, a technique called evanescent wave microscopy.

2.4 Evanescent Wave Microscopy

If the photodetectors in the ATR coupling technique are cameras, and imaging optics are
installed in the reflected light path, the 2D light intensity distribution of the coupled light can be
determined. This allows one to spatially resolve the refractive index distribution at the sensor’s
surface. Depending on the underlying sensor’s principle, this technique is termed surface
plasmon resonance imaging (SPRI) or metal clad waveguide imaging (MCWGI). Different
concepts have been proposed to achieve high resolution imaging of nanoparticles and biological
samples or large field of view (FOV) for high throughput multiplexing. These concepts will now

be introduced and discussed in terms of their resolution and imaging capabilities.

2.4.1Principle and Concepts

The effective index of the guided mode and its wavevector will depend on the refractive index
of the cladding. Thus, spatial variations in the cladding index (e.g. by biological media) will
cause a corresponding spatial variation in the mode wavevector, which in turn will result in
spatial variation of coupling conditions and reflected light intensity measured by the camera
(Figure 2.16A). Figure 2.16B shows simulated reflected light intensities for the different regions
(Water and PDMS). At a given angle of incidence (e.g. Otmo/water = 82.1°) critical coupling is
achieved for water and the reflected light intensity drops in the regions where water is present
on the sensor’s surface (Figure 2.16B, black trace) and the image would appear dark in these
regions. The reflected light intensity for regions with PDMS on the other hand does not show a
drop in the reflected light intensity at this angle of incidence (Figure 2.16B, grey trace) because

the incident light is not coupled to the mode and the image would appear bright in these regions.
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Figure 2.16: Principle of evanescent based microscopes A) Depending on the refractive index on

top of the MCWG structure the guided mode changes. At a fixed angle of incidence, one is able to

couple into either the mode in the MCWG/PDMS or the MCWG/Water structure which will appear

as dark areas compared to uncoupled regions. B) Simulated reflectance curves for the MCWG/PDMS
(grey) and MCWG/Water (black trace) as a function of the angle of incidence.
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If the angle of incidence is increased, coupling in the PDMS regions would be achieved

(Omopmps = 84.2°) and the pixel grayscale levels contrast would be reversed.

In order to resolve the spatial distribution of the reflected light, two main concepts have been
demonstrated. The simplest form of an imaging setup can be achieved by using a CCD camera
and was initially proposed by Rothenhéusler and Knoll in 1988 [Rothenhiusler & Knoll, 1988].
A schematic of such a system is shown in Figure 2.17A. A collimated light beam is coupled by

a prism into the sensor structure. The reflected light beam is then focused through a long
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Figure 2.17: Imaging setups of evanescent based microscopes A) Prism based evanescent
microscopy with a CCD camera. B) Evanescent wave microscopy based on a high numerical aperture
objective as realized during this thesis.
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working distance (LWD) objective or simply by a lens onto a CCD camera. The main advantage
of this type of setup is the large field of view (FOV) and areas in the centimeter range can be
imaged [Laplatine et al., 2014]. This allowed prism based imaging systems to become a
powerful tool to measure biomolecular binding event of DNA or proteins in the large microarray
formats, following in parallel the kinetics of thousands of binding events in real-time and in a

label-free fashion [Smith & Corn, 2003].

While large FOV are achievable using prism based imaging systems, the prism also constrains
the imaging optics to low numerical aperture (NA) optics and magnification, along with optical
distortions, thereby effectively limiting the maximum achievable spatial resolution [Laplatine
et al., 2014]. To overcome these constraints, Huang & Zare proposed the use of a high NA
microscope objective as with TIRF microscopy [B. Huang et al., 2007]. Briefly, light is focused
at the backfocal plane of the high NA microscope objective and the offset of the light beam from
the objective’s central axis determines the angle of incidence of the excitation light at the
sensor’s surface (Figure 2.17B). The reflected light is then collected back through the same
objective and visualized by a CCD camera. While the underlying coupling technique remains
that of an ATR, the collection of the reflected light through the same lens allows for very low
distortion imaging, potentially at a submicron resolution [B. Huang et al., 2007]. Due to these
advantages, such a system was realized in this thesis and is presented to a greater extend in the

following chapter.

2.4.2Lateral Resolution and Penetration Depth

In evanescent field based microscopy, spatial variations in the guided mode properties are used
to map the 2D refractive index distribution at the sensor’s surface. After an abrupt change in
refractive index and corresponding step change in coupling conditions, the reflected light
requires a finite distance along the direction of mode propagation to reach a steady state in an
exponential profile. The distance over which the light power decays to 1/e of the value at the
step change is termed the propagation distance or attenuation length. This has been theoretically
described by E. Yeatman for a plasmonics waveguide [Yeatman, 1996] and can also be applied

to MCWG.
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Figure 2.18 shows the simulated reflected light intensity profile for the MCWG sensor chip for
a PDMS microchannel (d =200 um) when light is coupled into the TM0O-Water mode of the
MCWG. This structure has two refractive index steps, namely PDMS/Water and Water/PDMS
which leads to a sudden change in the wave vector from non-coupled/coupled to coupled/non-
coupled, respectively. As can be seen for the step at z = 0 um (PDMS/Water), the field does not
immediately equilibrate but rather shows an exponential decay until critical coupling is achieved
and the reflected light intensity approaches its minimum value. Interestingly, on the other side
of the microchannel (z =200 um, Water/PDMS) an overshoot is observed leading to an
oscillation in the signal. Such “fringes” have first been reported experimentally by
Rothenhausler & Knoll shortly after the introduction of the first SPRI setup [Rothenhausler &
Knoll, 1988]. Depending on the wavelengths used, these fringes are either quickly damped for
shorter wavelength (as shown in Figure 2.18 for A =470 nm) or can last several hundreds of
microns for longer wavelengths (A > 800 nm) and the damping is strongly dependent on the
complex part of the mode propagation constant [Rothenhausler & Knoll, 1988]. Ultimately, this

effect has an important impact for imaging and will induce artifacts in the images, effectively
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Figure 2.18: Impact of the finite propagation distance in evanescent based microscopy. Simulated
reflected light intensity profile of a PDMS/Water/PDMS step on a MCWG sensor chip
(BK7/3 nm Ni/23 nm Ag/5 nm Au/500 nm KMPR, TMO0-Water, A = 470 nm) based on the Yeatman
model [Yeatman, 1996].
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leading to blurring along the direction of propagation, limiting the maximal achievable
resolution along that axis. It is therefore of great interest to study and optimize the MCWG
sensor chip structure to achieve deep penetration depth while keeping the propagation distance

at a minimum.

To optimize the MCWG structure, and compare against SPR, the penetration depth and
attenuation distance for different dielectric thicknesses and wavelengths is calculated
(Figure 2.19). In SPR, the penetration depth for Au and Ag metal films at a metal/water interface
are shown on the bottom left for increasing wavelength with each marker indicating a
wavelength step of AL =50 nm. While very short attenuation distances are possible in SPR, as
expected the penetration depth in these sensor structures is also very shallow. If the excitation
wavelength is increased to A > 800 nm penetration depths around 400 nm are possible but the
attenuation distance quickly increases well beyond 10 um limiting the usability for imaging

applications. Further, most CCD chips rapidly drop in sensitivity around such long wavelengths.
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Wavelength range was limited to 850 nm since quantum efficiency for CCD-camera begins to be
very low for such wavelength. There is an intrinsic tradeoff between the achievable penetration depth
and the maximal achievable resolution. Reprint with permission from [So6llradl ez al., 2017]

In MCWG on the other hand, besides longer wavelengths, the dielectric core thickness is another

parameter that can be used to tune the penetration depth. The penetration depths and attenuation

distance for increasing dielectric core thicknesses starting at the cutoff thickness (right side of

the traces) and steadily increasing towards the left (Ad = 10 nm, each marker) were calculated

for different wavelengths for the fundamental MCWG TMO mode (Figure 2.19). As with SPR,

a tradeoff exists between the penetration depth and the attenuation distance. This tradeoff is,

however, less severe. When approaching the cutoff thickness, much deeper penetration depths

(Lpen > 400 nm) are achievable while keeping the attenuation distance well below 10 pm, when

operating the sensor at shorter wavelengths (A =470 nm). As with SPR, at longer excitation

wavelengths the penetration depth can be increased further with higher attenuation distances
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well beyond 10 um. Thus, when MCWG are operated with a dielectric core thickness close to
the mode’s cutoff, they offer a better tradeoff in terms of penetration depth and attenuation
distance compared to SPR. This makes them a sensor structure that is well suited to study larger

objects that are in the micrometer size range such as individual cells and bacteria.

2.4.3Surface Plasmon Resonance Microscopy of Living Cells

Several studies have applied SPRI to living and fixed cells. The first system was a prism based
system used to study the interaction of cells with their substrate in 1999 [Giebel et al., 1999].
Figure 2.20 shows the visualization of the basal portion of the cells by which they establish
contact with the substrate (focal adhesion sites and the lamellipodia, a structure that is formed
by the cell to move along the surface). Due to the shallow penetration depth, a large portion of
the cell body was effectively invisible with this SPRI setup. More recently, another group also
used a SPRI prism-based systems to visualize cell attachment on the sensor’s surface [Peterson
et al., 2009]. Due to the high adlayer sensitivity of SPR, they could quantify the deposition of
proteins from the cell onto their surroundings. While these studies mainly focused on the
structural aspects of cellular attachment, a prism based system was also applied to detect cellular
activity by following refractive index changes within living mast cells when exposed to different

specific and non-specific stimuli [Yanase et al., 2010]. The authors could successfully study

Figure 2.20: Surface plasmon microscopy of a goldfish glial cell. A: Brightfield image of the
cell. B: SPRI image of the same cell showing the lamellopodium structure that is directly in contact
with the substrate. C: Differential image illustrating the movement of the cell within two minutes.
Scale bar is 100 pm. Reprint from [Giebel et al., 1999].



46

morphological changes as well as changes of the refractive index within the basal portion of the

cell upon stimulation.

The lateral resolution in these studies was, however, limited by the propagation distance and
only larger cell types of sizes within the hundreds of microns were studied. In order to diminish
the impact of the propagation on the images, one group used a different approach by maximizing
the imaginary part of the complex propagation constant [S.-H. Kim ef al., 2011]. Gold becomes
highly absorbing at shorter wavelengths (A <600 nm) and the authors could obtain high
resolution images using a combination of a thin gold layer and an excitation at A =532 nm
(Figure 2.21). The use of gold at such low wavelengths, however, greatly diminishes the
system’s sensitivity and achievable image contrast [Moreau ef al., 2014]. To overcome these
issues and enhance the image contrast, a nulling ellipsometry setup was integrated into the light
path to remove the background illumination that does not couple into/out of the plasmonic mode.
Such a system proved extremely efficient in resolving cellular structures at the sensor’s interface
and diffraction limited resolution is possible in both axes. In this case, however, the prism and
the long working distance low NA optics become the limiting factor in terms of imaging

resolution as well as the low sensitivity due to the high losses in the gold film at such short

wavelengths.
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Figure 2.21: Cell-substrate interface imaged by SPRI ellipsometry. Using a gold substrate and
short wavelengths the imaginary part of the complex propagation constant can be maximized and
high-resolution imaging are possible. Reprint from [S.-H. Kim et al., 2011].

To overcome these issues, high NA microscope objective based systems have been applied to

visualize cellular structures and activity. In order to overcome the finite propagation distance
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and achieve submicron resolution, a technique called wide field surface plasmon microscopy,
initially demonstrated by Kano & Knoll in 2000 [Kano & Knoll, 2000] and later further
developed by Stabler & See [Stabler et al., 2004] was applied to cells [Jamil et al., 2008]. By
simultaneously injecting light into the back focal plane of a high numerical objective at two
opposed positions, surface plasmons are excited with opposing propagation directions.
Destructive interference results in a localized surface plasmon excited on the surface [Kano &
Knoll, 2000]. This technique can then be used to pointwise scan the refractive index at the
sensor’s surface and a 2D image is reconstructed afterwards. Figure 2.22 shows high resolution
images of the lamellopodia of a migrating cell as observed by Jamil et al.. This technique has
the advantage of sub-micron resolution but imposes a severe time constraint (= 5 min/image) by

the pointwise scanning of the surface, limiting its use to study dynamic events.

Figure 2.22: Wide field SPRI of HaCaT cells. This technique allows for high resolution imaging
of the lamellopodia (L) and fillapodia (F) of the cell. Scale bar is 20 um. Reprint from [Jamil ef al.,
2008]

To follow cellular dynamics, high NA objective based systems have also been applied by N. Tao
to study cell/substrate interactions. These studies could successfully identify individual cells on
the sensor surface even at propagation distance limited resolution, and demonstrate, for
example, the effect of osmotic stress on the adhesion of neuroblastoma cells [Wang et al., 2012].
When combined with a epifluorescence microscope, the binding of certain membrane proteins

could be visualized and changes within the cell/substrate contact of epithelial cells were
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followed using SPRI [Wang ef al., 2012]. Further, the same group expanded the capability of
their system by combining electrical impedance and SPRI and could follow the apoptosis and

electroporation of individual human cervical cells [Wang ef al., 2011].

These studies demonstrate the suitability of SPRI to study structural as well as cellular dynamics
down to the single cell level and different concepts have been proposed for high resolution or
fast acquisition of cell/substrate interactions. Given the advantages of deep penetration depths
at small propagation distances offered by MCWG, one could expect a MCWG based imaging
system to be well suited to study individual cell activity within a cell population. To the best of
my knowledge, their capabilities for visualization of single cell activity have not yet been

demonstrated.

2.5 Other Label Free Cell Based Biosensors

In addition to SPR and MCWG, two other label-free transducer techniques have been
demonstrated and extensively applied for cell based biosensing in the past decades, namely
refractive waveguide grating (RWGQG) and electrical cell impedance sensing (ECIS). Both
techniques have been commercialized (Corning Epic for RWG and ECIS by Applied Biophysics
Inc.) and are now routinely applied to follow and quantify a wide spectrum of cell responses
from G-protein coupled receptor (GPCR) signaling to endothelial cell monolayer integrity
[Fang, 2011; Scott & Peters, 2010]. In the following, the basic concept for both RWG and ECIS
will be presented and different aspects of each technique will be discussed, followed by a short

overview of different applications with living cells.

2.5.1Refractive Waveguide Grating (RWG)
The underlying principle of a RWG system is, similar to MCWG, a guided mode within a

dielectric waveguide with an evanescent field penetrating into the top dialectic layer above the
sensor chip. Instead of a high refractive index prism, a grating coupler is used to tune the
incident’s light wave vector and couple into the guided mode (Figure 2.23). The use of a grating
coupler instead of a prism simplifies the coupling optics and these substrates are easy to fabricate

on an industrial scale.



49 CHAPTER 2

Evanescent

field
N

Dielectric

Glass substrate

Figure 2.23:Basic principle of refractive waveguide grating (RWG). Polychromatic light is
coupled via a grating coupler into the waveguide at a fixed angle of incidence. At one
wavelength, the coupling conditions are fulfilled and light is guided along the waveguide.
An intensity dip is observed at the coupling wavelength in the reflected light, quantified by
a photo spectrometer.

The RWG system initially proposed consisted of an angular interrogation setup [Fang ef al.,
2006] similar to the prism based systems introduced in Section 2.2.2. At a given excitation
wavelength, grating periodicity, and angle of incidence, coupling conditions are fulfilled and
the incident light can couple into the waveguide and a dip is observed in the reflected light
intensity. Since angular interrogation requires a well-controlled movement of the underlying
optical path, however, this optical setup is somewhat limited for fast readout in the high
throughput format and more recently this system has been adapted and wavelength interrogation
is now used [Fang, 2015; Schroder ef al., 2010]. By using a fixed angle of incidence, a shift in
the resonant wavelength can be observed in the reflected light. This allowed a great
enhancement in terms of readout time and high throughput (up to 1536-wells are now feasible)

[Fang, 2015].

As with MCWG, RWG rely on an evanescent field for sensing thus the discussions from the
earlier sections are also valid for sensing. Commonly, light around A = 830 nm is used in RWG
setups and the penetration depth in such a system is similar to SPR [Fang et al., 2006]. Modes
in RWG are also leaky modes with leakage towards the substrate of the waveguide due to the
outcoupling via the grating. These losses are, however, much lower compared to the absorption

losses in the metal layer of a MCWG or SPR leading to much longer propagation lengths in
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these systems and a poor lateral resolution. As a consequence, instead of individual cells, only
the responses of cell clusters can be studied using an RWG based imaging setup [Ferrie et al.,

2010, 2012].

Despite this limitation, and in particular due to its high throughput capability, RWG cell based
biosensors have extensively been applied to study GPCR signaling in living cells [Fang et al.,
2007] and RWG could successfully identify the activation of certain families of GPCR and
follow their kinetics in a dose-dependent manner [Fang et al., 2007; Schroder ef al., 2010]. As
expected, temporal signal profiles are also very similar to what our group could show with an

SPR cell based assay [Cuerrier et al., 2008].

2.5.2Flectric Cell-Substrate Impedance Sensing (ECIS)

In addition to these optical transducer techniques, different electrical transducers have been
proposed [Q. Liu et al., 2014], with one of the most widely applied technique for cells being
ECIS. ECIS was introduced in 1992 and was initially proposed as a tool to follow barrier

function in a confluent endothelial monolayer [Tiruppathi et al., 1992] and has been
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Figure 2.24:Schematic of a ECIS setup. Cells are cultured on top of planar gold electrodes and

pose a resistance to an alternating high frequency (100 Hz — 100 kHz) voltage. The complex
frequency dependent impedance .~ is measured. Depending on the cell shape, density

and cell/substrate adhesion, impedance changes.
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commercialized by Applied Biophysics and other companies. A schematic of the underlying
sensor design is shown in Figure 2.24. The sensor chip consists of two planar electrodes and a
high frequency voltage is applied between them. When cells are cultured on top of the
electrodes, the cell layer increases the electrical impedance between the electrodes, as quantified

by the complex, frequency dependent impedance .~  [Stolwijk ef al., 2015]:

Zo, - viZ"withR=2Z"and C=— (0.19)
iwZ"

where R is the resistance, C the capacitance and o the angular frequency, where .~ is dependent
on different properties of the cell layer. Low frequency impedance (< 4 kHz) is more sensitive
to spaces in between the cells and the barrier function (permeability) is quantified. For higher
frequencies (> 40 kHz), the sensor’s signal is more sensitive to overall electrode coverage and
can be used to quantify cell growth [Stolwijk et al., 2015]. Initial works using ECIS were mostly
focused on the quantification of endothelial and epithelial barrier functions. The fluorescence-
based assays used for such permeability studies are based on the quantification of the
transmembrane flux of a fluorescence dye through a cell monolayer cultured on top of a porous

membrane [Wegener & Seebach, 2014]. ECIS, to some extent, mimics the same concept by
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Figure 2.25: Experimental comparison of ECIS to SPR cell based assays done throughout
this work. Human embryonic kidney 293 cells stably expressing the GPCR angiotensin 1 receptor
stimulated with 100 nM Angiotensin II measured both by our custom build SPR system and ECIS
from Applied Biophysics.
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measuring the flow of charges across the monolayer with the advantage that it can greatly
enhance the time resolution and the throughput and is now widely applied to study the effects
of toxins and hormones on the barrier function of various cell types [Stolwijk et al., 2015;
Wegener & Seebach, 2014]. More recently, ECIS was also applied to study GPCR signaling,
similarly to RWG and SPR [Stolwijk et al., 2015]. Interestingly, despite the different sensing
modalities (electric impedance instead of evanescent field), measured sensograms are very
similar. Figure 2.25 shows the population response of confluent HEK-293 cells stably
expressing the angiotensin 1 receptor (AT1R) activated by 100 nM Angiotensin II, measured by
SPR and ECIS. There is a striking correlation between the trace profiles for both systems. An
initial signal drop, associated with increased mechanical activity, is followed by a gradual
increase in the signal indicating a spreading of the cells. The experimental details and the
underlying (individual) cellular events leading to this signal are presented in much greater
details in Chapter 4, with the focus here given on the similarity of the two signals. A group
(Rudolf Robelek) combined both techniques for simultaneous assessment the cell response
[Michaelis et al., 2013]. They also reported a strong correlation between the two signals for the

disruption of a confluent cell layer by toxins.

The ECIS signal represents an averaged signal from a large population of cells (2000 — 4000
cells) cultured on top of millimeter-sized electrodes. Attempts to shrink the electrodes could
lower the number of cells contributing to the signal to approximately 50 — 100 cells and these
electrodes where used to study the micro motion of cell clusters [Giaever & Keese, 1991].
Further shrinkage of the electrodes is, however, not practical due to parasitic impedance
contributions arising from within the measuring equipment thereby preventing single cell
resolution [Stolwijk ef al., 2015]. Attempts to obtain higher spatial resolution using impedance
based sensing were done by mechanically scanning a microelectrode across a sample
[Ballesteros Katemann et al., 2002; Ervin et al., 2005]. In this approach, however, the
impedance of the microelectrode complicates the data interpretation [Ervin ef al., 2005] and the
mechanical scanning is very time consuming, thus limiting the achievable temporal resolution
of such an approach. To overcome these limitations and to achieve single cell resolution with
impedance, a hybrid system composed of an objective based SPRI system simultaneously using

the thin gold film for plasmon excitation and the working electrode for the impedance
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measurement was built [Wang et al., 2011]. The authors used the local perturbation of the
electric field by SPR excitation and could successfully detect localized changes in the measured
impedance. As expected, they also found a striking correlation between the two signals during

single cell electroporation.

Both optical and non-optical label-free cell-based biosensing techniques have been successfully
applied to study the impact of toxins, hormones and drugs on cell populations, cell clusters and
down to a single cell level [Fang, 2011]. Among these techniques, MCWG was shown to exhibit
the best tradeoff in terms of penetration depth and lateral resolution. While highly sensitive to
cellular activity, the sensor’s signal in all these label-free systems results from a complex
cascade of molecular events within the cell and delineating the cellular events so that underlying
structures contributing to the signal can be challenging. To overcome these challenges,
evanescent field based technologies offer the possibility to excite fluorophores within the
evanescent field, a technique called surface enhanced fluorescence. This opens the possibility
to combine these two sensing modalities, namely MCWG imaging and surface enhance
fluorescence imaging, with spatial resolution down to the single cell level to obtain
complementary signals about intracellular signaling and the underlying structural components

contributing to the sensor’s signal.

2.6 Surface Plasmon Enhanced Fluorescence (SPEF)

Fluorescence is a luminescent phenomenon in which a fluorophore absorbs a photon of a certain
energy and subsequently emits a photon of equal or lower energy. Fluorescence is, in its basic
concept, a three-stage process and can be described by the Jablonski diagram (Figure 2.26A)
[Lakowicz, 2006]. The first stage is the absorption of a photon of energy hvex by the fluorophore,
creating an excited singlet electronic state (S1”). During the following stage, internal conversion
take place within the fluorophore leading to a partial energy dissipation and yield a relaxed
singlet excited state (S1). In the final stage, a photon of energy hvem can be emitted (radiative
decay channel, Figure 2.26A #3) or no photon is emitted due to collisional quenching (non-
radiative decay channel, Figure 2.26A #4) and the fluorophore returns to its ground state So and
the whole process can be repeated. The ratio of the probability between radiative and non-

radiative decay is referred to as the quantum yield and is, for commonly used organic
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Figure 2.26: Basic Jablonski Diagram (A) and excitation and emission spectra for TRITC (B).
(excitation and emission data from life technologies).

fluorophores, in the range of 0.5 — 0.9 [Dostalek & Knoll, 2008]. Different other mechanisms
can take place such as a direct emission (hvex = hvem) Or intersystem crossings into relatively
long lasting excited triplet states, a mechanism that is exploited in super resolution microscopy

[Gustafsson, 2005].

Due to partial energy dissipation during the second stage, the emitted photon has a lower energy
compared to the initially absorbed one (hvex > hvem), which is known as the Stokes shift. This
shift is fundamental, since it allows the instrumentation to discriminate between the photons
emitted from the fluorophore from that of the light source using a bandpass filter. Each
fluorophore has its specific excitation/emission spectra and Figure 2.26B shows an example of

such a spectra for Tetramethylrhodamine (TRITC).

Fluorophores can also be excited using an evanescent field, allowing the selective excitation of
fluorophores in close proximity to the surface and resulting in very low background fluorescence
[Axelrod, 1981]. This technique has found numerous applications in biochemistry and cell
biology and is known as total internal reflection fluorescence (TIRF) microscopy [Axelrod,

2001].
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Figure 2.27: Reflectivity and relative surface field intensity in TIR (A) and SPEF (B) for a
glass/water interface (TIR) and a silver/water interface (SPEF) for A =633 nm. Reprint with
permission from [Liebermann & Knoll, 2000].

As demonstrated above, evanecent field based sensing techniques also produce a field reaching
into the dielectric which can be used to excite fluorophores similarly to TIRF. In SPR, this
technique is called surface plasmon-enhanced fluorescence (SPEF) or surface plasmon
fluorescence spectroscopy, while for MCWG the term surface enhanced fluorescence (SEF) will
be used. SPEF and SEF have the advantage that, compared to TIRF, a significant field
enhancement is achieved resulting in a better signal to noise ratio [Fort & Grésillon, 2008;
Liebermann & Knoll, 2000]. Figure 2.27 shows simulated reflectivity and field intensity
enhancements for the case of TIR (glass-water interface, Figure 2.27A) and for SPR (silver-
water interface, Figure 2.27B). The solid lines in Figure 2.27 represent the reflected light
intensity as a function of the angle of incidence. In line with the discussions in Section 2.1.2, in
the case of TIR when approaching the critical angle (6.), there is a steep increase in reflectivity
reaching unity for 6 > 0. and light is totally-internally reflected from the surface (Figure 2.27A).
When a thin metal film is deposited on top of the glass, SPR can be excited at the silver/water

interface and the characteristic dip in reflectance is observed around the coupling angle (Ospr,
Figure 2.27B)).

The dotted traces in Figure 2.27 represent the field intensity at the surface scaled to the incoming
field intensity (Is/lo). It should be noted that, even under TIR conditions, a moderate field
enhancement of 4 times is possible (dotted trace, Figure 2.27A). Under SPR conditions,
however, the surface field intensity increases dramatically resulting in enhancement of approx.

50 times for a thin silver film (dotted trace, Figure 2.27B)[Liebermann & Knoll, 2000]. In TIR
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nearly all light gets reflected from the surface for 6 > 6. and only a small portion of energy is
available in the evanescent field. In SPR, on the other hand, the incoming light is coupled
resonantly into the surface plasmon mode and confined strongly at the metal surface. As
discussed above, in the case of MCWG (see Figure 2.15) field intensities can further be nearly
tripled compared to SPR making a strong evanescent field available for fluorescence excitation

at the sensor’s surface.

2.6.1Energy Transfer and Quenching Mechanisms in SPEF

The strong field enhancements in SPR and MCWG leads to an increased excitation rate of the
fluorophores at the surface and to an enhanced fluorescence intensity (Figure 2.28A SPEF)
[Dostalek & Knoll, 2008]. The thin metal layer, however, also introduces two new decay
channels for chromophores in proximity to the metal surface. Within the Forster distance
(typically around 10 nm), an energy transfer between the fluorophores and the electrons in the
metal can take place (Forster energy transfer, Figure 2.28A). The energy then dissipates within
the metal as heat, effectively quenching florescence within this distance. If the distance between
the fluorophore and the metal surface is increased, the Forster energy transfer cannot take place.
To prevent this non-radiative decay, a thin (d > drsrsier) dielectric spacer can be placed on top of
the metal surface and thereby effectively prevent quenching [Murakami et al., 2012]. It should
be noted that this configuration corresponds already to the case for an MCWG sensor chip where
a thick dielectric core prevents a Forster energy transfer.

For larger distances (drsrster < d < 2drsrster) @ second decay channel opens and the emitted light
can couple back into a plasmonics mode, termed surface plasmon coupled emission (SPEC,
Figure 2.28B). In the case of a prism or grating coupler, the fluorescent light from the plasmonic
mode can out-couple towards the substrate and is re-radiated at a specific angle towards the
input side. Since the fluorescent light has a longer wavelength, its propagation constant differs
from the plasmonics mode excited by the incident light beam used for SPR excitation. This
results in a highly directional out-coupling at lower angles of incidence and can be used to

separate the two signals [Calander, 2004].
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(B). for a metal/water interface as a function of the distance from the fluorophore to the metal layer.
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For larger distances (d >2drsister), the metal surface does not significantly impact the
fluorescence emission. Since in SPEF and SEF an evanescent field is used to excite the
fluorophores, the fluorescence intensity also decreases exponentially with increasing separation
distance [Dostalek & Knoll, 2008]. Since in SPR the penetration depth is very shallow, only
fluorophores within a very small volume are excited. By using sensor setups with deeper
penetration depth, as it is the case for long range SPR (LRSPR) and MCWG, this volume can
be increased and fluorophores at distances > 500 nm can be exited [Kasry & Knoll, 2006]. Thus,
the increased penetration depth in MCWG and LRSPR can be particularly interesting for
visualizing cellular structures that are inside the cell’s body and often hundreds of nanometer

away from the sensor’s surface [Kanchanawong et al., 2010].

2.6.2Surface Enhanced Fluorescence of Living Cells

Multiple studies have already applied SPEF spectroscopy in different areas of biosensing
[Dostalek & Knoll, 2008]. In the case of classical binding assays, the use of SPEF can enhance
the limit of detection (LOD) by several orders of magnitude. For example, in DNA
hybridization, the LOD was enhanced from 0.1 nM down to 100 fM [Vaisocherova et al., 2006;
Yao et al., 2004] and even down to 80 fM in the case of antigen-antibody assays [Yu ef al.,
2004]. SPEF based spectroscopy was also applied to detect whole organisms such as bacteria

and while no shift in the SPR signal was observed for bacteria concentrations below 10° colony
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forming units (cfu)/mL, the combination with SPEF allowed for LOD of under10 cfu/ml [C. J.
Huang et al., 2011].

In initial work applying SPEF to visualize cellular structures, the enhancement effect of SPEF
compared to TIR microscopy was experimentally demonstrated and authors reported a signal
increase of one order of magnitude for the visualization of green fluorescent protein (GFP)
labeled membrane proteins in human melanoma cells [He et al., 2006]. In later work, they
expanded their imaging system capability and could successfully combine SPEF with two-
photon fluorescence microscopy [He et al., 2009], achieving a 30-fold enhancement by SPEF
and greatly improving their signal-to-noise-ratio (SNR). While these applications demonstrated
the advantages of SPEF for live cell fluorescence imaging, in these works the reflected

excitation light (i.e. SPR signal) was not monitored to further gain information on cell processes.

To simultaneously monitor both the SPEF and SPR signals, the same group developed an
objective based wide field surface plasmon phase microscope in combination with their SPEF
setup that allowed them to study cellular structures in both modalities [He ef al., 2010]. Since
the numerical aperture of this system was too low to excite surface plasmons on a silver coated
chip, the authors had to effectively detuned the metal layer to achieve coupling into the
plasmonics mode at lower angles of incidence. This had great consequences for the reflectivity
spectrum (broadening of the dip and lower sensitivity), ultimately impairing the image contrast
and sensitivity. In order to overcome these issues, they modified the reflected light path
detection system and used phase measurements to generate an SPR image. Using this technique,

they could successfully visualize clusters of intracellular proteins in a living fibroblast.

These initial applications of SPEF to living cells strongly focused on the imaging of static
cellular structures and helped to demonstrate the advantages in terms of SNR of using a
combined SPR and SPEF system. More recently, our group further quantified dynamic
processes within living cells following GPCR signaling and toxin induced disruption of the actin
cytoskeleton with a combination of SPEF imaging and SPR spectroscopy [Chabot et al., 2013].
The combination of these two modalities could successfully show that the reorganization of

intracellular actin structures following receptor activation plays a major role in the observed
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SPR signal. While earlier studies had to rely on separate microscopy techniques to validate the
SPR signal, this work demonstrated the advantages of simultaneously using label-free and label-
based approaches to directly visualize and quantify the underlying structural mechanisms

leading to the sensor’s signal for a large population of cells.

2.7 Summary

In this chapter, different concepts from integrated optics were introduced and it was
demonstrated how evanescent field based sensor chips can be designed. Different biosensing
techniques were presented and two evanescent field based sensor designs, namely SPR and
MCWG, were discussed in greater detail and presented in the context of live cell sensing.
MCWG were found to exhibit a deeper penetration depth and a higher field enhancements
compared to SPR while keeping the attenuation distance well below 10 um. These advantages
make MCWG based sensor chips well suited to study micrometer sized objects such as cells in
both label-free and labeled biosensing modalities. Further, due to their native support for
imaging and their sufficiently low attenuation distance, these sensor chips should be capable of
resolving individual cells and enables the study of single cell behavior and activity and extract
heterogeneities within the cellular response profiles. In the following chapter, the design,
construction and characterization of an microscope objective-based MCWG 1maging system
will be described. In CHAPTER 4 this imaging system will then be applied to detect single cells
and cell monolayer activity in a two different of applications. In the last chapter, the advantages
of a combined MCWG imaging and SEF system are demonstrated. The information extracted
by such a combination of label-free and labeled imaging modalities complement each other for
an integral assessment of the signaling and structural origin of the sensor’s response in complex

samples such as living cells.






CHAPTER 3 Metal Clad Waveguide (MCWG)
Based Imaging using a High Numerical Aperture

Microscope Objective

3.1 Overview of Article

Authors and affiliations:

Thomas Sdllradl: PhD student, Laboratoire Nanotechnologies Nanosystemes (LN2)- CNRS

UMI-3463, Institut Interdisciplinaire d’Innovation Technologique (3IT), Département de

Pharmacologie et Physiologie, Université de Sherbrooke, Sherbrooke, Canada

Frederic A. Banville: PhD student, Laboratoire Nanotechnologies Nanosystémes (LN2)- CNRS

UMI-3463, Institut Interdisciplinaire d’Innovation Technologique (3IT), Université de
Sherbrooke, Sherbrooke, Canada

Vincent Chabot: Laboratoire Nanotechnologies Nanosystemes (LN2)- CNRS UMI-3463,

Institut Interdisciplinaire d’Innovation Technologique (3IT), Universit¢ de Sherbrooke,

Sherbrooke, Canada

Michael Canva: Professor, Laboratoire Nanotechnologies Nanosystemes (LN2)- CNRS UMI-

3463, Institut Interdisciplinaire d’Innovation Technologique (3IT), Université de Sherbrooke,

Sherbrooke, Canada

Michel Grandbois: Professor, Laboratoire Nanotechnologies Nanosystémes (LN2)- CNRS

UMI-3463, Département de Pharmacologie et Physiologie, Institut de Pharmacologie de

Sherbrooke, Université de Sherbrooke, Sherbrooke, Canada

Paul G. Charette: Professor, Laboratoire Nanotechnologies Nanosystémes (LN2)- CNRS UMI-

3463, Institut Interdisciplinaire d’Innovation Technologique (31T), Université de Sherbrooke,

Sherbrooke, Canada
61



62

Date of acceptance: 18.01.2017

State of the article: Published

Journal: Optics Express

Complete Reference: Sollradl, T., Banville, F. A., Chabot, V., Canva, M., Grandbois, M., &
Charette, P. G. (2017). Metal clad waveguide (MCWG) based imaging using a high numerical
aperture microscope objective. Optics Express, 25(3), 1666.
http://doi.org/10.1364/OE.25.001666

Contribution of the manuscript

Evanescent-field based methods such as surface plasmon resonance (SPR) have been applied
successfully to image cells and bacteria [Yanase ef al, 2010] While highly sensitive, the
relatively shallow probing depth of SPR (typically < 200 nm) is not well suited to the study of
such relatively large objects. In this manuscript, we demonstrate how metal-clad waveguides
(MCWG) can be used for evanescent-field based imaging with much deeper probing depth, with

high sensitivity and spatial resolution.

Originality of the work

Though MCWG have been used previously for biosensing by ourselves [Convert ef al., 2012]
and others [N. Skivesen et al., 2007], to our knowledge, this is the first time MCWG have been
used for imaging. We initially present a detailed numerical study of MCWG imaging
performance as a function of device geometry and wavelength, and compare these findings to
the most commonly-used SPR and “long-range” LR-SPR structures. These theoretical findings
are then validated by experimental results on synthetic targets and live cells. This quantitative
comparative analysis of SPR, LR-SPR, and MCWG will enable readers to make an informed
choice about which of the three techniques is best suited for a particular application. We believe
our work will provide researchers in the fields of biosensing and biological microscopy with a

new and more powerful tool to study bacteria and cells.

Contributions by author
Thomas Soéllradl was responsible for the optical setup, fabrication of the sensor chips as well as

all the experimental characterization. Further, he was involved in the theoretical work and with
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simulations as well as with writing the manuscript. Frederic Banville helped with the
simulations and Vincent Chabot with the initial optical setup. Michael Canva, Michel Grandbois
and Paul Charette supervised this work, participated in discussions as well as in the review of

the manuscript. Paul Charette further contributed to the manuscript with simulations.

3.2 French Title

Imagerie basée sur les guides d’ondes a gaine métallique utilisant un objectif de microscope a

grande ouverture numérique.

3.3 Abstract (French)

Les méthodes basées sur les champs évanescents telles que la résonance des plasmons de
surfaces (SPR) ont ét¢ employées efficacement dans le but de prendre des images, sans
marqueur fluorescent, de matériel biologique situé a proximité d’une surface de détection.
Toutefois, la faible profondeur de détection de la SPR (typiquement inférieure a ~ 200nm) peut
étre problématique lorsqu’il est nécessaire d’observer des objets biologiques relativement épais
comme des cellules ou des bactéries. Dans cet article, nous démontrons comment les guides
d’ondes a gaine métallique (MCWG) peuvent étre utilisés afin d’obtenir une plus grande
profondeur de détection, comparativement aux systémes SPR, tout en maintenant une bonne
résolution spatiale en imagerie. Des simulations numériques comparatives de la résolution
spatiale en imagerie en fonction de la profondeur de mesure sont présentées pour un certain
nombre de configurations usuelles en SPR, SPR longue portée et MCWG. Ces simulations
démontrent que la MCWG offre le meilleur compromis entre la résolution et la profondeur de
mesure pour I’observation d’objets biologiques plus épais. Les résultats expérimentaux
d’imagerie sur des modeles synthétiques et des cellules vivantes valident valide les simulations

effectuées et démontre les capacités de la méthode.

3.4 Abstract (English)

Evanescent-field based methods such as surface plasmon resonance (SPR) have been used very
effectively for label-free imaging of microscopic biological material in close proximity to a

sensing surface. However, the shallow probing depth of SPR (typically less than ~200 nm) can
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be problematic when imaging relatively thick biological objects such as cells or bacteria. In this
paper, we demonstrate how metal-clad waveguides (MCWG) can be used to achieve deeper
probing depth compared to SPR while maintaining good imaging spatial resolution.
Comparative numerical simulations of imaging spatial resolution versus probing depth are
shown for a number of common SPR, long-range SPR, and MCWG configurations,
demonstrating that MCWG offer the best compromise between resolution and depth for imaging
thick biological objects. Experimental results of synthetic target and live cell imaging are shown

that validate the numerical simulations and demonstrate the capabilities of the method.

3.5 Introduction

Ever since its experimental demonstration by Otto and Kretschmann [Kretschmann & Raether,
1968; Andreas Otto, 1968], surface plasmon resonance (SPR) has become a valuable label-free
sensing approach with a broad range of applications in the fields of chemistry, engineering, and
biology. The basis for SPR sensing is that TM-polarized light can be guided by a surface-bound
mode at the interface between a metal and a dielectric, where the dielectric is the sensing
medium (a gas or a liquid). Although there is a simple closed-form solution to determine the
effective index for this guided “surface plasmon mode” [Homola, 2003], it can also be obtained
by solving the transcendental equation for guided TM modes in a planar waveguide derived
from Maxwell’s equations with a null core thickness. As with guided modes in a conventional
dielectric waveguide, light can be coupled to the surface plasmon mode in a number of ways,
with prism-based systems being the most common (optical tunneling via total internal
reflection). Since absorption of visible and near-IR light in most metals is high, the surface
plasmon mode is highly lossy. Indeed, these losses in the metal are at the heart of the resonant
nature of plasmonics-based sensors, where coupling conditions can be adjusted such that
virtually all light injected into the system at the operating point is absorbed (critical coupling).
As is typical for resonance-based guided-mode systems, critical coupling conditions are very
sensitive to the waveguide physical parameters. As a result, minute chemical or physical
changes that perturb the refractive index of the sensing media above the metal surface will
detune the system from resonance and be observable either as intensity variations of the reflected
light when operating at fixed incidence angle and wavelength, or as a change in incidence angle

and/or wavelength of the critical coupling conditions [Sereda et al., 2014]. Owing to the
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evanescent profile of the electric field in the dielectric, SPR is sensitive to refractive index
changes in close proximity to the metal surface. The distance from the interface (normal to the
direction of mode propagation) over which the mode amplitude decreases by 1/e of its value at
the interface is termed the “penetration depth”, typically below 200 nm for visible wavelengths

and noble metals [Homola, 2003], and is commonly used as a measure of effective sensing
depth.

In surface plasmon resonance imaging (SPRI), a 2D photodetector such as a CCD camera is
used to monitor changes in reflectivity so that refractive index perturbations in the dielectric
medium can be spatially resolved in the plane of the metal/dielectric interface, with most
systems using a prism for input/output light coupling. Due to the physical size of the prism, the
imaging optics typically have modest resolving power as they are necessarily based on long
working distance low numerical apertures objectives. In practice, however, spatial resolution in
prims-based SPRI is normally well above the diffraction limit of the optics due to aberrations
and distortion resulting from passage of light through the prism [Laplatine ef al., 2014], typically
in the order of ten(s) of microns. To overcome these limitations, a high-numerical aperture
microscope objective can be used instead to directly couple in/out of the surface plasmon mode
[B. Huang et al., 2007]. Such systems, however, reveal an additional impediment to spatial
resolution in SPRI. The amplitude of the guided surface plasmon mode decreases exponentially
in the direction of propagation due to losses in the metal, where the distance over which the
mode energy decreases by 1/e is termed the “propagation distance” or “attenuation length”. In
high-resolution SPRI, this finite attenuation distance causes cross-talk between neighboring
pixels along the direction of mode propagation, effectively blurring the images along that axis
and resulting in a spatial resolution imbalance between the two orthogonal axes in the image
plane. Though this effect can be slightly noticeable in prism-based systems, it is a significant
problem in high magnification microscope objective-based systems. This effect can be reduced
to some extent by using shorter wavelength excitation [B. Huang et al., 2007], combining
images acquired with distinct mode propagation directions [Banville et al., 2015], or surface

nanostructuring [D. J. Kim & Kim, 2010].
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There is increasing interest in surface-based label-free imaging of relatively large microscopic
objects such as bacteria and cells [Peterson et al., 2014; Wang et al., 2012; Yanase et al., 2010b].
Conventional “short-range” SPRI systems are very effective for studying cell-substrate adhesion
sites, structures that are located within the first hundred nanometers of the cell body above the
sensor surface [Kanchanawong et al., 2010]. There is, however, a demand to study other
cytoskeletal components located higher up in the cell body such as actin (> 160 nm) and
intracellular organelles (> 200 nm), requiring deeper probing depths into the dielectric medium
than conventional “short-range” SPRI systems can deliver. To increase penetration depth, longer
wavelengths in the near-IR can be used with SPRI. Alternatively, so-called “long-range” SPR
(LR-SPR) can be used [Chabot et al., 2012; Krupin et al., 2013; M¢éjard et al., 2013; Wark et
al., 2005], as discussed below. In both cases, however, imaging resolution along the direction
of mode propagation deteriorates commensurately with penetration depth due to the increased

attenuation distance.

As demonstrated in this paper, a third and very flexible approach to increase penetration depth
while more effectively controlling attenuation distance involves the use of metal-clad
waveguides (MCWGQG): dielectric core waveguides with metal film claddings on one or more
sides) [Kaminow et al., 1974; Nina Skivesen ef al., 2005]. In fact, unbeknownst to many in the
plasmonics community, SPR is actually a special case of this broader class of waveguides:
conventional propagating SPR devices based on a single metal/dielectric interface can be
considered as MCWG waveguides that support a single TM surface mode, i.e. a MCWG with a

null core thickness.

In this work, we present a MCWG-based imaging system based on a high numerical aperture
objective. Numerical simulation results comparing the estimated performance of the MCWG-
based system compared to SPR and LR-SPR are shown. The system’s imaging capabilities are

characterized using synthetic structures and living cells.

3.6 Metal-clad vs plasmonics waveguide modes: numerical simulations

This section compares the expected performance of sensor chip structures based on conventional

(short-range) SPR, long-range SPR (LR-SPR), and metal-clad waveguides (MCWGQG) using four
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performance metrics: refractive index measurement sensitivity and dynamic range, attenuation
length (spatial resolution in the imaging plane), and penetration depth into the dielectric
(imaging depth). Since the objective is to probe deeply into the dielectric, the “bulk”™ definition
of sensitivity is used (maximum reflectivity change as a function of refractive index change in
the dielectric volume) as opposed to sensitivity defined with respect to surface biolayer (adlayer)

thickness or surface coverage.

These numerical analyses were conducted using modal analysis methods (also known as mode
solvers or eigen mode expansion) based on solving Maxwell’s equations with finite differences
on a rectangular grid in the plane perpendicular to the direction of propagation, using the

FIMMWAVE software package (Photon Design, UK). This type of analysis yields the complete
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description of guided modes supported by the structure (complex effective index of each mode

with its full 3D electromagnetic profile). The simulated structures are planar waveguides
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Figure 3.1: Mode attenuation distance (imaging spatial resolution) vs penetration depth in
the dielectric for MCWG TMO modes (solid colored lines), SPR (solid gray lines), and LR-
SPR (hashed grey lines). The diagonal arrow in the background indicates the direction of
improving performance for imaging of thick objects such as cells, i.e. decreasing attenuation
distance (better resolution) and increasing penetration depth. Data calculated using
FIMMWAVE.

* MCWG: TMO modes (colored curves) at wavelengths of 470 nm, 533 nm, 633 nm, and
830 nm, over a range of KMPR core thicknesses. Markers indicate core thickness intervals
of 10 nm, starting at cutoff (thinnest core supporting a guided mode, rightmost point on each
plot);

* SPR: Au/water and Ag/water interface surface modes over a range of wavelengths (Au:
555 nm — 900 nm, Ag: 470 nm - 900 nm). Black markers indicate wavelength intervals of
50 nm, while colored markers indicate the wavelengths corresponding to the four MCWG
curves (470 nm, 533 nm, 633 nm, 830 nm);

* LR-SPR: symmetric mode in a Teflon/Au/water stack over a range of relevant wavelengths
(15 nm Au core: 530 nm to 560 nm, 20 nm Au core: 530 nm to 590 nm). Markers indicate
wavelength intervals of 10 nm;
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consisting of thin film stacks of infinite extend in the film plane, sandwiched between two semi-
infinite volumes of BK7 glass (bottom) and distilled water (top) modeled by perfectly matched
layers (PML). Note that though we measured the dielectric indices of the materials we used with
an ellipsometer, the numerical simulations shown below are based on optical properties obtained
from the literature and manufacturers so that our results may be reproducible by others. Since
the refractive indices for the different materials, most notably metals, may vary significantly
according to fabrication conditions, the simulations result shown below will likely differ from
actual experimental results. However, the relative performance of the different cases illustrated
will remain the same. Hence, these simulations based on materials data from the literature are

useful in making informed choices when comparing the relative merits of the cases discussed.

MCWG devices have been shown by us [Convert ef al., 2012] and others [Nina Skivesen et al.,
2005] to have superior bulk sensitivity compared to SPR. Though LR-SPR can have slightly
better bulk sensitivity than MCWG [Convert et al., 2012], this comes at the expense of a much
narrower dynamic range, which is an important parameter for cell imaging since the intra- and
extra-cellular media can have significant refractive index differences (n = 1.33 vs. n = 1.36 -
1.39 [Choi et al., 2007], respectively). Based on measurement sensitivity and dynamic range

metrics, therefore, MCWG-based devices are strong candidates for cell imaging.

The attenuation distance (imaging spatial resolution in the plane) and penetration depth are two
metrics that are in direct competition. Figure 3.1 illustrates this trade-off for three waveguide
constructs (MCWG, SPR, LR-SPR) based on Au and Ag films, the most commonly used metals.
Numerical simulation results of attenuation distance versus penetration depth are plotted for: (1)
MCWG TMO modes (colored lines) for a range of core thicknesses at four typical wavelengths
(470 nm, 532 nm, 632 nm, and 830 nm). The dielectric core material of the MCWG is KMPR
(MichroChem, USA), a photopolymer similar to SU8 having superior resistance to fissuring
during thermal treatment making it a better choice for microfluidics systems [Convert et al.,
2008]. The metal stack between the BK7 substrate and the KMPR core consists of a 3 nm Ni

adhesion layer, a 23 nm Ag “main” metal layer and a 5 nm Au passivation layer.
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The data for an equivalent MCWG structure with Au as the main metal (Cr/Au metal stack) are
not shown as the resulting sensitivity and attenuation distance vs penetration depth trade-off are
less advantageous compared to an Ag-based metal stack [Moreau et al., 2014]; (2) SPR modes
(solid grey lines) for Au and Ag metal films (including a 3 nm Cr adhesion layer for Au and a
3 nm Ni adhesion layer for Ag); (3) LR-SPR symmetric modes (hashed grey lines) for 15 nm
and 20 nm thickness Au cores (NB: simulation data for Ag films are not presented as the
resulting much longer attenuation distances are not of practical value for imaging; simulation
data for the asymmetric LR-SPR modes are not shown as they are very close to the single-
interface SPR modes). The bottom cladding material for the LR-SPR waveguides is Teflon
AF1300. In all cases, refractive indices for the metals were taken from Johnson & Christy
[Johnson & Christy, 1972], the Sellmeier equation was used for the refractive index of water
[Daimon & Masumura, 2007] and Teflon [M. K. Yang et al., 2008], the Cauchy equation was
used for the refractive index of KMPR (coefficients from the product datasheet available on the
MicroChem website). The shortest wavelengths considered in the simulations were 450 nm for
Ag and 530 nm for Au since losses in these metals at shorter wavelengths reduce measurement
sensitivity and dynamic range to very low levels [Pyo et al., 2005]. The longest wavelengths

considered are in the near IR (900 nm) which is the practical limit for Si-based imaging devices.

For imaging thick objects such as cells, the optimal operating point is in the lower right area of
the figure as indicated by the large diagonal arrow in the background: short attenuation distance
(high spatial resolution) and deep penetration. In all cases, the spatial resolution vs penetration
depth tradeoff is a function of wavelength: losses in the metals increase with decreasing
wavelength thereby shortening the attenuation distance and improving spatial resolution, while
penetration depth decreases accordingly. In the cases of LR-SPR and MCWG, the degree of
mode confinement is also in play: a thinner core will decrease mode confinement, resulting in
deeper probing depth but at the expense of a decrease in spatial resolution due to the

accompanying increase in attenuation length (proportionately lower losses in the metal).
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Clearly, SPR-based devices are capable of the highest spatial resolution but are limited to
relatively shallow probing depths of ~0.4 pm (830 nm excitation wavelength). For deeper
probing depths, the best compromise relative to attenuation distance is obtained for MCWG and
LR-SPR at short wavelengths. In case of the LR-SPR, however, wavelengths below ~550 nm

are close to the practical operating limit for plasmonics with Au where sensitivity is significantly
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Figure 3.2: MCWG modal characteristics at A = 0.470 nm as a function of core thickness and
mode order, waveguide stack: BK7 — Ni(3 nm)/Ag(23 nm)/Au(5 nm) — KMPR - water. The
dashed red line indicates the core thickness selected for the experiments (0.220 um). Plots
for the TMO mode are shown in blue. Data calculated with FIMMWAVE. TOP: mode
effective indices (neff, real part) as a function of core thickness, delimited by the indices of
water (cladding with highest index, bottom horizontal dashed line) and KMPR (waveguide
core, top horizontal dashed line), i.e.: Nwater < Re{nerr} < nkmpr. BOTTOM: attenuation
distance vs penetration depth in the dielectric (water) for modes TEO, TMO, TE1, and TM1
as a function of core thickness - markers indicate core thickness intervals of 0.010 um. The
large diagonal arrow in the background indicates the direction of improving performance for
imaging of thick objects, i.e. decreasing attenuation distance (improving resolution) and
increasing penetration depth.
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reduced. Conversely, Ag-based devices operate very well at short wavelengths in the visible
range. Hence, MCWG-based devices at short wavelengths (470 nm in our case) offer the better
tradeoff between achievable resolution and penetration depth for imaging when operated close

to the cutoff (thinnest waveguide core supporting a guided mode).

Figure 3.2 shows numerical simulation results at A =470 nm illustrating the dependence of the
MCWSG characteristics on the core layer thickness, starting from the cutoff thickness (thinnest
core that will support a guided mode). Figure 3.2-TOP shows the mode effective indices as a
function of core thickness for the first six modes: mode TEOQ appears at a core thickness of
~0.13 pum and mode TMO at a core thickness of ~0.22 pum, followed by the second TE and TM
modes at core thicknesses of ~0.40 pm and ~0.50 um, respectively, etc. Figure 3.2-BOTTOM
shows the attenuation distance versus penetration depth trade-off for the different modes, where
markers indicate increments of 10 nm core thickness. Here again, for imaging thick objects such
as cells, the optimal operating point is in the lower right area of the figure as indicated by the
large diagonal arrow in the background. Clearly, mode TMO performs best for imaging,
followed closely by mode TM1. The higher order TE and TM modes could provide both greater
penetration depth and additional physical insight into properties such as optical anisotropy

[Salamon & Tollin, 2001].

For the set of experiments presented in this paper, we chose to use mode TMO in a MCWG with
a core thickness of 0.22 um to operate just above cutoff in order to minimize mode confinement
and thereby maximize penetration depth of the electric field into the cladding (dotted line in
Figure 3.2 graphs). The corresponding Ag layer thickness (23 nm) yielding minimum
reflectivity at resonance was calculated using the Fresnel equations. According to these
simulation results, imaging resolution is ~ 5 um and penetration depth ~ 0.62 um. The bulk

sensitivity for this structure is estimated to be 96 RIU™!.

Figure 3.3-TOP shows numerical simulations at A = 470 nm of the normalized electric (LEFT)
and magnetic (RIGHT) field intensity profiles, (|E,*+Ey*)/|Eo]* and [Hx[*/|Ho[?, for mode TMO
in the chosen MCWG structure as a function of distance along the z axis (normal to the film

plane) from the core/fluid interface at z = 0 um, where Eo and Ho are the incident electric and



73 CHAPTER 3

magnetic field intensities, respectively. As expected for a TM mode, the magnetic field is C°
continuous at the material boundaries while the electric field is not. Also indicated in the electric
field intensity graph is the penetration depth, L, = 0.62 um. Since the intensity profiles are
normalized with respect to the incident field values, the graphs also indicate the so-called “field
enhancement factor” defined as the ratio between the incident field intensity and the maximum

field intensity in the fluid occurring at the core/fluid interface (z =0 um).
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Figure 3.3: Electric (LEFT) and magnetic (RIGHT) field intensity profiles, (|Ez*+|Ey|*)/[Eo|*
and |[Hx|*/|Ho[?, as a function of distance along the z axis (normal to the layer plane) from the
fluid/solid interface (z = 0 um) normalized with respect to the incident field intensities, EO
and HO. The Lp markers indicate the “penetration depth” into the fluid (distance from the
interface over which the mode amplitude decreases by 1/e of its value at the interface).
Background color indicates field intensity. TOP: TMO0 mode in the chosen MCWG structure
(220 nm KMPR core) at A = 470 nm. The metal film stack, Ni(3 nm)/Ag(23 nm)/Au(5 nm),
is located between the BK7 and KMPR layers. BOTTOM: SPR mode at a Au/water interface
at A = 633 nm. The metal film stack, Cr(3 nm)/Au(46 nm), is located between the BK7 and
water layers. Data calculated with FIMMWAVE.

As seen in the figure, the electric field intensity enhancement factor is ~16x. Note that losses in
the Au passivation layer slightly reduce this figure compared to MCWG based on bare Ag films,
reported to achieve ~25x field enhancement [Salamon et al., 1997]. The Ag/Au bimetallic
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configuration, however, is stable in an aqueous solution (unlike bare Ag) and confers higher

sensitivity than Au films alone [Ong et al., 2006].

For comparison, Figure 3.3-BOTTOM shows the equivalent simulation results for an SPR mode
at an Au/water interface at A = 633 nm, one of the most common SPR sensing configurations.
Relative to the MCWG TMO mode (TOP), the penetration depth of the SPR mode is about 1/3
(shallower sensing depth), the propagation distance is about 1/2 (higher imaging spatial
resolution, see Figure 3.1), while the field enhancement factor is of the same order. Note that
for MCWG and “propagating” SPR modes (as opposed to localized plasmonic modes), the
notion of “field enhancement” must be interpreted with care as it is highly dependent on the
thickness of the metal layer. Indeed, by increasing/decreasing the metal layer thickness in the
numerical simulations by a few nm, the field enhancement factor could be made to vary by as
much as 50%. Hence, estimated values of field enhancement in this case must be interpreted
somewhat qualitatively given practical layer deposition accuracy. Nevertheless, a high field
enhancement factor is desirable as it leads to increased signal levels in surface plasmon
enhanced fluorescence (SPEF) and surface-enhanced Raman spectroscopy (SERS) [Bryche et
al., 2016; Liebermann & Knoll, 2000].

3.7 Instrumentation setup

The optical setup used in our experiments is based on a design first proposed by Huang et al.
[B. Huang et al., 2007] for high-resolution SPRI. As shown in Figure 3.4, light from a 17.2 mW
fiber-coupled LED centered at 470 nm (M470F3, Thorlabs, USA) passes through a collimating
lens followed by a beam-expander (10X BE10M-A, Thorlabs, USA) and is focused into the
back focal plane of a high numerical aperture objective (63x, NA = 1.46, Carl Zeiss, Germany).
As a result, light incident onto, and reflected from, the backside of the MCWG chip is
collimated. The low-coherence LED source reduces interference artifacts and its spectral
bandwidth is restricted by a bandpass filter (FB470-10, FWHM = 10 nm, Chroma Technology,
USA). The light reflected from the backside of the chip is collected back through the objective
where the orthogonal polarizations are imaged by separate CCD cameras (Guppy F-146B,
Allied Vision Tech., USA) via a polarizing beamsplitter.
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Figure 3.4: Schematic diagram of the imaging system based on a high numerical aperture
objective. The inset shows the MCWG chip structure: BK7 glass — Ni(3 nm)/Ag(23
nm)/Au(5 nm) — KMPR(220 nm). A PDMS microfluidic channel is patterned atop the
KMPR.
The lateral translation, d(x,y), of the focal spot from the origin in the back focal plane of the
objective determines the angle of incidence, 01, of the light onto the back surface of the MCWG
chip. For d(x,y) sufficiently large, light will be incident onto the sample at an angle greater than
the angle of total internal reflection at the KMPR/fluid interface and guided modes in the
waveguide on the topside of the chip can be excited by optical tunneling through the metal film,
as with a conventional prism-based system. The collimating lens / beam expander / focusing
lens subsystem is mounted on a linear scanning stage (17DRV114, CVI Melles-Griot, USA)
which allows for arbitrary 2D positioning of the focused spot in the back focal plane of the
objective. For example, by moving the spot in a circle of constant radius in the xy plane, guided

modes of constant effective indices can be excited in the waveguide layer along any direction.

The MCWG chips (Figure 3.4 inset) were fabricated on 170 pm thick BK7 glass cover slips

(Fisher Scientific, USA). After a solvent cleaning (2-propanol, acetone and water, 3 min
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sonication per step), a 3 nm Ni adhesion layer was deposited by evaporation, followed by a
23 nm Ag layer and a 5 nm Au layer to passivate the silver for use in aqueous media. KMPR
films (KMPR 1005, 15 % dilution with SU8 thinner, MicroChem, USA) were spin-coated on
top of the metal layer. The epoxy-based photopolymer resin KMPR 1005 was chosen as the core
material for its superior mechanical stability and moisture resistance compared to other
commonly used resins such as SU8 [Blanco Carballo et al., 2008; Ou et al., 2008]. After a soft
bake (100 °C, 2 min), samples were exposed to UV light (Model 200, OAI, USA) for 60 sec.
(900 mJ/cm2, no filter), followed by an annealing on a hot plate (100 °C, 2 min) and hard-baked
(180 °C, 3 hours) to stabilize the KMPR layer. KMPR thickness was verified by ellipsometry
(Alpha_SE, J.A. Woollam Co.). PDMS fluid channels were patterned atop the KMPR. The
experimental results presented in the next section were obtained using a typical sensor chip with

a KMPR thickness 0of 219.4 0.3 nm.

3.8 Experimental Results and Discussion

3.8.1Lateral imaging resolution

To experimentally characterize the lateral imaging resolution of our MCWG-based imaging
system, the PDMS fluid channel wall boundaries were imaged at A = 470 nm with the
microscope system using two orthogonal light propagation directions, as shown in Figure 3.5.
The light input/output coupling angle was selected for optimal coupling of the TMO mode into

water.
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Figure 3.5 shows two typical reflectivity images acquired with light propagating along the y
axis (TOP-LEFT) and x axis (TOP-RIGHT) in the film plane. As seen in the images, the
water/PDMS boundary is sharp for light propagating parallel to the edge but blurred for light
propagating perpendicular to the edge, as expected. Line profiles for both images are shown in

Figure 3.5-BOTTOM. The exponential decay profile and oscillations at the PDMS/water
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Figure 3.5: Typical pair of reflectivity images acquired with the microscope from two
orthogonal directions of light propagation using the MCWG chip structure, where the back
arrows indicate the direction of light propagation, clearly illustrating the resolution
imbalance between the two axes in the plane. The angle of incidence was selected for
maximum coupling of the TM0 mode into water at A = 470 nm: the light grey zones in the
images correspond to PDMS and the central dark grey zones to water. TOP-LEFT: image
acquired with light propagating along the y axis. TOP-RIGHT: image acquired with light
propagating along the x axis. BOTTOM: x-axis line profiles from both images (white
horizontal lines across the top two images). The exponential profile and oscillations at the
PDMS/water boundaries that are clearly seen in the x-axis propagation profile are due to the
finite attenuation distance.

boundaries that are clearly seen in the x-axis propagation profile are due to the finite attenuation
distance described earlier and have been observed by others [Rothenhausler & Knoll, 1988].
The oscillation period (~7.4 um) and attenuation distance (exponent of the exponential decay
profile:~5 pum) calculated from the line profile are in close agreement with the theoretical
predictions from our modeling results (6.8 pm and 4.9 pum, respectively) and similar work in the
literature [ Yeatman, 1996]. This phenomenon is the main resolution limitation along the axis of

light propagation, whereas resolution along the axis perpendicular to light propagation is
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ultimately limited by diffraction. Note that narrow fringes can also be seen in the y-axis
propagation image parallel to the channel wall boundaries: they are most likely due to imperfect

collimation by the light injection optics.

3.8.2Imaging depth

To experimentally confirm the deeper probing depth of MCWG-based imaging compared to
conventional SPRI, 10 um diameter polystyrene microbeads (Polysciences Inc., USA) were
seeded on the surface of MCWG and SPR chips. Because the volume of the beads extends well
beyond the penetration depths of the SPRI and MCWG modes and because of the high curvature
of the bead shapes, the circular “shadow” cast by the beads on the surface will vary significantly
according to penetration depth. As a result, the apparent bead size as measured by the two

imaging modalities differ according to their respective penetration depths.

For proper sedimentation of the beads on the chip surfaces, a drop of bead dilution in water was
first deposited on the surface with a micropipette followed by evaporation of the water using a
hotplate. After evaporation, the chips were mounted in the microscope system and the chip
surfaces were re-immersed in distilled water for imaging, with the beads remaining firmly
adhered to the chip surface. Brightfield, SPRI (A = 633 nm), and MCWG images (A = 470 nm)

from a typical experiment are shown in Figure 3.6.
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Figure 3.6: Images of 10 pm diameter polystyrene microbeads on the chip surface showing
the effect of probing depth differences between MCWG and SPRI: TOP/LEFT: MCWG
image (0.22 um core, A = 470 nm), TOP/RIGHT: SPRI (Au/water interface, A = 633 nm),
BOTTOM/LEFT: brightfield image. BOTTOM/RIGHT: plot of average bead image
intensity profiles along the direction normal to light propagation (see example line overlays
in two top images): the FWHM are 1.98+0.19 um and 1.18+0.09 um for the MCWG and
SPRI bead images, respectively.

Because of the deeper penetration depth, the beads appear larger in the MCWG images
compared to SPRI, as expected. Note that the “blurring artefact” caused by the finite attenuation
distance in the direction of propagation is clearly visible in the two top images, as well as
additional diffraction effects. To quantify the difference between the two imaging modalities,
the average full widths at half maximum (FWHM) of the individual bead image profiles normal
to the direction of light propagation were calculated across all imaged beads in both images (the
example line overlays in the top images show the distance over which the individual bead image
profiles were characterized). As seen in the plot of Figure 3.6-BOTTOM/RIGHT, the FWHM
for the MCWG bead images (1.98+0.19 um) is almost twice that for the SPRI bead images
(1.18+£0.09 pm), confirming the deeper probing depth of MCWG. Note that these values are
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about half that predicted from a simple model based on the Fresnel equations evaluated at
separate points in the plane of the surface according to the height of the bead/water interface at
that location. The differences between the modeled and measured values are most likely due to
the fact that the Fresnel equations model a stack of layers of infinite extent whereas the high
curvature of the beads enables only a partial coupling of the excitation light to the guided modes

at any point.

3.8.3Imaging of living cells

To demonstrate the performance of MCWG for live cell imaging, adherent human embryotic
kidney cells (HEK-293) were cultured directly on the KMPR chip surfaces. The cells were
visualized simultaneously in the system with brightfield microscopy from the topside and with
MCWG-based microscopy from the underside. Typical results are shown in Figure 3.7. Since
the cells are mostly transparent to visible light, little contrast is observed in the brightfield image
(Figure 3.7-BOTTOM/LEFT) though the image shows that the cells are well adhered and spread
out on the surface. The contours of the 4 cells in the field of view are indicated by dotted lines.
A pair of corresponding MCWG images acquired using orthogonal directions of light
propagation (Figure 3.7-TOP LEFT&RIGHT, arrows indicate directions of propagation) clearly
show the 4 cells.
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Figure 3.7: Simultaneous brightfield and MCWG-based imaging of live HEK-293 cells
cultured directly on the KMPR surface of a MCWG chip. TOP: MCWG-based reflectivity
images for orthogonal light propagation directions acquired at 67.55° incidence angle
(propagation directions indicated by arrows). BOTTOM/LEFT: Brightfield image showing
the contours of the 4 cells in the field of view. BOTTOM/RIGHT: average reflectivity as a
function of incidence angle from the two ROIs shown in MCWG images. ROI#1: extra-
cellular medium, ROI#2: intra-cellular medium.

Indeed, since the intracellular structures in the HEK-293 cells (membrane, cytoskeletal
components, and organelles) have a higher refractive index than the intra- and extra-cellular
fluid, the resulting heterogeneous refractive index distribution gives rise to high-contrast
MCWG-based images. The HEK-293 cells express various fibrous cytoskeleton components
(e.g. actin) to maintain shape and integrity. Some of these subcellular structures will randomly
be aligned with the direction of light propagation in which case their diameter can be resolved
while their overall length will appear blurred due to the finite attenuation distance (diagonal line

artefacts in the MCWG images).

Two regions of interest (ROI) were selected in the MCWG images as outlined by rectangular

overlays: one corresponding to an area of the surface exposed to a buffer solution only and one
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encompassed by a cell body. Figure 3.7-BOTTOM/RIGHT shows measurements of average
reflectivity as a function of incidence angle from both ROIs, where the optimal coupling angle
differs between the two (ROI#1: 67.86°, ROI#2: 69.88°) due to the difference in average
refractive index. Interestingly, the presence of the cell not only shifts the angular position of the
minimum coupling angle but also increases the value of the reflectance minimum. This effect is
due to the fact that the intra-cellular environment is electromagnetically “lossy” due to scattering
of the evanescent-field by subcellular structures and organelles. Indeed, our group and others
have shown that biological cells must be modeled as objects with complex refractive indices (n
=1.38 +10.011 for ROI#2, determined by fitting to a Fresnel equations model) [Chabot et al.,
2012; Yashunsky et al., 2010].

3.9 Conclusion

In this work, we have shown that MCWG-based microscopy is an effective and flexible method
for high-resolution evanescent wave imaging. In particular, imaging using the MCWG TMO
mode at A =470 nm operating near cutoff (waveguide core thickness of 220 nm) is advantageous
because of its deep probing depth (0.62 pm), good imaging spatial resolution (~5 pm), and high
sensitivity (96 RIU™'). While SPR is capable of higher spatial resolution at short wavelengths
and LR-SPR can achieve deeper probing depth, MCWG-based microscopy offers the best
compromise between spatial resolution and probing depth for imaging relatively thick biological

objects such as cells or bacteria.
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In this work, we demonstrate for the first time how metal-clad waveguide (MCWG@G) based
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stimulation as well as the formation of extracellular gaps within a confluent endothelial

monolayer due to the exposure to Thrombin.
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Using MCWG microscopy, we could successfully visualize and quantify cell-cell heterogeneity
within population of endothelial cells following TRAIL induced apoptosis. We demonstrate that
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4.2 French Title:

Visualisation et quantification, sans marqueurs, de D’activité de cellule individuelle par

’utilisation de la microscopie sur guides d’ondes a gaine métallique (MCWG).

4.3 Abstract (French)

Les méthodes de biodétection sans marqueurs sont tres efficaces pour I’étude de I’activation des
cascades de signaux cellulaires déclenchées par des stimuli externes. Généralement, les
expériences impliquent un grand nombre de cellules et reposent sur la prémisse que la réponse
cellulaire est uniforme au sein d’une population cellulaire. Cependant, un nombre croissant
d’indices tend a montrer que le comportement cellulaire peut varier de fagon significative méme
parmi des cellules génétiquement identiques. Dans cet article, nous démontrons 1’utilisation de
la microscopie basée sur les guides d’ondes a gaine métallique (MCWG) sans utilisation de
marqueurs. Cette méthode, permet de mesurer en temps réel ’activité de signalisation et les
changements de morphologie dans une petite population de cellules tout en maintenant la
possibilité d’observer des cellules individuelles. Nous démontrerons le potentiel de cette
approche en quantifiant I’activité intracellulaire de cellules en situation d’apoptose induite. Pour
ce faire, une couche de cellules endothéliales a été exposée a la cytokine TRAIL (tumor necrosis
factor-related apoptosis-inducing ligand) et puis les changements dans 1’intégrité de la couche
ont été visualisés et quantifiés a la suite de I’activation par la thrombine du récepteur activé par
la protéinase (PAR1). Les résultats montrent que la moyenne des signaux obtenus a partir d'une
population cellulaire peut sous-représenter la variation réelle des paramétres de morphologie et

de cinétique d’une population cellulaire qui peut étre significative.

4.4 Abstract (English)

Label-free biosensing methods are very effective for studying cell signaling cascade activation
induced by external stimuli. Assays generally involve a large number of cells and rely on the
underlying assumption that cell response is homogeneous within a cell population. However,
there is an increasing body of evidence showing that cell behavior may vary significantly even
among genetically identical cells. In this paper, we demonstrate the use of metal-clad waveguide

(MCWG)-based microscopy for label-free real-time monitoring of signaling activity and
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morphology changes in a small population of cells, with the ability to resolve individual cells.
We demonstrate the potential of this approach by quantifying apoptosis-induced intracellular
activity in individual cells following exposure to tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) and by visualizing and quantifying extracellular changes in endothelial
cell layer integrity following the activation of the proteinase-activated receptor 1 (PAR1) by
thrombin. Results show that averaged signals obtained from a cell population may incorrectly
reflect the actual distribution of morphology and kinetics parameters across a cell population by

a significant margin.

4.5 Introduction

Eukaryotic cells express a large diversity of membrane-bound receptors to sense and react to
external stimuli such as hormones, cytokines, pathogens and toxins. The activation of these
receptors triggers intracellular signaling events regulating cell activities supporting normal
tissue and organ functions. The sensitive and non-invasive quantification of cell signaling
responses is important in cell biology and pharmacology, and is the basis for many novel
developments in biomedical diagnostics, using both commercially available systems and
advanced research platforms. Example applications include monitoring of G-protein coupled
receptor (GPCR) signaling [Schroder ef al., 2010; Scott & Peters, 2010], changes in cell activity
induced by toxins and antigens [Chabot et al., 2009; Hide et al., 2002], apoptosis [Arndt ef al.,
2004; Maltais et al., 2012] and endothelial cell layer integrity [Benson et al., 2013; Tiruppathi
et al., 1992]. Electrical impedance spectroscopy [Tiruppathi et al., 1992], diffraction gratings
[Fang et al., 2006] and surface plasmon resonance [Chabot et al., 2009; Giebel et al., 1999;
Jamil et al., 2007; Peterson et al., 2014; Wang Wang et al., 2012; Yanase et al., 2007, 2010]
have been used very successfully to monitor and quantify cellular activity in vitro. These label-
free platforms do not require the use of exogenous labels that may bias or interfere with the

molecular processes under investigation.

Experiments are typically conducted on cell populations ranging from 100 to 4000 cells. As
such, measurements represent a statistical average of what may actually be a highly
heterogeneous cell response, possibly including multiple cellular phenotypes [Stolwijk et al.,

2015]. While cell populations are often assumed to respond homogeneously to a specific
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biochemical stimuli, there is an increasing body of evidence showing that cell behavior varies
significantly even among genetically identical cells [Samadani et al., 2006; Slack et al., 2008].
Such cellular phenotypic heterogeneity is central to physiological processes relying on lineage
selection from distinct clonal population of progenitor cells [ Altschuler & Wu, 2010] and during
development [Bahar et al., 2006; Colman-Lerner et al., 2005; Raser & O’Shea, 2005; Samadani
et al., 2006]. However, label-free methods for sensing cell response and signaling events are
unable to resolve single cell activity within a population and therefore cannot detect

heterogeneity.

Evanescent-field based methods such as surface plasmon resonance (SPR) and metal clad
waveguides (MCWQG) [Nina Skivesen et al., 2005] are label-free and highly sensitive to events
occurring within a discrete volume above the sensor surface. These methods, which were
originally applied in biosensing to monitor binding kinetics between surface-bound receptors
and ligands in solution [Homola, 2003], have since been applied very successfully to study
phenomena in a wide range of biological objects. When probing relatively thick microscopic
objects such as cells, MCWG-based systems are advantageous compared to SPR owing to their
capability for deeper probing into the sample while maintaining relatively high spatial resolution
[Sollradl ef al., 2017]. Indeed, certain cell structures of interest may be located higher up in the
cell body (ex: actin cytoskeletal components, > 100 nm; intracellular organelles, > 200 nm) than
the effective probing range of conventional SPR systems (~200 nm for visible light systems).

In both cases, advanced imaging systems are capable of resolving single cells.

In this paper, we propose a MCWG-based microscopy system designed to make sensitive real-
time quantitative measurements of cellular activity in vitro with the ability to resolve individual
cells, without the need for fluorescent labeling. The potential of the proposed system is
demonstrated in two sets of experiments: 1) quantification of intracellular activity following the
activation of apoptotic pathways in an endothelial cell model (EA.hy926) exposed to the tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL), and 2) quantitation of the disruption
of a confluent endothelial cell monolayer (EA.hy926) resulting from the activation of the
protease activated receptor 1 (PARI) by thrombin. Though the cell populations in the

experiments are too small to extract meaningful statistics, the results nevertheless show
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convincingly how averaged signals obtained from a cell population may not accurately reflect

the actual distribution of cell behavior characteristics across a population.

4.6 Materials and Methods

4.6.1Imaging instrumentation and sensor chip design

The sensor chip design and optical imaging setup based on a high numerical aperture
microscope objective (Figure 4.1) are detailed elsewhere [Sollradl et al., 2017]. Briefly, light
from a fiber coupled LED source (center wavelength: 470 nm) is focused in the back focal plane
of the objective and emerges as a collimated beam at the front of the objective, incident onto the
backside of the MCWG sensor chip. The lateral offset of the focal spot from the center in the
back focal plane of the objective determines the angle of incidence/reflection of the collimated
light to/from the chip. A polarizing beamsplitter separates the reflected light into two
perpendicular polarization components for recording by CCD cameras (1392x1040, 12 bit, gray-
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Figure 4.1: Metal clad waveguide imaging of individual cells. A) Schematic of the metal
clad waveguide imaging (MCWG) setup based on a high numerical aperture microscope
objective; B) Reflectance image of two glioblastoma cells (U251) cultured on top of the
MCWSG sensor chip (scale bar = 20 um, LED center wavelength = 470 nm incidence angle
0f 63.35°); C) Brightfield image the same two cells (scale bar =20 um); D) Mean reflectance
as a function of incidence angle for the two rectangular ROI shown in C). The vertical dotted
line indicates the operating point (63.35°) for fixed-angle measurements.

scale), where TM images contain the reflectance-encoded refractive index map and TE images
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correct for illumination field inhomogeneities. An LED was used as the light source instead of

a laser to minimize coherence artifacts in the images and to prevent phototoxic effects.

Biosensing based on metal-clad waveguide (MCWG) is very similar to surface plasmon
resonance (SPR). Indeed, SPR is actually a special case of this broader class of waveguides.
MCWG and SPR sensors operate by resonant coupling of incident light to a lossy guided mode
in a waveguide consisting of a thin film stack deposited on a glass substrate (the sensor chip),
where the biological medium atop the chip acts as the topmost cladding layer of the waveguide.
Cellular structures such as the membrane, cytoskeletal components, and organelles have higher
refractive indices than the extracellular medium. As a result, when cells cultured atop a MCWG
chip change either in morphology or in distribution of intracellular molecular content, the
resulting local refractive index changes near the surface perturb the mode characteristics,
thereby spatially modulating the reflected light intensity. Figure 4.1B shows a typical image of
reflected light from a MCWG chip with two human glioblastoma cells (U251) on the top surface
(brightfield microscopy image shown in (Figure 4.1C).

The exquisite depth discrimination in SPR and MCWG sensing/imaging results from the strong
light confinement by the planar waveguide at the sensor surface. This waveguide-based nature,
however, imposes a limit on the achievable imaging spatial resolution in the direction of mode
propagation due to the finite decay length of the mode, which is generally greater than the
diffraction limit. In the direction perpendicular to mode propagation, imaging spatial resolution
is limited by diffraction as with conventional microscopy. There is a direct trade-off between
spatial resolution and probing depth into the sample, where decreasing the probing depth will
improve resolution and vice-versa [Sollradl et al., 2017]. Though slightly more complex to
fabricate, MCWG chips (dielectric core waveguides with a metal film acting as the bottom
cladding at the waveguide/glass interface) yield greater design flexibility and range in the
selection of an optimal resolution/depth trade-off operating point. In the present system, the
optimal trade-off was determined to be a lateral resolution of ~5 um in the direction of

propagation and a 600 nm penetration depth into the sample volume.



90

In designing our system, our hypothesis was that an evanescent-field based method would be
especially well-suited for label-free quantitative measurements of the reorganization of sub-
cellular structures and signalling activities associated with cellular processes such as apoptosis.
Indeed, the discrete volume above the sample surface probed by the evanescent-field which
allows us to selectively image the cell/substrate interface together with a limited portion of the
cytosol. This sensing region is assumed to be particularly rich in molecular events during cell
signalling for it includes actin and focal adhesion remodelling, nuclear events such as chromatin
decondensation and the reorganization of various organelles. As for spatial resolution in the
plane of the sample surface, MCWG-based microscopy is capable of resolving information at
the individual cell level, enabling us to study cell response heterogeneity across a small cell
population. Though there is a slight decrease in spatial resolution along one axis in MCWG-
based microscopy compared to conventional microscopy (bright field or phase-contrast) due to
the finite decay length of the guided mode, this can be a worthwhile trade-off in the study of
cell signaling activities. Indeed, in the case of apoptosis for example, the ability of MCWG-
based microscopy to selectively image the cell/substrate interface with high contrast enables
real-time monitoring of relevant signalling activities in individual cells, with direct cell-specific
measurements of the duration of the latency phase and the rate of the reaction. In the case of
phase-contrast microscopy, published works on apoptosis are mainly concerned with identifying
cells undergoing apoptosis in a cell population [Haseyama et al., 2006; Huh et al., 2012].
Though phase-contrast yields high quality images showing extensive intracellular
rearrangement, this method has not been applied so far to estimating kinetics parameters
associated with cell signaling events such as the duration of the latency phase or the rate of the

reaction.

Reflectance image sequences were acquired with the MCWG-based microscope at a fixed
incidence angle, where the angular operating point was selected to maximize sensitivity and
dynamic range (63.35°, as indicated by the vertical dotted line in Figure 4.1D). Reflectance
values were averaged over regions-of-interest (ROI) in the images, as shown for example by the
blue and red squares in Figure 4.1C for bare reference and cell-covered sensor areas,
respectively. The corresponding curves of ROI mean reflectance as a function of incidence angle

are shown in Figure 4.1D.
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4.6.2Cell culture and reagents

Apoptosis and endothelium monolayer disruption were studied in an immortalized endothelial
cell line (EA.hy926, kindly provided by Dr. CJ Edgell, University of North Carolina). Cells
were maintained in DMEM supplemented with 10% temperature inactivated FBS and 60 U/ml
penicillin in tissue culture petri dishes (100 mm diameter, Corning) and sub-cultured upon
reaching 70 - 80% confluence using trypsin EDTA (0.25 %), typically within three days. Unless
indicated otherwise, all cell culture supplements were purchased form Wisent (Canada). In the
experiments, 5.75 x 10° cells were seeded onto uncoated ethanol-sterilized MCWG sensor chips
and were either used at low density in the case of apoptosis experiments or grown to full
confluence typically within two days for the monolayer disruption experiments. KMPR resin
was used as the topmost waveguiding core layer of the MCWG sensor chips, forming a
hydrophilic biocompatible protection layer above the silver metal layer. Silver, in contrast to the
more commonly used gold layer in SPR, yields higher measurement sensitivity particularly at
shorter wavelengths (< 500 nm) and offers a better trade-off between lateral resolution and
penetration depth [Sollradl er al., 2017]. Cells were found to have a similar growth rate and

morphology on the sensor chips relative to conventional polystyrene culture dishes.

A typical experiment was performed as follows: cells were washed twice and culture media was
replaced by warm COz-independent Leibovitz’s L-15 medium supplemented with 60 U/ml
penicillin. The MCWG chip was mounted in the imaging instrument fluid chamber (Vacucell,
C&L Instruments) and maintained at 37 °C by a heating system (TC1, Bioscience Tools). Prior
to stimulation, cells were left in the buffer solution for one hour to stabilize. At the start of each
experiment, a full angular scan was performed to select the optimal angular operating point for
maximum image contrast. Images were then acquired at this fixed incidence angle throughout

the experiments.

Apoptosis was induced by injection of 10x TRAIL stock solution (Millipore, 250 ng/ml final
concentration after dilution). Endothelium monolayer activation was induced by injection of
10x thrombin stock solution (Sigma-Aldrich, 10 U/ml final concentration after dilution).
Control experiments were conducted in buffer solutions: HBSS with TWEEN for TRAIL and
sterile DI water with 0.1% BSA for thrombin.
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4.6.3Image analysis

During experiments, images were acquired for each polarization channel every 5 seconds for
the shorter endothelium monolayer disruption experiments and every 15 seconds for the longer

apoptosis experiments.

In the apoptosis experiments, kinetics parameters were estimated separately for each individual
cell in the field of view. Region-of-interest (ROI) contours were drawn manually around
individual cells to calculate mean reflectance time series on a cell-by-cell basis throughout an
image sequence. To extract the kinetics parameters for a particular cell, its ROI reflectance time
series were first fitted with a sigmoid function. A linear model was then fitted to the data near
the mid-point of the sigmoid function to estimate the transition slope (maximum rate of the
apoptosis execution phase). To estimate the duration of the pre-execution latency phase, a
horizontal line was fitted to the initial (baseline) portion of the data, where the intersection

between the two linear models identified the onset time of the execution phase.

In the endothelial cell layer integrity experiments, the disruption of the confluent monolayer
was characterized by analysing the dynamics of the inter-cellular gaps. This analysis proceeded
by automated segmentation of image pixels into intra- vs extra-cellular zones to quantify gap
size changes throughout an image sequence. The analysis consisted of applying the following
automated steps to each image in a sequence:

1. Background subtraction of the Gaussian-filtered (100x100 kernel, c = 4) TE-polarized
initial image.

2. Conversion of the image to binary using automatic clustering-based thresholding [Otsu,
1979] using the graythesh() Matlab function.

3. Morphological processing by a circular structuring element to coalesce fragmented intra-
and extra-cellular zones into connected areas (erosion with radius = 8 pixels, followed
by dilation/erosion with radius = 2 pixels) using the imerode() and imclose() Matlab
functions.

4. Thresholding of spurious gaps based on minimum acceptable gap size (100 pixel area)

using the bwareaopen(), bwconncomp(), and regionprops() Matlab functions.
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4.6.4Statistics

In the apoptosis experiments, results (TRAIL vs. control) were compared for equality of
variances using a 2-sided F test and showed unequal variances. To draw reliable conclusions,
an independent-samples t-test assuming unequal variances was used to test for significance.
Mean values are expressed as standard deviation (SD) and p-values < 0.05 were considered

significant.

4.7 Results and discussion

4.7.1Monitoring of cell response heterogeneity to an extrinsic apoptotic stimulus

Visualization of single cell apoptosis by MCWG microscopy

Even in cells sharing an identical genetic background, individual response to physiological,
pathophysiological or pharmacological stimuli is often assumed to be heterogeneous within a
population [Lahav ef al., 2004]. While this response heterogeneity may simply reflect slight
variations from the average phenotypic state of a given cell population, it can also be linked to
an amalgam of phenotypically distinct subpopulations, where individual cells are characterized
by a distinct sensitivity threshold to an external stimulus. This effect is often observed in cancer
cell populations [Gascoigne & Taylor, 2008; Slack et al, 2008] and is linked to the
establishment of cell populations refractory to treatment. Such characteristics are particularly
important when trying to assess the fate of a global cell population exposed to apoptotic stimuli

inducing cell death.

Apoptosis is a two-stage process characterized by a sequence of specific intracellular molecular
events ultimately leading to cell death. In its first stage, apoptosis involves the targeted activity
of initiator caspases toward executioner caspase activation, which in turn are responsible for
extensive cleavage of intracellular proteins and ultimately cell death [Melino & Vaux, 2010].
Since initiator caspases are not directly involved in protein cleavage, their activation is normally
seen as a “latency phase” lasting up to several hours [Maltais et al., 2012], typically showing
little or no signal response in label-free monitoring systems. In contrast, the execution phase

typically produces a robust sensor response resulting from the significant perturbation of the
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cellular architecture due to the extensive cleavage of intracellular proteins, including collapse
of the nucleus, extensive cytoskeleton reorganization and cleavage of focal adhesion sites
[Héacker, 2000; Wen et al., 1997]. Most current methods of studying apoptosis are based on
fluorescence markers: these include the annexin-V assay to measure phosphatidylserine
externalization [Koopman et al., 1994] and the fluorescent TUNEL assays detecting DNA
fragmentation [Gorczyca ef al., 1993]. Recently, we showed that label-free methods like SPR
can also reliably quantify apoptosis in a cell population and provide results consistent with

validated biochemical assays [Maltais et al., 2012, 2016].

In the experiments presented here, the tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) was used to stimulate cell death receptors 4-5 (DR4-5) in EA.hy926 endothelia cells.
Figure 4.2A-D show an example time sequence of images acquired after stimulation of
EA.hy926 cells with TRAIL, where individual cell ROIs are outlined in the images. Figure 2A
shows the reference reflectance image at 0 min immediately following TRAIL injection, where
the cells in the field of view are numbered 1 through 6. Figure 4.2B—D show color-coded maps
of % reflectance differences with respect to the reference image. During the latency phase,
localized reflectance variations can be observed within individual cells, both positive and
negative Figure 4.2B at 105min). Since control experiments showed much lower and more
homogeneous reflectance changes during this phase, these small signal variations could reflect
intra-cellular activity such as initiator caspase activity. Reflectance images recorded at 150 min
(Figure 4.2C) and 250 min (Figure 4.2D) show a gradual shift towards larger, negative
reflectance changes with respect to the reference, at first in isolated areas and eventually
extending throughout the entire cells. These large reflectance changes are consistent with
executioner caspases activity associated with extensive cleavage of intracellular proteins,
resulting in the collapse of intracellular structures and ultimately the loss of cell-substrate

contact.
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Figure 4.2: MCWG images of cell response heterogeneity to an extrinsic apoptotic stimulus
(TRAIL). A) Reference reflectance image showing six EA.hy926 cells on the MCWG sensor
surface ; B — D) Color-coded reflectance variation images showing localized changes in the
cells at 105 min, 125 min, 150 min, 200 min, and 240 min. Reflectance variations expressed
as % change with respect to reference reflectance levels (A).

Single cell apoptosis parameters

Plots of mean reflectance variations for each cell across the entire experiment are shown in
Figure 4.3A. As expected for the latency phase, mean reflectance remains relatively constant.
At approximately 125 min, cells #3 and #4 show a sharp drop in reflectance that is consistent
with executioner caspases activity. This same drop appears at later times for cells #1, #2 and #5,
and its onset is only just observable for cell #6. Figure 3B shows the results of the sigmoid-
based fitting and parameter extraction described above applied to the cell reflectance data to
estimate onset time and maximum rate of signal change for the execution phase. Both
Figure 4.3A and B reveal marked differences in individual cell response and indicate
heterogeneous cell sensitivity to TRAIL stimulation. Indeed, the onset of the execution phase
ranged from 117.1 min to 205.3 min (average of 154.4 &+ 34.5 min) and the rate of reflectance

change ranged from -0.139 %/min to -0.487 %/min (average of -0.305 + 0.138 %/min).

Figure 4.3C clearly illustrates how measurements averaged over a cell population (albeit a small

one in this demonstration) yield quite different, possibly misleading, results. The figure shows
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Figure 4.3: Apoptosis kinetics — mean reflectance variation time series. A) Mean reflectance
variation for the individual cells outlined in Figure 4.2 as a function of time; B) Extraction
of individual cell apoptosis kinetics parameters (onset time, slope) from the time series in A
based on the sigmoid fit (red curve) and two linear fits (blue dotted lines); C) Plots of whole
image averages compared with negative control (buffer without TRAIL), compared by an
independent samples t-test assuming unequal variances (*: p <0.05, **: p <0.01). Error bars
represent standard deviation (SD). Reflectance variation are expressed as % change with
respect to reference reflectance levels at the start of the experiments.

a control (gray trace) and plots of average reflectance as a function of time calculated in two
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ways: cell pixels only (solid black trace) and all image pixels (dashed trace). The average
reflectance curves show a staircase structure resulting from the superposition of the
asynchronous cell responses. In the case of cell pixel only averages (delimited by the ROI), the
fitted onset (133.2 min) and rate (-0.087 %/min) parameters are markedly different from the true
averages calculated above (154.4 min and -0.305 %/min). The discrepancy in the rate parameter
is even greater when pixels from the entire image are averaged (-0.059 %/min). Such marked
differences in rate and synchronicity show that these parameters may be poorly estimated from

measurements averaged over a cell population.

Figure 4.4 shows a slightly different analysis of the cell-specific ROI reflectance changes across
the image sequence compared to Figure 4.3A. In Figure 4.4, the mean of the absolute values of
reflectance changes is plotted as a function of time for the individual cells, as opposed to the
mean reflectance change shown in Figure 4.3A. Because the small reflectance changes during
the latency phase inside the cells are both positive and negative (Figure 4.2B), the mean is close
to zero. Interestingly, the absolute value of localized variations reveals a steady increase in cell
activity until the executioner phase. Such behavior is consistent with initiator caspase enzymatic
activity commonly monitored using selective fluorescent reporters which also show a steady
signal increase until the sharp activation of the executioner caspase activity [Albeck et al.,
2008]. Overall, these results show that measurements obtained from conventional label-free
assays without spatial distribution information in a cell population may not necessarily reflect

the true characteristics of a given cellular process in individual cells.

Thus MCWG microscopy could be useful in identifying cell response heterogeneity to various
apoptotic stimuli, such as in acquired resistance to pro-apoptotic drugs observed in cancer cells
[Gascoigne & Taylor, 2008; Slack et al., 2008] or under pathological conditions where small
numbers of overly sensitive cells could be responsible for a general drift in cell phenotype

[Bombeli et al., 1997].
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Figure 4.4: Apoptosis kinetics — mean absolute value of reflectance variation time series.
Mean absolute value reflectance variation as a function of time over the course of the
experiment for the individual cells outlined in Figure 4.2. In contrast to the previous figure,
the plots show a visible signal change over time during the latency phase. Reflectance
variation is expressed as % change with respect to reference reflectance levels at the
beginning of the experiments.

4.7.2Spatially-resolved monitoring of confluent endothelial cell monolayer
integrity
Visualization of endothelial cell monolayer integrity following PAR1 activation

Endothelial cell monolayer integrity and the modulation of tight cellular interconnections are an
important indicator of cell phenotype and function [Wegener & Seebach, 2014]. The current

gold standard for label-free monitoring of endothelium cell monolayer integrity is based on
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measurements of trans-endothelial electrical resistance (TEER) in response to both intercellular
and intracellular cell activity [Birukova et al., 2004; McLaughlin, 2005; Tiruppathi et al., 1992;
Wegener & Seebach, 2014]. TEER measurements, however, yield measurements averaged over
an entire monolayer and the electrode requirement makes it virtually impossible to obtain the
spatial resolution required to resolve individual gap formation within the monolayer. In order to
obtain spatial distribution information on cell monolayer integrity, this technique must be
supplemented with fluorescence microscopy measurements [Birukova et al., 2004; McLaughlin,

2005].

To demonstrate the capability of our system to quantify and spatially-resolve monolayer
integrity, an EA.hy 926 endothelial cell monolayer was grown to confluence on sensor chips.
The cell proteinase-activated receptor 1 (PARI1) was stimulated with 10 U/ml thrombin to
disrupt cell-cell contact and cell-substrate adhesion, resulting in intercellular gap formation
[Coughlin, 2000]. Gap size changes were monitored over time throughout the experiments using
the automated image processing procedure described above. Reflectance images at the start of
an experiment (Figure 4.5A) show a near-confluent endothelial cell monolayer where gaps
appear in black, outlined in white boundaries identified by the image-processing algorithm. At
around 12.5 minutes after PARI activation (Figure 4.5B), intercellular gaps can be seen to
increase in size due to localized disruptions in endothelial tight junctions. As the process
continues (Figure 4.5C: 15 min, 5D: 17.5 min, 5E: 20 min, Figure 4.5F: 30 min), the overall
monolayer morphology is extensively altered with large intracellular gaps appearing. Here

again, significant heterogeneity in gap formation across the cell monolayer is evident.

Quantification of endothelial cell monolayer integrity

The image sequence data were analyzed to quantify both the evolution of individual gap size
and total gap area over time. Figure 4.5G shows a plot (gray line) of total gap area over time,
expressed as a percentage change from the total gap area in the initial near-confluent monolayer
(Figure 4.5A). As seen in the plot, total gap area increases steadily from about 12.5 min onwards
and reaches a maximum plateau close to 60% after about 25 minutes. These results, which are
consistent with TEER measurements found in the literature for similar experiments, demonstrate

how MCWG-based microscopy can be used to spatially resolve dynamics in gap formation and
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Figure 4.5: Spatially-resolved monitoring of confluent endothelial cell monolayer
disruption. A) Reflectance image of near-confluent endothelium cell monolayer prior to the
injection of thrombin (scale bar =20 um); B) — F) Reflectance images captured at 12.5 min,
15 min, 17.5 min, 20 min, and 30 min illustrating the evolution of intercellular gaps and cell
morphology changes. The white outlines show gap areas detected automatically by image
processing; G) Plot (dark gray line) of total gap area variation over time expressed as a
percentage change from initial total gap area and plot of mean image reflectance over time
(black line); H) Box plot and scatter plot showing the evolution of time of “large gap” size
distribution (gaps having radii > 4 um, assuming grossly circular shape, where N is the
number of individual gaps tabulated in each vertical scatter plot). Whiskers represent 1.5x

interquartile range.
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biomarkers. Figure 4.5E also shows a plot of mean image reflectance variation over time (black
line) that is inversely correlated with total gap size, as expected. Note that equivalent results of
a negative control experiment from an EA.hy 926 cell monolayer of similar confluence
stimulated with buffer solution only are given in Supplementary Figure 2, where the total gap

size changes by around 1% over the course of the experiment.

Gap size geometry and dynamics are especially significant in the context of tracking changes in
cell monolayer permeability. Most common permeability assays rely on the specific labeling of
certain cell-cell and cell-substrate molecules and subsequent imaging by fluorescence
microscopy [Seebach et al., 2015] or rely on the diffusion of secondary molecules through the
cell monolayer [Wegener & Seebach, 2014]. To the best of our knowledge, no label-free assay
exists that allows for the direct visualization and quantification of endothelial cell monolayer
integrity without the need for any secondary marker. To demonstrate these capabilities in
MCWG-based microscopy for this application, we measured inter-cellular gap size statistics
over time, focusing on larger gaps since they strongly impact monolayer permeability. The
radius threshold for “large” gaps was set at 4 um (assuming a roughly circular shape) to
maximize the visibility of size distribution (the majority of gaps are small so that a lower
threshold compressed and homogenized the scatter plots). Figure 4.5H shows large gap size
distribution sampled at the image timestamps of Figure 4.5A-F, where N in each vertical scatter
plot is the number of tabulated gaps. As seen in the figure, there is a marked heterogeneity in
large gap size in the latter part of the experiment when the cell monolayer is significantly
disrupted. These results indicate that an average gap measurement, on its own, may actually
underestimate the size of particles that can make it through a disrupted monolayer, thus

underestimating true permeability.

4.8 Conclusion

In this work, we demonstrated the use of MCWG microscopy as a label-free technique for
spatially-resolved monitoring of signaling activity and morphological changes in individual
cells in a small cell population. In a first series of experiments using an extrinsic apoptosis
model, we showed the method’s capabilities to: 1) highlight the heterogeneous response of a

cell population, and 2) spatially resolve the intracellular mass redistribution associated with the
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activation of apoptotic pathways in individual cells. In a second series of experiments
monitoring endothelial layer integrity following stimulation by thrombin, we showed that: 1)
the method produces label-free averaged signals consistent with established TEER permeability
assays, 2) averaged signals are correlated with overall variations in intercellular gap size, and 3)

size distribution for larger gaps may be significantly heterogeneous in a disrupted monolayer.

Though the cell populations in the experiments were too small to extract meaningful statistics,
our results nevertheless convincingly demonstrate how averaged signals in a conventional assay
may incorrectly reflect the actual distribution of kinetics parameters across a cell population by
a significant margin. This effect is believed to be particularly important when dealing with
primary cellular models that are often difficult to culture at high purity and density and are
characterized by low proliferation rates and high phenotypic variability, such as neurons and
stem cells. In this context, an obvious advantage procured by our system is the elimination of
the dependence of the response profile on the degree of cell confluence when studying low
density cell populations. We believe that this approach could be very useful in many applications
such as drug screening to assess the heterogeneous sensitivity of a given cell phenotype or to

assess the resistance of subpopulation of cells to drugs.

4.9 Acknowledgements

We wish to thank Prof. Jean-Bernard Denault for his support and helpful discussions with the
apoptosis experiments. This work was made possible by the financial support of the Fonds de
recherche du Québec — Nature et technologies (FRQNT: MG, PGC, TS) as well as the Natural
sciences and engineering research council of Canada (NSERC: MG, PGC, MC) and the
Canadian Institutes of Health Research (CIHR) under the Collaborative Health Research
Program (MG, PGC). LN2 is an international research laboratory co-managed in Canada by
University of Sherbrooke, and in France by CNRS, Université de Lyon (Centrale Lyon, INSA
Lyon et CPE Lyon) as well as Université Grenoble-Alpes; it is also funded by Québec thought
the FRQNT, Fonds de Recherche du Québec en Nature et Technologies. TS was also supported
by the COMET K1 center Austrian Smart Systems Integration Research (ASSIC). The COMET
Competence Centers for Excellent Technologies Program is supported by BMVIT, BMWFW

and the federal provinces of Carinthia and Styria of Austria.



CHAPTER 5 Monitoring Individual Cell Signaling
Activity Using Combined Metal-Clad Waveguide and

Surface Enhanced Fluorescence Imaging

5.1 Overview of Article

Authors and affiliations:

Thomas Sdllradl: PhD student, Laboratoire Nanotechnologies Nanosystémes (LN2)- CNRS

UMI-3463, Institut Interdisciplinaire d’Innovation Technologique (3IT), Département de

Pharmacologie et Physiologie, Université de Sherbrooke, Sherbrooke, Canada

Kevin Chabot: MSc student, Laboratoire Nanotechnologies Nanosystémes (LN2)- CNRS UMI-
3463, Institut Interdisciplinaire d’Innovation Technologique (31T), Université de Sherbrooke,
Sherbrooke, Canada

Ulrike Frohlich: Research Assistant, Département de Pharmacologie et Physiologie, Institut de

Pharmacologie de Sherbrooke, Université de Sherbrooke, Sherbrooke, Canada

Michael Canva: Professor, Laboratoire Nanotechnologies Nanosystémes (LN2)- CNRS UMI-

3463, Institut Interdisciplinaire d’Innovation Technologique (3IT), Université de Sherbrooke,

Sherbrooke, Canada

Paul G. Charette: Professor, Laboratoire Nanotechnologies Nanosystemes (LN2)- CNRS UMI-

3463, Institut Interdisciplinaire d’Innovation Technologique (31T), Université de Sherbrooke,

Sherbrooke, Canada

Michel Grandbois: Professor, Laboratoire Nanotechnologies Nanosystemes (LN2)- CNRS

UMI-3463, Département de Pharmacologie et Physiologie, Institut de Pharmacologie de
Sherbrooke, Université de Sherbrooke, Sherbrooke, Canada

103



104

State of the article: Accepted Manuscript; Submitted on the 16.05.2018 to the journal Analyst
Complete Reference: T. Sollradl, K. Chabot, U. Frohlich, M. Canva, P. G. Charette, M.
Grandbois; “Monitoring Individual Cell Signaling Activity using Combined Metal Clad

Waveguide and Surface Enhanced Fluorescence Microscopy”,;

Contribution of the manuscript

In this manuscript, a combined imaging platform is described that allows for simultaneous label-
free and label-based monitoring down to the single cell level. The application of two distinct
modalities, namely label-free MCWG and the label-based surface enhanced fluorescence
microscopy, reveals the underlying molecular and structural contributions associated with label-
free sensor signals. Using such an imaging approach enables the detection of cell-cell

phenotypic variability within a cell population.

Originality of the work

This is, to the best of our knowledge, the first time that a combined MCWG and SEF imaging
platform is described in the scientific literature. We demonstrate the capabilities of this platform
in the context of cell based biosensing by the visualization of actin cytoskeleton components in
vascular smooth muscle cells. In a second set of experiments, we use the system to monitor the
response resulting from Angiotensin 1 receptor (AT1R) activation by its agonist Angiotensin II
in HEK293 cells. In this application, the SEF signal allows us to reliably extract the intracellular
calcium signal following ATIR activation while the MCWG signal yields the overall functional
cell response. Using a specific pharmacological inhibitor, we can inhibit intracellular signaling
pathways associated with AT1R activation and our results suggest that G213 signaling activity

is needed for the initial phase of the MCWG signal.

Contributions by author

T. Sollradl did all the experimental work, the data analysis as well as writing of the manuscript.
K. Chabot helped with the optical setup as well as with the fabrication of the sensor chips. U.
Frohlich helped with the cell culture during the experiments. M. Canva, P. G. Charette and

Michel Grandbois supervised this work and helped with the review of the manuscript.



105 CHAPTER 5

5.2 French Title:

Suivi individuel de I’activité de signalisation cellulaire par une utilisation combinée de guides

d’ondes a gaine métallique et de microscopie a fluorescence exaltée en surface

5.3 Abstract (French)

Les systémes de biocapteurs a champs évanescents basés sur la résonance des plasmons de
surface (SPR), les réseaux de diffraction ou les guides d'ondes a gaine métallique (MCWG) sont
des outils puissants pour suivre en temps réel l'activité de signalisation de cellules vivantes
exposées a des hormones, agents pharmacologiques ou toxines. Comparativement a la SPR,
I’imagerie basée sur les MCWG est particulicrement bien adaptée a 1’étude d’objets
relativement épais, tel une cellule, en raison de sa plus grande profondeur de pénétration dans
le milieu d’analyse. Les méthodes dites « sans marqueurs » fournissent toutefois une mesure
indirecte puisque le signal mesuré est issu d’un changement local des propriétés physiques du
milieu plutot que de la présence d’une cible moléculaire spécifique. Dans le cas d’une cellule,
la situation est particulierement complexe car la mesure du signal sans marqueur peut provenir
d’une combinaison de sources variées, par exemple, des changements morphologiques, une
réorganisation intra-cellulaire, des éveénements moléculaires en cascades, 1’expression de
protéines, etc. Par conséquent, la déconvolution des contributions individuelle d’événements
spécifiques du profil de réponse cellulaire global peut étre difficile. Nous présentons une
plateforme d'imagerie cellulaire combinant deux modes de détection distincts, a savoir
l'imagerie MCWG (sans marqueur) et la fluorescence exaltée en surface (SEF) a base de
marqueurs fluorescents. La plateforme a été congue afin de faciliter l'identification des
contributions moléculaires et structurelles sous-jacentes observées en imagerie MCWG. Nous
démontrons les capacités bimodales de cette plateforme d'imagerie par des expériences congues
pour visualiser l'organisation du cytosquelette d'actine dans les cellules musculaires lisses
vasculaires. Nous avons ensuite suivi, en temps réel, la réponse des cellules HEK293 exprimant
le récepteur de l'angiotensine 1 (ATIR), lorsqu'il est stimulé¢ par l'agoniste du récepteur
angiotensine II (Angll). Le signal sans marqueur obtenu en imagerie MCWG et le signal de
calcium intracellulaire résultant de l'activation de ATIR mesuré par SEF ont été obtenus
simultanément. L’analyse de ces signaux simultanés permet de relier des éléments du signal

sans marqueur aux structures spécifiques liés a 1’activation du récepteur. Nos résultats montrent
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que les taux de calcium intracellulaire, normalement observés suite a l'activation de AT1R, ne
sont pas requis par l'activité cellulaire subite observée dans le signal MCWG, mais indiquent

plutdt une activité de signalisation impliquant la kinase intracellulaire ROCK.

5.4 Abstract (English)

Evanescent field based biosensing systems based on surface plasmon resonance (SPR),
diffraction gratings, or metal-clad waveguides (MCWGQG) are powerful tools for label-free real-
time monitoring of signaling activity of living cells exposed to hormones, pharmacological
agents, and toxins. In particular, MCWG-based imaging is well suited for studying relatively
thick objects such as cells due to its greater depth of penetration into the sensing medium,
compared to SPR. Label-free methods, however, provide only indirect measurements in that the
measured signal arises from local changes in material properties rather than from specific
biomolecular targets. In the case of cells, the situation is especially complex as the measured
label-free signal may result from a combination of very diverse sources: morphological changes,
intra-cellular reorganization, cascaded molecular events, proteins expression etc. Consequently,
deconvolving the contributions of specific sources to a particular cell response profile can be
challenging. In the following, we present a cell imaging platform that combines two distinct
sensing modalities, namely label-free MCWG imaging and label-based surface enhanced
fluorescence (SEF), designed to greatly facilitate the identification of the underlying molecular
and structural contributions to the label-free MCWG images. We demonstrate the bimodal
capabilities of this imaging platform in experiments designed to visualize actin cytoskeleton
organization in vascular smooth muscle cells. We then monitored the real-time response of
HEK293 cells expressing the Angiotensin 1 receptor (AT1R), when stimulated by the receptor
agonist Angiotensin II (Angll). The analysis of the simultaneous label-free signal obtained by
MCWG and the intracellular calcium signal resulting form AT1R activation, measured by SEF,
allows relating label-free signal features to specific markers of receptor activation. Our results
show that the intracellular calcium levels normally observed following AT1R activation are not
required for the initial burst of cellular activity observed in the MCWG signal but rather

indicates signaling activity involving the intracellular kinase ROCK.



107 CHAPTER 5

5.5 Introduction

Eukaryotic cells express a wide variety of structural and functional components to fulfill their
tasks and maintain tissue and organ functions. For example, the cytoskeleton of smooth muscle
cells generates and maintains forces to regulate vascular tone or engage in rhythmic,
synchronized contractions [G K Owens, 1995]. To sustain individual cell activity associated
with physiological functions, cells express a wide variety of membrane-bound receptors that
respond to a wide variety of external biochemical stimuli. The largest class of such receptors is
the G-protein-coupled receptor (GPCRs), which control a variety physiological processes
including cell-cell communication, vascular tone, hormonal signaling, and neuronal
transmission [Palczewski et al., 2000]. The reliable detection aFnd quantification of GPCR

activity is of great interest in the fields of cellular biology and pharmacology.

Cell-based assays using a variety of label-free transduction methods such as diffraction gratings
[Fang et al., 2006], electrical impedance [Tiruppathi et al, 1992], and surface plasmon
resonance [Chabot et al., 2009; Giebel et al., 1999; Jamil et al., 2007; Peterson et al., 2014;
Wang et al., 2012; Yanase et al., 2007, 2010b] have been proposed to study cell-signaling with
no need for exogenous markers. More recently, a more flexible type of evanescent field
biosensor based on metal clad waveguides (MCWG) has been used in sensing applications with
cells and bacteria to probe deeper into the cell body [Nina Skivesen ef al., 2005; Sollradl ef al.,
2017] than is possible with SPR (typically 200 nm or less for visible and near-IR systems).
Using appropriate optics, SPR and MCWG can be used for imaging and advanced systems are
capable of resolving intracellular structures. Our group and others have demonstrated this
capability in a variety of cell-substrate interaction experiments [S.-H. Kim ef al., 2011; Peterson
et al., 2014; Sollradl et al., 2018], in particular to provide insight into the heterogeneous
response of a cell population undergoing apoptosis [Sollradl ez al., 2018]. Note that spatial
resolution in SPR and MCWG images is limited along the direction of light propagation by the
finite mode attenuation length, rather than by diffraction [Banville et al., 2015; Yeatman, 1996].
Furthermore, there is an intrinsic trade-off between mode attenuation length and penetration
depth into the sensing medium such that any increase in penetration depth comes at the expense
of a commensurate decrease in imaging spatial resolution. Compared to SPR, MCWG offers the

better compromise between spatial resolution and penetration depth [Sollradl et al., 2017].
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Hence, when imaging relatively thick objects such as eukaryotic cells or bacteria, this tradeoff

is especially relevant and MCWG-based imaging is preferred.

Since SPR and MCWG are label-free methods, they yield direct information on local changes
in material properties (in this case the refractive index), rather than on specific molecular targets.
As with all label-free methods, however, it can sometimes be challenging to unambiguously
identify molecular targets or cell structures from the image data. Indeed, though various SPR-
based imaging experiments have been applied to study cellular structure and functional activity,
few studies have attempted to identify the particular subcellular structures involved [Chabot et
al., 2013; Cuerrier et al., 2008; He et al., 2010; Peterson et al., 2009, 2014]. Some of the most
successful attempts involve separate corroborating experimental measurements with
conventional fluorescence microscopy to identify a-posteriori the cellular features in the label-

free micrographs [Peterson et al., 2009, 2014].

Image fusion methods attempt to provide the best of both worlds by combining distinct imaging
modalities, ideally in a single instrument, such as with simultaneous atomic force microscope
and confocal fluorescence microscopy. Evanescent field based methods such as MCWG and
SPR are capable of simultaneous label-free and fluorescence imaging, where the evanescent
field in the dielectric can be used to excite fluorescent markers near the surface in a manner
similar to total internal reflection fluorescence (TIRF) microscopy. Furthermore, the resonant
coupling to the guided surface mode in MCWG and SPR produces a significant field
enhancement in the sensing medium compared to TIRF, as demonstrated with surface plasmon
enhanced fluorescence (SPEF) [Liebermann & Knoll, 2000]. Indeed, SPEF has been shown to
increase detection sensitivity in classic fluorescence-based biomolecular assays by orders of
magnitude [Yao et al., 2004]. More recently, our group and others applied SPEF in cell sensing
to 1dentify the specific cellular processes underlying an SPR response [Chabot ef al., 2013; He
et al., 2006, 2009].

In this work, we introduce the first microscopy platform to combine MCWG and surface-
enhanced fluorescence (SEF) imaging, a method we term “MCWG-SEF microscopy”. Relative

to SPR, the enhanced probing depth of MCWG enables simultaneous label-free and
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fluorescently-labeled imaging of cellular structures further up into the cell body, while the
improved trade-off between resolution and probing depth maximizes the achievable spatial
resolution. A first series of validation experiments are presented where actin stress fibers are
simultaneously imaged by MCWG and SEF in vascular smooth muscle cells (VSMC). A second
series of experiments is presented showing intracellular signaling associated with the activation
of ATIR by its agonist Angll in a stably transfected cell model. Intracellular calcium levels, a
robust marker of AT1R signaling, are recorded by SEF with the fluorescent probe Fluo8, while
simultaneously capturing the whole cell response with MCWG imaging. Use of a
pharmacological inhibitor made it possible to correlate specific downstream signaling pathways
and heterogeneity in the Angll-dependent cell response with the information in the MCWG

images.

5.6 Material and Methods

5.6.1MCWG-SEF microscopy platform
The MCWG-SEF microscopy platform is an expansion on a custom-built MCWG imaging

system based on a high-numerical-aperture objective described in detail elsewhere [Sollradl et
al., 2017]. The sensor chips (MCWG substrate) with the cells under study are placed in a fluid
sample chamber (QR-43C, Harvard Apparatus). As shown in Figure 5.1, the light sources are
collimated low-coherence fiber-coupled LEDs (Anom = 470 nm from Thorlabs or Anom = 530 nm
from Mightex Systems) chosen to minimize diffraction artifacts and phototoxicity. Input light
passes through a bandpass filter (530/10 or 470/20, Chroma Tech) and is focused at the back
focal plane of a high-numerical-aperture microscope objective (63x, NA = 1.46, Zeiss). The
offset of the focused spot from the objective’s optical axis determines the incidence angle of the
collimated input light at the backside of the MCWG substrate. The reflected light is collected
back through the objective where a polarizing beam-splitter separates each component for
visualization by a pair of CCD camera (1392x1040, 12 bit, gray-scale, Allied Vision). The
transverse magnetic (TM) component contains the refractive index information for MCWG
label-free imaging, while the transverse electric (TE) component is used to remove source-
dependent spatial and temporal intensity variations from the images. Fluorescence light is

collected simultaneously through the top window of the sample chamber using a long-working-
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distance microscope objective (50x, 0.55, Mitutoyo Inc.), passes through an emission filter
(HQ525/50 from Chroma Tech or LP615 from Zeiss), and is imaged by a cooled CCD camera
(1392x1040, 16 bit, Qimaging). Note that while fluorescence imaging is diffraction-limited,
spatial resolution in the MCWG images is anisotropic: resolution is limited along the direction
normal to light propagation in the image plane by diffraction and by the finite mode attenuation
length in direction of propagation. As stated above, MCWG provides a lower level of anisotropy

compared to SPR at deeper probing depths [Sollradl ez al., 2017].

The MCWG substrates are in fact planar optical waveguides fabricated on BK7 microscope
slides consisting of a thin metal layer as the bottom cladding, a dielectric core, and a liquid
sensing medium with the cells as the topmost cladding [Séllradl et al., 2017]. Refractive index
variations at the sensor surface caused by changes in cell morphology and/or internal cell
reorganizations locally change the guided mode properties, which in turn result in reflected
intensity changes recorded by the TM-component CCD camera. The relatively large refractive
index differences (1.355 <n < 1.60) between the cellular organelles and the cytosol, as well as
between the organelles themselves [Y. Liu et al., 2015], are easily resolvable in the MCWG
images. Finally, the evanescent field in the liquid sensing medium excites fluorophores near the

sensor surface, similarly to TIRF microscopy, yielding simultaneous MCWG and SEF imaging.
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Figure 5.1: Combined MCWG and SEF imaging platform.. MCWG imaging is based on a high-
numerical-aperture objective. SEF fluorescence emission is collected from the top by a long working
distance objective.

5.6.2Cell culture and fluorescence staining

In a first series of experiments, an immortalized rat aortic vascular smooth muscle cell line
(A7r5, ATCC, USA) was used to image the actin cytoskeleton components, where the cells were
seeded on ethanol-sterilized MCWG substrates and F-actin was labeled with Alexa Fluor 532-
phalloidin. Cells were maintained within selective Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2.5 pg/ml
amphotericin B, 50 IU/ml penicillin, 50 pg/ml streptomycin and supplemented with 1% non-
essential amino acids. Post-fixation in 4% paraformaldehyde (Sigma-Aldrich) for 10 min, cells
were washed twice with phosphate-buffered saline (PBS, Sigma-Aldrich) and incubated in tris-
buffered saline (TBS, pH 8.1, Sigma-Aldrich) for 5 min. After additional washing with PBS,
the cell membrane was permeabilized using a 0.1% triton solution (Sigma-Aldrich) for 1 min

followed by a thorough wash using PBS. Actin was stained by incubating the samples with
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Alexa Fluor 532-phalloidin (1:20 Thermo Fisher Scientific) for 20 min. Samples were then

washed and used immediately for imaging.

In a second series of experiments, intracellular GPCR signaling activity was studied in human
embryonic kidney 293 (HEK 293) cells, stably transfected to express the ATIR as described
previously [Auger-Messier et al., 2004]. Cells were maintained within selective DMEM
supplemented with 10% heat-inactivated FBS, 0.4 mg/ml G-418, 2.5 pg/ml amphotericin B,
50 IU/ml penicillin and 50 pg/ml streptomycin. To observe intracellular calcium levels, HEK-
ATIR cells were seeded at a density of 5.75 x 10° on poly-L-lysine-coated sensor chips and
grown to 60% confluence. Cells were washed twice with warm Hank’s balanced salt solution
(HBSS) and incubated with the calcium indicator Fluo-8 (5 uM, Thermo Fisher Scientific) for
1 h at room temperature, washed twice and left for another 30 min in HBSS for de-esterification
prior to an experiment. AT1R-activation was performed by exchanging the media in the sample
chamber using a syringe pump (100 pul/min for 8 min) with HBSS buffer containing 100 nM
Angiotensin II (American Peptide). ROCK kinase activity was inhibited by pre-incubating the
cells with Y27632 for 30 min (10 uM, Sigma-Aldrich) and the inhibitor was present throughout

the experiment.

5.7 Results and Discussion

5.7.1Actin cytoskeleton imaging by MCWG-SEF microscopy

VSMCs exhibit a densely structured network of actin filaments [Gary K Owens et al., 2004]
and are the mechanically active cell layer responsible for regulating vascular muscle tone and
blood pressure. Figure 5.2A shows a series of MCWG micrographs of a single VSMC adhered
to the sensor surface taken at increasing angles of incidence (6;) to resonantly couple to a range
of refractive indices in the sensing medium. At 64.17° (Figure 5.2A), resonant coupling to the
fluid medium is achieved (darkest background indicating lowest reflectivity) and evanescent
field intensity is maximized, where the dominant features in the MCWG micrograph are
filamentous structures aligned with the long cellular axis. The greater probing depth provided
by MCWG enables the visualization of structures in these cells that are consistent with actin

filaments [Kanchanawong et al., 2010]. To confirm that these structures are indeed actin fibers,
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Figure 5.2: Vascular smooth muscle cell simultaneously imaged by MCWG and SEF.. A) MCWG
micrographs of a single VSMC taken at different angles of incidence. The black square in the leftmost
image represents the location of ROI used to calculate average reflected intensity, while the black
arrow indicates the direction of mode propagation; B) SEF micrographs simultaneously taken at the
same angles of incidence, F-actin was labeled with Alexa Fluor 532 Phalloidin; C) Plots of
normalized average reflected light intensity within the ROIs in A and overall average SEF intensity
in B as a function of incidence angle
the high-affinity F-actin probe phalloidin-Alexa Fluor 532 was used to label the cell
cytoskeleton and SEF micrographs were simultaneously recorded (Figure 5.2B). As expected,
the highest SEF signal intensity is achieved at 64.17°, an angle at which a good correlation
between the elongated structures in the MCWG and SEF micrographs is observed. As explained
above, spatial resolution in the imaging plane is anisotropic for label-free imaging modality. In
our MCWG-SEF microscope, spatial resolution in the MCWG images is limited by diffraction
limit of ~0.18 um in the direction normal to mode propagation and to ~5.0 um in the direction
of mode propagation (black arrow in leftmost image in Figure 5.2A) due to the finite attenuation
length of the mode [Sollradl ef al., 2017]. This effect can also be seen in the second image from
the left in Figure 5.2A (64.17°) where the fibers aligned in the direction of propagation are
clearly resolved (white arrow) while structures that are slightly off-axis appear partly blurred
(white dotted arrow). Note since the fluorescent labels acts as point sources of light, the SEF
signal is not subject to this effect (spatial resolution in the SEF images is isotropic and
diffraction-limited in both axes). In addition, as observed by others with SPR [Nakkach et al.,
2008], the presence of fluorophores with an absorption band that overlaps the excitation light

spectrum locally modulates the (complex) refractive index in the sensing medium, acting as a

contrast enhancement agent in the MCWG images.
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Figure 5.2C shows plots of normalized average reflected light intensity within the ROI in
(Figure 5.2A, black square at 62.05°) and simultaneous overall average SEF intensity, as a
function of incidence angle. A minimum in reflected light intensity occurs at critical coupling
to the guided surface mode corresponding to the fluid medium as the upper cladding (black
trace, 0; = 64.82°). At this angle, the electric field intensity at the sensor surface is maximized,
yielding high fluorescence intensity (grey trace), as previously observed by our group and others
for SPR [Liebermann & Knoll, 2000; Sollradl er al., 2017]. Interestingly, maximum
fluorescence intensity (0; = 64.17°) is slightly shifted from the minimum in reflected light

intensity due to metal-induced damping losses [Liebermann & Knoll, 2000].

5.7.2 ATI1-induced cell activity analyzed by MCWG-SEF microscopy

Cell-based, label-free technologies are now routinely used to monitor cellular responses
associated with the activation of signaling pathways in cell populations to provide insight into
their complex mechanisms and functions [Schroder et al., 2010; Scott & Peters, 2010]. While
GPCR signaling is often assumed to be homogeneous within a cell population, receptor
expression levels and variations in individual cell phenotypes can alter their overall response
profile and lead to heterogeneous population responses [Nickenig et al., 1997; Wechsler et al.,
2006]. To demonstrate the possibility of assessing such population-dependent behavior, we used
a HEK?293 cell model stably transfected with AT1R [Kaufman ef al., 2008]. In this cell model,
two major signaling cascades are involved following receptor activation by Angll, namely the
Gg-protein dependent signaling cascade leading to intracellular calcium mobilization and the
G12/13/Rho/ROCK pathways. These pathways are known to be involved in both the regulation
of the cytoskeleton organization and actin-myosin-dependent contractile activity [Emmert et al.,

2003; Park et al., 2002].

We used the MCWG-SEF microscopy system to follow intracellular calcium levels with the
fluorescent probe Fluo8 (SEF imaging) while simultaneously monitoring the overall cellular
morphological response (MCWG imaging) resulting from AT1 receptor activation by AnglI.
Figure 5.3 shows a time series sample of eight individual cells imaged with MCWG (left image
column) and SEF (right image column). MCWG micrographs B-E are color-coded maps of

percentage reflectance difference relative to the reference (Figure 5.3A), where the blue end of
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Figure 5.3: Simultaneous monitoring of intracellular calcium by SEF imaging and cellular
morphological response by MCWG imaging. A) Reflectance micrograph of 8 individual HEK-AT1
cells; B-E) Reflectance variation micrographs showing local changes in reflectance following
stimulation with 100 nM AnglI at t = 0 min (blue end of the spectrum indicates a decrease, red end
of the spectrum indicates an increase, green indicates no change); F-J) Simultaneous SEF
micrographs, where cells were loaded with calcium indicator Fluo-8; K) Plots of the full-time
sequence of average MCWG reflected intensity and SEF average intensity, normalized by cell
surface area.

the spectrum indicates a decrease, the red end of the spectrum indicates an increase, and green

indicates no change. Following Angll stimulation at 0 min, a burst of intracellular calcium is
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observed at 5 min in the SEF images and quantified in the average fluorescence intensity plots,
confirming receptor activation and functionality of the signaling pathway in this cell model. The
burst of intracellular calcium is followed by the appearance of localized decreases in MCWG
reflectance (blue regions) attributable to a reduction in cellular mass density within the effective
sensing range of the evanescent field, consistent with increased acto-myosin contractile activity
in this cell model [Auger-Messier et al., 2004; Cuerrier et al., 2008], where the minimum
MCWG average signal intensity occurs at ~6.5 min. The appearance of blue regions detected
by MCWG microscopy could previously be attributed by our group to a localized reorganization
of cellular components at the sensor surface [Sollradl e al., 2018], as expected from an increased
contractile activity. The initial burst in intracellular calcium level is then followed by a recovery
phase were calcium levels return to near basal levels after 15 min to 35 min for most cells
(Figure 5.31 and J), as generally observed for receptor coupled to the calcium pathway. In
contrast, the MCWG micrographs (Figure 5.3D and E) show a distinctly heterogeneous
behavior within the cells with both localized increases and decreases in signal levels, indicating
a re-modeling of intracellular structures associated with cell activation [Sollradl et al., 2018]

and possibly as a result of AT1 receptor-signaling activity [Cuerrier et al., 2008, 2009].

The plots in Figure 5.3K show the time sequences of averaged MCWG reflected intensity and
SEF average intensity, with both signals normalized by cell surface area as presented in Figure
3A and F. The plots show a biphasic response in both the SEF and the MCWG time profiles.
Phase I is associated with the initial burst of intracellular calcium following stimulation of the
cells with AnglI (5 min), confirming the receptor activation and subsequent Gq signaling known
to mobilize calcium from the endoplasmic reticulum [Auger-Messier ef al., 2004]. Phase 1I of
the reflectance signal is associated in time to the recovery of the intracellular calcium levels for
all cells. Intriguingly, these oscillations in calcium levels were not found to be associated to the
MCWG signal, indicating that they do not induce significant morphological changes or cell
boby contraction in this cell model. It should be noted here that oscillating calcium signals are
a well-known phenomenon and provide a digital signal to downstream effectors, involved in the
regulation of gene expression, a process that normally occurs over several hours [Dolmetsch et

al., 1998].
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As expected, the SEF and MCWG data are strongly correlated, confirming the receptor-
dependent cell signaling response origin of the MCWG label-free signal. However, significant
differences can also be observed when comparing individual responses. During phase I, though
all cells showed an intracellular calcium burst (indication of AT1R functionality), only cells #1-
4 and 7 showed a subsequent marked decrease in average MCWG reflectance. During phase 11,
cells #1, #5, #7 and #8 exhibited oscillations in their intracellular calcium levels with varying
periodicity (116 sec, 230 sec, 265 sec and 173 sec, respectively), while cells #2, #3 and #4
showed sustained elevated calcium levels. The absence of such distinct features within the
MCWG signal further demonstrates that changes in the intracellular calcium levels do not
interfere with the observed MCWG signal, which has also been demonstrated for other label-
free detection modalities [Cuerrier ef al., 2008]. These observations indicate that the Gg-
dependent calcium signal alone might be insufficient to explain the first phase of the MCWG
signal, indicating that other pathways may be required for the phase I of the MCWG signal.

5.7.3Role of ROCK and G153 during AT1 signaling and its link to cellular activity
In addition to the calcium-dependent Gq signaling cascade, AT1R is also coupled to a calcium-
independent G113 signaling pathway [Emmert et al., 2003]. The activation of this pathway
ultimately leads to activation of ROCK, which is a ubiquitous intracellular kinase [Park ef al.,
2002] involved in actin remodeling and the regulation of actomyosin contractile activity via
myosin light chain (MLC) phosphorylation and inhibition of the myosin light chain phosphatase
(MLCP). To test the involvement of Gi2/13 signaling and thus the involvement of ROCK 1in the
measured cellular response, HEK293-ATI1R cells were treated with the ROCK inhibitor Y-
27632 prior to activation with Angll.

Figure 5.4A-J show MCWG (A: reference, B-E: differences) and SEF micrographs from the
experiment, alongside plots of cell-specific average MCWG and SEF responses for the time
series normalized by cell area (Figure 5.4K). As expected, the MCWG data do not show a signal
decrease (phase I) following AT1 activation, confirming the robust suppression of cell signaling
activity through ROCK inhibition (Figure 5.4C). The phase II in the MCWG signal response

nevertheless appears not to be impacted as indicated by the appearance of large yellow and red
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Figure 5.4: Impact on ROCK inhibition during AT1 analyzed by MCWG and SEF microscopy.. A)
Reflectance micrograph of individual HEK-ATIR cells; B-E) Reflectance variation micrographs
showing local changes in reflectance after pretreatment with Y-27632 and stimulation with 100 nM
Angll; F-J) SEF micrographs of the same cells, loaded with calcium indicator Fluo-8; K) Plots of
cell-specific average MCWG and SEF responses for the full time series normalized by cell area.

areas in the MCWG micrographs (Figure 5.4D and E). The SEF data again shows a robust
release of intracellular calcium, as expected from ATI activation (Figure 5.4G-J). When

comparing the experimental time series (Figure 4K), interestingly despite the absence of a

Phase I response in the MCWG data, all cells nevertheless show a steady increase in average
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MCWG response during Phase II suggesting a distinct Gi2/13-independent signaling mechanism
for Phase II compared to the previous experiment due to additional unidentified component. The
SEF time series shows again a biphasic response profile where all cells respond with a transient
release of intracellular calcium shortly after AngllI stimulation as expected from AT1 activation.
Overall, these results indicate that Gi213 signaling may be the major signaling pathway
responsible for Phase I and is consistent with previous population-based findings using SPR
spectroscopy in which ROCK inhibition, but not MLCK inhibition, associated with Gq signaling

could successfully suppress Phase I contractile response [Cuerrier et al., 2008].

5.8 Conclusion

In this work, we demonstrated a combined MCWG and SEF microscopy system for dual mode
imaging and signal analysis of receptor-dependent cell signaling activity. We demonstrated the
capabilities of this system in experiments designed to 1) identify the specific structural
components of the cytoskeleton imaged by MCWG and SEF, and 2) provide insight into
intracellular signaling following GPCR activation in living cells. In the latter case, SEF imaging
revealed the intracellular Gg-dependent calcium mobilization while simultaneous MCWG
imaging showed the distinct individual cell response profiles to Angll-mediated ATIR
activation. A strong temporal correlation was observed between the MCWG label-free signal
and the labelled calcium signal from individual cells, confirming the origin of the MCWG label-
free signal as a receptor-dependent cell signaling response. Interestingly, a discrepancy between
the two signals observed for some cells suggests that cell signaling activity is not necessarily
dependent on calcium mobilization. This type of observation is only possible through a
comparative analysis of individual cell heterogeneity present in the two distinct response
profiles. Using a selective Gi213/Rho/ROCK signaling inhibitor, we determined that this
pathway is required for the phase I response observed with MCWG imaging. Interestingly, the
second phase of the response profile was not impacted by Gi213/Rho/ROCK signaling
inhibition, suggesting that a Gg-dependent pathway may be required for this later phase. While
other signaling cascades could also be involved in AT1 signaling, this work shows how
individual cell assessment using MCWG and SEF together with pharmacological tools and

fluorescent probes targeting specific cell signaling pathways can enables the identification of
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key contributors to a given cellular response. Thus, this system should find applications in drug

screening, signaling cascade profiling, and in the study of fundamental cellular mechanisms.
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CHAPTER 6 Discussion

This thesis describes a combined imaging platform using two distinct imaging modalities: label-
free MCWG and label-based SEF. In CHAPTER 3, a detailed description of the label-free
microscopy system and optimization of the MCWG sensor chips is given. CHAPTER 4 applies
MCWG microscopy to detect heterogeneity within a cell population undergoing apoptosis and
demonstrates how extracellular features can help explain the underlying sensor response profile.
These two chapters demonstrate the benefits of having a high-resolution, deep probe system for
live cell imaging and how MCWG-based sensor chips are capable of overcoming certain issues

associated with SPR microscopy in the context of cell-based biosensing.

CHAPTER 5 describes an integral sensing approach combining MCWG and SEF microscopy
to quantify cell-signaling activity and investigate the underlying structural components
contributing to the observed label-free sensor signal. This allows the observer to delineate the
intracellular signaling pathways by SEF and link it to the observed functional response of the
cells in MCWG microscopy. As both techniques have sufficient resolution to detect single cell
activity, this approach was able to reveal heterogeneity within the cell population under study.
Furthermore, by using specific pharmacological inhibitors, we altered the cellular response
profile to enable us to draw conclusions about signaling molecules involved in the observed

cellular activity and function.

This chapter is separated into two parts. The first part discusses different aspects of MCW G-
based microscopy for cellular biosensing. The intrinsic tradeoff in lateral resolution and
penetration depth for evanescent field-based methods is discussed. Furthermore, the application
of MCWGs to SEF is discussed, and certain advantages and potential applications using both,
TM and TE modes are discussed. The second part focuses on the biological aspect and how
MCWG sensor chips can be tailored to extract additional structural information from cells. At

the end of the chapter, some system modifications are discussed to increase the throughput.
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6.1 MCWG and SEF Microscopy

While SPR-based spectroscopy has been extensively used for the quantification of intracellular
signaling activity [Chabot et al., 2009; Hide et al., 2002; Maltais et al., 2012], MCWG-based
spectroscopy has been less frequently applied in the field [N. Skivesen et al., 2007]. Similarly,
when applied to the study of cells, SPRI has mainly been applied to study cell-substrate
interactions and subcellular features near the sensor surface, such as focal adhesion sites
[Peterson et al., 2009]. In contrast, to the best of my knowledge, MCWG sensor chips have yet

to be used for live-cell imaging by other groups.

In evanescence-based label-free microscopy, the sensor chip setup must be adapted to the
application at hand. As shown in CHAPTER 3 Section 3.6, there is an intrinsic tradeoff between
the penetration depth and the maximum achievable resolution with SPR- and MCWG-based
sensors. SPRI-based imaging, for example, due to the strong confinement of the evanescent field
and the resulting high losses within the thin metal layer, can clearly achieve the highest possible
lateral resolution. The tradeoff, however, is very shallow probe depth and only structures within
the first few hundred nanometers being observable with SPRI. Thus, SPRI is well suited for the
investigation of cell-substrate interactions and has been extensively applied to visualize cell
surface attachments, focal adhesion sites, and adlayer deposition surrounding the cell [Peterson

et al., 2009].

If, for example, changes in cellular activity due to receptor-mediated signaling [Schroder ef al.,
2010; Scott & Peters, 2010], changes in cell activity induced by toxins and antigens [Chabot et
al.,2009; Hide et al., 2002] or apoptosis [Arndt et al., 2004; Maltais ef al., 2012] are of interest,
the cell response 1s not necessarily confined to the basal portion of the cell. Greater probe depth
is achieved with either a symmetric chip structure in a technique referred to as long range SPR
(LR-SPR), or with MCWG-based devices. While the advantages of such deep-probe devices
have already been demonstrated for live cell studies [Chabot et al., 2012; N. Skivesen et al.,
2007], to-date, they have only been used in population averaged studies. Based on the results
presented in this work, MCWG performs best at short wavelength in the visible range
(CHAPTER 3 Section 3.6) as a deep-probe sensor chip while maintaining the high lateral

resolution necessary for single cell resolution.
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The evanescent field of the propagating mode in an MCWG-based system can be used to excite
fluorophores in a similar way to TIRF- and SPEF-based systems. Compared to TIRF, a strong
field enhancement is achievable in SPEF and MCWG (CHAPTER 3, Section 3.6) due to the
resonant coupling of light. However, the thin metal film needed for SPEF also introduces two
additional distance-dependent non-radiative decay mechanisms effectively quenching
fluorescence emission within tens of nanometers of the metal surface [Dostalek & Knoll, 2008;
Liebermann & Knoll, 2000]. Thus, a dielectric spacer layer is often placed between the metal
surface and the fluorophore to overcome these issues [Bauch et al., 2013]. MCWG also shows
a significant field enhancement. However, MCWG intrinsically involves a dielectric core above
the metal cladding, which prevents Forster energy transfer and thus protects against quenching.
Furthermore, due to the Stokes’ shift of the emitted fluorescent light, the required dielectric core
thickness for a MCWG mode to exists must be larger. When designed to operate at the cut-off
thickness of the mode for the excitation wavelength back coupling of the fluorescent light can

be prevented.

Unlike SPR, MCWG supports both TM and TE modes (CHAPTER 2, Section 2.3.2), which are
beneficial for the characterization of anisotropic optical parameters of lipid bilayers [Salamon
etal., 1997]. When applied to SEF, the orientation of a dipolar fluorophore relative to the electric
field can improve fluorescence efficiency [Axelrod, 2001]. In living cells, membrane
reorientation occurs during cellular activities such as endocytosis or cell surface ruffling. Due
to the limited spatial resolution in MCWG microscopy, the sole label-free visualization of such
membrane regions can be challenging. A combined approach relying on SEF and sensor chip
supporting both modes in TM and TE enables the selective excitation of different fluorophores
and imaging of the respective regions in SEF, similar to a polarized TIRF approach [Sund et al.,

1999].

6.2 Individual Cell-Based Biosensing

A high spatial-resolution imaging system is required to reliably extract sensor signals from
individual cells following activation by different stimuli such as pro-apoptotic drugs or

hormones. In addition, such an imaging system could further help to discriminate the underlying
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structural features associated with the sensor signal. In this thesis, such a system was developed

and advantages of a combined label-free and label-based approach was demonstrated.

6.2.1Multimodal Sensing for Selective Structural Imaging

Cells utilize different intra- and extracellular structures to adhere to and migrate along their
microenvironment. Such structures occur at different heights ranging from being in direct
contact with the extracellular matrix (integrins < 20 nm) via the cell membrane and an interim
signaling layer (20-40 nm) to the force transduction layer (vinculin 40-60 nm) and the actin
cytoskeleton (> 100 nm) [Kanchanawong et al., 2010]. MCWG offers the ability to specifically
tailor the imaging penetration depth by tuning the dielectric core thickness and/or the excitation
wavelength. Such an approach allows the tailoring of a sensor chip to probe different depths,
thereby probing specific intracellular region in a similar fashion to TIRF microscopy [Olveczky

etal., 1997].

6.2.2Extracting Heterogeneity Within a Larger Cell Population

For the detection of phenotypic heterogeneity within a cell population, cell-based biosensing
techniques need a sufficiently high spatial resolution to extract signals from a single cell level.
If, for example, a pro-apoptotic drug is tested on cancer cells, the results obtained from a
population-based study might not reflect individual cell-to-cell sensitivity or provide
information about subpopulations refractory to the treatment [ Gascoigne & Taylor, 2008; Slack
et al.,2008]. To detect such subpopulations, however, a large number of cells need to be studied
to draw statistically reliable conclusions. The high-resolution system developed during this
thesis currently offers a relatively small FOV for such investigations. The system could be
equipped with an automated y-z stage mapping multiple ROIs to enlarge the number of cells

studied during a single experiment and expand the throughput capabilities.
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CHAPTER 7 Conclusion (French)

Les techniques de détection sans marquage telles que la résonance des plasmons de surface, les
réseau de diffraction et la spectroscopie d’impédance sont maintenant communément utilisées
afin de suivre I’activité cellulaire lorsqu’exposé a des hormones, agents pharmacologiques ou
toxine. Le signal mesuré est souvent issu de nombreuses cellules, supposant ainsi que le profil
de réponse cellulaire sous-jacent est homogeéne au sein d’une population. Il y a cependant un
nombre croissant de démonstrations qui illustrent qu’il existe un haut niveau d’hétérogénéité

entres les cellules d’une méme population.

Bien qu'ils soient trés sensibles, ces systémes n’ont souvent pas une résolution spatiale suffisante
pour détecter une activité de signalisation cellulaire individuelle, empéchant ainsi la détection
de I'nétérogénéité cellulaire. De plus, puisque les réponses cellulaires impliquent 1'intégration
d'événements de signalisation intracellulaires complexes, il peut étre difficile de d’extraire la

contribution individuelle des différents composantes dans le signal mesuré.

Dans ce projet de recherche, une plate-forme d'imagerie combinée a été développée avec comme
objectif I’observation et la quantification simultanées d’activité¢ de signalisation cellulaire

individuelle par une technique de microscopie avec et sans marquage.

Les résultats numériques ont montré que les capteurs basés sur les MCWG offrent le compromis
optimal entre la résolution latérale et la profondeur d’observation dans I’échantillon. Dans cette
these, les avantages et les capacités du systeéme développé sont démontrés par la détection de la
variabilité comportementale d’une cellule a ’autre au sein d'une population subissant une
apoptose. Lorsque appliqué a une monocouche cellulaire, le systéeme a permis d’observer de
facon fiable les variations de taille de I’espace intercellulaire, des distributions d’interstices des
espaces extraites et I'hétérogénéité au sein d’une monocouche altérée aprés stimulation par la

thrombine.

Le travail présenté dans cette thése a également démontré comment les signaux de microscopie
SEF et MCWG se complétent et aident a déconvoluer le profil de réponse fonctionnelle des

cellules vivantes. En utilisant des marqueurs spécifiques, le signal de fluorescence peut étre
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utilisé afin d’observer des composantes structurelles spécifiques visibles dans les micrographies
MCWG. 1l devient donc possible de clarifier la contribution de différentes composantes
intracellulaires dans le signal observé. De plus, le signal SEF peut étre utilisé pour détecter une
activité de signalisation intracellulaire résultant de l'activation d’un récepteur. Les résultats
présentés dans ce travail démontrent les avantages d’une étude cellulaire intégrée et montrent
comment les agents pharmacologiques peuvent étre utilisés afin de d’isoler les voies de

signalisation intracellulaires complexes impliquées dans une réponse cellulaire.
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CHAPTER 8 Conclusion

The main objective of this research project was to develop a high resolution, deep probing
evanescent field-based imaging platform for simultaneous label-free and label-based
characterization of individual cells. Each chapter describes the different steps to achieve this
goal. The first part of this work focused on the optimization and characterization of the
underlying label-free sensing technique (MCWG), comparing it to other techniques commonly
used for cell-based biosensing such as SPR and LR-SPR. Based on these results, an informed
choice about the optimal sensor chip setup was made. As MCWG microscopy has, to the best
of my knowledge, never been applied to live cell sensing, the second part showcases the novelty
and the expected performance of the approach. The third part demonstrates the combination of
SEF and MCWG microscopy and how this approach provides insight into intracellular signaling

activities.

8.1 Summary and Overview of Achieved Goals

The following objectives have been realized in this work:

1) Development of a high-magnification surface-based imaging platform capable of
discriminating individual cellular activity in both label-free and labeled-based imaging

modalities.

As presented in CHAPTER 3, a label-free MCWG-based microscope was realized using a high-
NA microscope objective. The performance of this system was characterized using synthetic
and biological samples. In CHAPTER 5, the system’s capabilities are expanded for
simultaneous acquisition of fluorescence and MCWG micrographs. SEF micrographs were
acquired using an long working-distance objective at the top of the sensor chip while the MCWG

sensor chip was used to excite the fluorophores.

2) Optimization, fabrication, and characterization of deep-probe evanescent field-based

sensor chips. Such sensor chips must be operated at visible wavelengths for fluorescence
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excitation while maintaining a deep sensing depth and a high spatial resolution to discern

individual cells.

Simulation results are presented in CHAPTER 3 where MCWG-based sensitivity is compared
to other evanescent wave-based sensing techniques such as SPR and LR-SPR. While SPR can
achieve the highest spatial resolution and LR-SPR is capable of reaching deeper penetration
depths MCWG was found to offer the best compromise between spatial resolution and probe
depth. Our results show that this system can probe deeply (620 nm) therefore penetrating a
significantly larger portion of the cell compared to SPR, while maintaining sufficient spatial

resolution (5 um) to visualize and quantify individual cell activity.

3) Application to a cell population to quantify cell-cell heterogeneity and characterize the

impact of cellular features on the signal.

As presented in CHAPTER 4, MCWG microscopy was used for spatially resolved monitoring
of cell signaling activity in a small population of cells. The system’s capabilities were
demonstrated by two sets of experiments. The first experiments highlight the system’s
capabilities to monitor a heterogeneous cell population response by following the intracellular
mass redistribution associated with exposure of the cells to the pro-apoptotic drug TRAIL.
Depending on the stimulus, apoptosis is often a highly heterogeneous process and quantification
of such heterogeneity within certain subpopulations of cells can be challenging. Our results
show that MCWG microscopy allows for such analysis and reliable quantification of important
kinetic parameters within the population. In the second set of experiments, the integrity of an
endothelial monolayer was monitored following thrombin stimulation. The high spatial
resolution of the system allowed the sensor signal to be correlated with variations in intercellular
gap size and the extraction of gap size distribution and heterogeneity within the disrupted
monolayer. Thrombin stimulation was associated with a marked increase in gap size and the

obtained signals were comparable to established permeability assays such as TEER.

4) Demonstrate the benefits of a combined label-free and label-based sensing approach for

simultaneous visualization and quantification of cellular activity to delineate the specific
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underlying signaling events and cellular structure responsible for the MCWG signal at a single

cell level.

As presented in CHAPTER 5, the advantages of the approach were demonstrated through a set
of two experiments. In the first experiment, the system was used to visualize components of the
actin cytoskeleton in vascular smooth muscle cells. In this experiment, the system enabled the
cell structural features visible by MCWG microscopy to be identified. In the second set of
experiments, the SEF signal was used to reliably quantify intracellular G4-dependent calcium
mobilization following Angll-mediated ATIR activation. A strong temporal correlation was
observed between the label-free MCWG signal and the calcium signal, thereby directly relating
the label-free signal to ATIR activity. The initial phase of the MCWG signal was successfully
suppressed by the use of specific pharmacological inhibitors, while the intracellular calcium
signal remained detectable by SEF. These experiments show the advantages of using a
combined MCWG and SEF imaging system for individual cell assessment and how a
combination of pharmacological tools and fluorescent probes can be used identify key signaling

pathway contributors to the functional cellular response.

8.2 Contribution of this Work

Label-free sensing techniques such as surface plasmon resonance, diffraction gratings, and
electrical impedance spectroscopy are now routinely used for monitoring cell-signaling activity
when exposed to hormones, pharmacological agents, and toxins. The signal of these assays is
often derived from many cells, thereby assuming that the underlying cell response profile is
homogeneous within the population. There is, however, an increasing body of evidence
demonstrating a high level of cell-to-cell heterogeneity within a population. While highly
sensitive, these systems often lack sufficient spatial resolution to detect individual cell signaling
activity thus hindering the detection of cell heterogeneity. Furthermore, since cellular responses
involve the integration of complex intracellular signaling events, delineating the contribution of

the different components can be challenging.

In this research project, a combined imaging platform was developed for the simultaneous

visualization and quantification of individual cell signaling activity by a label-free and label-
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based microscopy technique. Numerical results showed that MCWG-based sensor offer the
optimal tradeoff between lateral-resolution and probing depth. In this thesis the advantages and
capabilities of the developed system are presented by the detection of cell-to-cell variability
within a population undergoing apoptosis. When applied to a cell monolayer, the system reliably
followed variations in intercellular gap size, extracted gap size distributions and heterogeneity

within the disrupted monolayer following thrombin stimulation.

This work further demonstrated how the signals from both SEF and MCWG microscopy
complement each other and help to deconvolve the functional response profile of living cells.
Using specific markers, the fluorescence signal can be used to visualize specific structural
components visible in the MCWG micrographs and clarify the contribution of different
intracellular components to the observed signal. In addition, the SEF signal can be used to detect
intracellular signaling activity resulting from receptor activation. The results presented in this
work demonstrate the advantages of integrated cell assessment and show how pharmacological
agents can be used to delineate the complex intracellular signaling pathways involved in a

cellular response.

8.3 Outlook

The system was developed in close collaboration with the Institut de Pharmacologie at the
Université de Sherbrooke. As such, it is well adapted for live cell imaging and the requirements
of the pharmacology and cell biology fields. The scope of this work was to develop the
combined imaging platform and demonstrate its capabilities in selected cell models. Following

this initial characterization step, the system can now be widely applied.

In the context of apoptosis, for example, it would be possible to utilize fluorescent dyes reporting
the specific activation of different components of the apoptosis pathway. Such an approach
could be used to detect the origin of heterogeneous signaling activity within a cell population
undergoing apoptosis, identify subpopulations within a cancer cell line refractory to treatment

and develop specific drugs to treat these phenotypes.



131 CHAPTER 8

In another application, the system could help overcome certain issues associated with slow-
growing cell lines such as neurons or primary cells. These cells are difficult to culture in
sufficient numbers for conventional non-imaging-based label-free sensing. The imaging
platform herein is capable of overcoming this issue by selecting only ROIs where a cell is
present, thus suppressing the background signal and extracting a single-cell signal. Furthermore,
the use of fluorescent dyes could help determine the current phenotypical state of the cell under
study, thereby maximizing the information extracted. As such, this system will provide

researchers with a new and more powerful tool for live cell biosensing.
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