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Abstract

This thesis focuses on the coupling of High—Speed Atomic Force Microscopy
(HS-AFM) and Surface Enhanced Raman Spectroscopy (SERS) for biomolecule
analysis. We have designed a fabrication protocol to manufacture “SERS-active”
substrates. The efficacy of gold, silver and gold-silver bimetallic crystalline
nanoparticle substrates were evaluated. We have investigated the impact of optical
and morphological features of the substrates on Raman signal intensity by
analyzing well-known samples such as bipyridine ethylene and methylene blue
molecules. We took an interest in three distinct biological problematics with
HS-AFM and SERS analyses. First, we have detected the chemical signature of
cytochrome b5 protein.  This study was followed by the investigation of
conformational changes of small heat shock leuconostoc oenos Lo 18 protein in
function of pH level and concentrations. The last application consists to the
analyse a membrane and a virus interaction. In order to realize simultaneous
Raman/AFM analysis, we have adapted our fabrication protocol to cover the
surface of commercial AFM probes by crystalline gold nanoparticles. Tip —
Enhanced Raman Spectroscopy (TERS) studies were performed on molybdenum
disulfide to evaluate the quality of TERS probes. In the last part of this work, we
have designed a new setup to combine Ando’s HS-AFM setup with Raman
spectroscopy. We present the modifications that have been carried out and the

challenges that we have encountered.

Key words: High-Speed Atomic Force Microscopy (HS-AFM), Surface
Enhanced Raman Spectroscopy (SERS), Tip-Enhanced Raman Spectroscopy
(TERS), Nanoparticle substrates, Localized Surface Plasmons (LSP), cells,

proteins, Detergent resistant membrane domains (DRMs), Noroviruses (NoVs).



Resumé

Ce travail de these se focalise sur le couplage du microscope a force atomique
haute-vitesse (HS-AFM) et de la spectroscopie Raman exaltée de surface (SERS)
pour la détection des biomolécules. Nous avons élaboré un protocole de
fabrication pour produire les substrats “SERS-actifs”. L’efficacité des substrats de
nanoparticules cristalline d’or, d’argent ou bimétallique argent—or a été évaluée.
Nous avons étudié l'impact des propriétés optiques et morphologiques des
substrats sur l'intensité Raman en analysant des échantillons tests tels que la
bipyridine éthylene et le bleu de méthylene. Nous nous sommes interessés a trois
problematiques biologiques distinctes par analyses HS-AFM et SERS. Dans un
premier cas, nous avons détecté la signature chimique de protéine cytochrome b5.
Ce travail a été suivi par des études sur le changement de conformation de la
protéine de choc thermique leuconostoc oenos Lo 18 en fonction de la
concentration et du pH. La derniere application consiste en l’analyse des
interactions membrane — virus. Afin de réaliser les analyses simultanées
Raman/AFM, nous avons adapté notre protocole de fabrication pour couvrir la
surface des pointes AFM commerciales par des nanoparticules d’or cristallines.
Les études de diffusion Raman exaltée par effet de pointe (TERS) ont été
effectuées sur les échantillons de disulfure de molybdéne pour évaluer la qualité
des pointes TERS. Pour finir, nous présentons une nouvelle configuration de
couplage HS-AFM et spectroscopie Raman. Nous discutons des modifications et

des défis rencontrés.

Mots clés:  Microscopie a force atomique haute-vitesse (HS-AFM),
spectroscopie Raman exaltée de surface (SERS), diffusion Raman exaltée par effet
de pointe (TERS), Substrats de nanoparticules, Plasmons de Surface Localisé
(LSP), cellules, protéines, détergent résistant membrane domaines (DRMs),

Noroviruses (NoVs).
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(GENERAL INTRODUCTION

The material characterization is a fast-growing field that helps to material syntheses
in industry, diagnosis of diseases in medicine, production of devices in electronics
& technology and researches in biology and physics. Today under favor of recent
developments in nanotechnology, we can find a large number of devices that provide
the surface or deep-profiling analysis by detecting mechanical, electrical, chemical
or optical properties of samples. These devices are mainly based on detecting single
type of data: chemical, electrical, optic and mechanic. Thus combining different

techniques aids to reach deeper knowledge about the sample.

This thesis focus on the analysis of biomolecules by High-Speed Atomic Force
Microscopy and Surface Enhanced Raman Spectroscopy. High-Speed Atomic
Force Microscopy provides to analyze conductive or dielectric samples with a high
temporal and lateral resolution in liquid medium. The dynamics of biomolecules
including that their trajectory and velocity can be achieved. This microscope is a
prototype based on the developments performed by Prof. Ando’s team at
Kanazawa Biophysics Lab.  (University of Kanazawa, Japon). In 2008, an
international consortium program was constituted in order to promote the use and
development of HS-AFM as well as to spread the related information. This
international science community is participated by Pr. T. Ando (Kanazawa
Biophysics Lab., University of Kanazawa), Dr. P. E. Milhiet (UMR5048
CNRS-U1054 INSERM, University of Montpellier), Dr. S. Scheuring (U1006
INSERM, University of Aix-Marseille), Prof. E. Lesniewska (UMR 6303,

University of Burgundy Franche-Comte), Prof. P. Hinterdorfer (University of
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Linz), Prof. Y. Lyubchenko (University of Nebraska Medical Center) and Bruker

Corporation.

Our project in this thesis involves the design of a new version of High-Speed
Atomic Force Microscopy (HS-AFM) which contains Surface Enhanced Raman
Spectroscopy (SERS) technique and both analyses that can be operated
simultaneously. SERS is a highly sensitive spectral analysis technique that allows
the identification of materials components. The combining HS-AFM with SERS
provides to study topographical and chemical properties of analytes. We have
chosen these techniques by considering their compatibleness and
complementariness as well as the experimental adaptability. More precisely, the
acquisition times, the data types and the required experimental conditions of

techniques are evaluated.

The very first chapter reviews the working mechanism of the related
characterization techniques including their physical phenomena. We start from
atomic force microscopy and move toward HS-AFM by discussing the motivations
of the development and the improvements applied. At the second part of this
chapter, we introduce firstly Raman spectroscopy and the signal enhancement via

plasmons before address the general features of SERS.

The second chapter of the manuscript is dedicated to plasmonic active
crystalline nanoparticle substrates. Fabrication of plasmonic substrates and the
impact of their morphological features on the Raman signal exaltation are
discussed. Following presentation of our protocol, we investigate the topographic
features and homogeneity of the substrates, the mechanical stability and
crystallinity of the constituted nanoparticles. Lastly, the performance of
substrates on SERS experiments is evaluated by using two reference samples :

bipyridine ethylene and methylene blue molecules.

In the third chapter, we focus on the applications of HS-AFM and SERS.
Although, SERS is a very fruitful technique for analyzing reference samples and
simple molecules, it remains difficulties for studying complex samples. Therefore,
we have investigated firstly a human microsomal cytochrome b5 protein at

non-resonant condition to test sensitivity of our substrates. Small heat shock
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protein are well-known with its conformational changes under the stress

conditions.

We analyzed small heat shock leuconostoc oenos protein in function of pH level
and concentration by HS-AFM and SERS to observe the chemical and
topographic variations arised from conformational changes. Lastly, we have
investigated the interactions between a cell membrane and a virus to approach
gastroenteritis disease by studying a model system constituted by mouse
leukaemic monocyte machropage cells and murine noroviruses. This work is
followed by the analysis on human intestinal cells.

In the last chapter, we present our results related to the coupling of atomic
force microscopy with Raman spectroscopy. We have developed a specific protocol
for producing crystalline nanoparticles on AFM probes. These probes are
implemented to tip-enhanced Raman spectroscopy (TERS) experiments. This
chapter also details the developments carried out on HS-AFM to combine it with
Raman and Fluorencesce spectroscopies. The challenges that we have encountered

and the limitations of the combined microscope have been discussed.
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STATE OF ART

Cells are building blocks of living mechanisms that contain several complex
structures. These living entities are highly dynamics and in interaction between
each other. Cell membrane is the first border with its neighborhood and the gate
between inside and outside of cell. Thus all interactions including injections,
ejections and signalization take place in membrane. These biological events are on
millisecond time scale that’s why it is complicated to observe them in real-time.
However, such analyses can help to understand different phenomena such as a
virus infection, lipochaperon activity, cell protection, energy production,
transportation and transformation, and so on. To preserve their natural mimics,
morphology and dynamic, it is necessary to analyze them in their own

physiological environment.

Today under favor of many developments in nanotechnology, it is possible to
observe any sample at nanoscale size and follow its dynamics. High-speed atomic
force microscopy (HS-AFM) enables to observe the dynamic behaviors of
biomolecules. The successive images provide to investigate the instant topography
of sample, the velocity and trajectory of entities. Surface enhanced Raman
spectroscopy (SERS) is a complementary characterization tool to atomic force
microscopy (AFM) by providing chemical information of sample. This chapter
introduces the working mechanism of both techniques and involved physical

phenomena.
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1.1 From Atomic Force Microscopy to High-
Speed Atomic Force Microscopy

Atomic force microscopy (AFM) is a powerful tool to characterize the topography
of materials at atomic resolution. The precursor of atomic force microscopy was
the scanning tunneling microscope (STM) [1]. This pioneering work led to the
development of AFM [2] just four years after the invention of STM. STM and
AFM are classified under scanning probe microscopy category as scanning near-field
optical microscopy (SNOM), photon scanning tunneling microscopy (PSTM) and
scanning capacitance microscopy (SCM). The common point of these microscopes
is the scanning process of a surface by a probe and the detection of forces, tension,
evanescence field, capacitance etc. depending on the type of microscope.

One of the important advantage of atomic force microscopy being able to
analyze conductive and insulate samples. The analysis can be carry out in air,
liquid medium, controlled atmosphere, vacuum and under high pressure. The first
AFM study performed in liquid medium was using of paraffin oil to analyze the
surface of sodium chloride crystal in 1987 [3]. This step at AFM history opened
the gates to explore the morphology of different materials in their physiological
environment. This work has opened large opportunities for AFM by making it
possible to investigate an infinite number of samples in various liquid mediums for
applications in the field of experimental physics, chemistry, materials science,
biology and medicine. Accordingly, amino acid crystals [4], lipid membranes [5],
biominerals and commercial materials [6] were studied in liquid medium by
contact mode (the first invented mode). The invention of oscillating contact [7]
provided an opportunity for scanning soft surfaces without causing tip induced
damages. This improvement was applied quickly to analyze the DNA [8] and the
membrane proteins [9].

In this section, we first introduce the principle of atomic force microscopy
including the associated physical phenomena and the imaging modes. The basics
of AFM will be followed by high speed atomic force microscopy by pointing out

the motivations and the technical requirements.



1.1. From Atomic Force Microscopy to High-Speed Atomic Force Microscopy 19

1.1.1 Atomic Force Microscopy

1.1.1.1 Basic principles of AFM

Atomic force microscopy allows to visualize the topographic features of surfaces
of nanometric to micrometric scale. A schematic presentation of AFM is given in

Fig.1.1.

|

Signal detector

Laser diode

Computer

Scanner

Fig. 1.1: Schematic drawing of atomic force microscope.

The working mechanism of an atomic force microscopy is based on detection of
the inter-atomic forces between a sample and a probe. AFM probes consist of a
flexible cantilever and a sharp tip at its extremity which scans the surface of
analyte line by line (e.g. 512 for all results shown in the present document) to
constitute the cartography of the sample. During the scanning, the cantilever
deflects in function of the tip-sample interaction forces. The variation of the
deflection is measured via an optical detection system which involves a laser diode

and a photodetector.
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A laser beam is focused at the extremity of cantilever and reflected through to the
photodetector. The differences in lateral and vertical forces can be obtained by
monitoring the displacement of laser spot on the 4-segmented photodetector. The
forces between the sample and the tip is maintained constant during the whole
operation via closed-loop feedback system. The magnitude of sample-tip
interactions can be adjusted by the operator during the imaging process. The
actual magnitude of the sample-tip interactions are corrected by
Proportional-Integral-Differential (PID) feedback in order to minimize error signal
and maintain to constant the sample-tip interactions. The sample is placed onto a
piezo-electric ceramic called scanner that can provide to follow the movement of
AFM tip at X, Y and Z directions. The deviation at laser spot is maintained
constant for each scanning point in order to constitute 3D topographic image of

the sample.

1.1.1.2 Forces

The tip-sample interactions during the AFM operation reveals different nature of
forces. Here, we introduce the essential interactions in order of short to long range.
Van der Waals Forces
Van der Waals forces are raised from interactions between atoms, molecules and
surfaces. Regardless the environment, they can be produced in ambient conditions,
liquid or vacuum. Van der Waals forces are attractive and short-ranged (1/7%, i.e.
2-3 nm), originated from the dipole - dipole interactions. Van der Waals energy is

expressed by

1 13 - 5 pi-ae+p3-ar  3-hoar-ag
E = —_. + + 1.1
Vaw 76 [3-(4-77-50-5-14:B-T) (4-7-g9-€)? 4-(4-7T-60-€)2]( )
Keesom Debye London
Where;

r is the average distance between two molecules of interest,
w1 and ps are the dipole moment of molecules,
€o is the vacuum permittivity,

€ is the relative permittivity,
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Kp is the Boltzmann constant,
T is the temperature,
a1 and as are the polarizability of molecules.

As we can see from Eq. 1.1, Van der Waals forces consist of three terms :
« Keesom forces: Interactions between permanent dipole and permanent dipole,
e Debye forces: Interactions between permanent dipole and induced dipole,
e London disperdion forces: Interactions between induced dipole and induced
dipole.

Double Layer Forces

Immersing a solid material into liquid induces charges to the surface of
material which is originated from hydroxide and/or oxonium ions. In the case of
AFM imaging, the cantilever immerses into buffer solution for analyzing the
sample surface. The charge interactions at the solid-liquid interface yield the
double layer electrostatic force. These forces are repulsive and on the order of one
to a few tens of nanometer. The range of the double layer electrostatic force is

approximate to Debye length, Ap.

kT
> =[S (1.2)
i=14; T

Where ¢ is the electric constant, ¢, is the relative dielectric constant, kp is
Boltzmann’s constant and T is temperature. If we consider the system constituted
of N number different species of charges, the i-th species carries charge ¢; and have
mean concentration of n;.

Derjaguin - Landau - Verwey - Overbeck (DLVO) Theory

The stability of colloidal dispersions has been studied by Derjaguin and Landau
in 1941. They introduced a theory that concerns the stabilization of strong short-
ranged van der Waals attractions by electrostatic repulsions [10]. Seven years later,
Verwey and Overbeek obtained independently the same results [11]. Afterwards,
this called as Derjaguin - Landau - Verwey - Overbeck (DLVO) theory by Russel et
al. [12].
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DLVO theory refers the generated forces when two charged surfaces interact
through a liquid medium. DLVO interaction is limited by low surface potentials
since it is computed in the mean field approximations. Thereby, DLVO theory
neglects all fluctuations in the center of the contact area. All strong and short-
ranged interactions between the ions and molecules of the medium thus described
under the category of non - DLVO forces.

Capillary Forces

Capillary forces occurs when the relative humidity of the environment rises over
30 % since this results a monolayer of water on the surface of analyte. The contact
of the tip with the water monolayer produces a meniscus that pulls the tip towards
the sample surface. This interaction can be expressed by Laplace pressure, Pr.

1 1

Pp=~v-(—+—)=7" 1.3
L= () = (1.3

Where 7 is the surface tension, r1 and r9 are radii of the meniscus and rx is Kelvin
radius.

The relation between the pressure (P) and force (F) is given by Eq.1.4.

P=z (1.4)

Where S is the contact area of meniscus to the sample surface.

By using both Eq.1.3 and 1.4, the Laplace (capillary) force can be obtained.

v S _v-2-7m-R-d
ok rK

F (1.5)

Where R is the tip radius and d is the penetration depth of the tip into liquid.
The amount of capillary forces is in order of a few nano Newton.
Hydrophobic Forces
Hydrophobic effects are raised from the long-ranged attractive forces that

appears between hydrophobic surfaces and aqueous solutions. The hydrophobic

materials are nonpolar substances that have molecules poor in charge or atoms
capable of creating hydrogen binding. These substances have tendency to

aggregate in aqueous solutions and exclude water molecules.
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Hydrophobic effect is crucial for insertion of membrane proteins into the nonpolar
lipid environment, formation of lipid membrane bilayers and micelles.
Hydrophobic forces are stronger than van der Waals forces and their range is

around tens of nm.

1.1.1.3 Operating modes of atomic force microscopy

Contact mode is the first imaging mode followed by oscillating contact mode. In
this part, we will explain these main operating modes of atomic force microscopy

with a recent developed mode, called Peak Force mode.

1.1.1.4 Contact mode

The contact mode is the first and the most basic imaging mode of atomic force
microscopy. It consists of scanning the sample surface line by line by maintaining
constant the interaction force between the tip and sample. AFM tip is always in
contact with the surface resulting relatively large lateral forces. However, very high
resolutions can be attained without harming the sample by moderating the applied
forces from tip to the surface.

Recording the displacement of Z-piezo for each X and Y points provides to
obtain the topography of the sample, called as Height image.

During the scanning of the surface an error signal occurs. This is partly due to
the reaction time of electronics or/and piezoelectric ceramics. This error signal can
be used to obtain Deflection image that gives a distinct topography of the surface.

To complementary to the topography of sample, the contact mode can also detail
the chemistry of the surface by measuring the torsion of lever via the photodetector.
Since the friction depends on the constituent material, Friction image provides the

distribution of chemical components.

1.1.1.5 Oscillating contact mode

In oscillating contact mode, the AFM tip scans the surface of the sample with an

impulsive contact.
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The fact that keeping the tip-surface contact for a short time, the high lateral
forces can be avoided, accordingly weakly attached samples on the surface can be
analyzed without harming or moving.

The AFM tip oscillates at/or near its resonance frequency (first harmonic are
often used but other harmonics can be used) with amplitude of tens nanometer.
The oscillation of cantilever is governed by a bimorph piezoelectric that leads the
sinusoidal movement of cantilever (A, = coswt). The motion of cantilever can be

described by harmonic oscillator model.

0%z 0z
e e . 1.
90 + : + ko2 (1.6)
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with Fy; the driving force, m the effective mass of the cantilever, z the
displacement of the lever, v the damping factor and k. the spring constant of the
cantilever.

At the resonance condition, the amplitude takes the maximum value and given
by Ar = Ag- @, where Ag and Q are the free amplitude of the lever and the quality
factor, respectively. Q is defined by the ratio of the stored energy in the system to
the energy dissipated per cycle.

A typical oscillating contact mode operation includes the use of the amplitude
modulation detection and the lock-in amplifier which provide to keep constant the
amplitude of cantilever for a chosen drive frequency. For that, the tip-sample
distance is adjusted by system during whole operation.

The amplitude is the one of the most important value to consider at oscillating
contact mode operation because the direct control of the forces between the tip and
sample is absent. However, the average response to the tip-sample interactions can
be obtained from the amplitude versus the tip-sample distance curve.

Topography image is constructed, similar to contact mode, by detection of the
movement of the Z-piezo in function of XY scanning. Oscillating contact mode offers
two types of image apart from topography (Height image). One can be obtained
by mean squared error of detected amplitude signal. Amplitude image provides
information about the elasticity of the sample. During the oscillation of cantilever,

a phase shift occurs due to the tip-sample interactions.
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Thereby, the detected amplitude is expressed by Ay = cos(wt + ). Phase image is

based on the variation of ¢ and it presents the local changes of viscoelasticity.

1.1.1.6 PeakForce mode

Peak Force mode is a relatively recent AFM mode which combines both oscillating
contact and contact mode. However, the recording of force curves for each contact
point distinguishes Peak Force mode from the oscillating contact mode. The
cantilever oscillates at far below from its own resonance frequency over the
surface. The force curve oscillation was set at 2 kHz (for all images presented in
the manuscript). The feedback loop maintains the oscillating amplitude during
whole Peak Force operation, although the peak force on the probe is also
controlled. Peak Force enables a soft contact between the tip and sample since the
applied force is in the order of a few pN that is much lower than the applied force
in oscillating contact or contact mode. Therefore, this mode is well adapted for
soft and delicate samples such as polymers or biomolecules.

; _\:;“_ Topography ' 3 - d) Logelasticity
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Fig. 1.2: AFM image of human monocyte rafts obtained by Peak Force mode. (a)
Topography, (b) signal error, (¢) modulus (elasticity), (d) LogModulus, (e)

adhesion, (f) deformation and (g) dissipation image.
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We have used Peak Force mode for imaging our soft samples (proteins, cells,
lipid bilayers) and our corrugated substrates. By consistently controlling the short
range interaction forces, PeakForce Tapping enables to control image quality with
fewer artifacts linked to complication of the tip surface interactions and cantilever
dynamics, particularly in liquid environment. Previously to each HS-AFM
experiments, the deposition procedure has been checked on 1.5 mm disk using the
Peak Force mode in liquid.

The most advantageous part of Peak Force mode is the mapping of the
nanomechanical properties of a surface. Figure 1.2 presents an example of the
different images can be obtained by Peak Force mode.

The information about the elasticity, adhesion, deformation and dissipation can
be extracted from the approach-retract curves. Figure 1.3 illustrates the approach-

retract curves highlighting different force fields.
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Fig. 1.3: Force curve highlighting different images modes of Peak Force oscillating contact.

A specific type of data can be acquired from each contact point in order to

generate corresponding images.

Adhesion Image

The adhesion between the tip and the sample can be measured from the force
curve. The difference between the base line and the pull-of point corresponds to the

maximum adhesion force.
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Elasticity Image

The reduced Young’s modulus can be deduced from the force curve by fitting
the retract curve. The fitting area is at the contact point and shown by the pink
line in Fig.1.3.

Young’s modulus can be calculated using different contact geometries. The
simplest model uses Hertzian geometry which considers the tip as a classic rigid
sphere on a flat surface. The Hertz model is valided for indentations significantly
smaller than the sphere radius. Another contact geometry called Sneddon model
where the tip-sample contact is defined as a contact between a rigid conical indenter
and a soft flat sample. This model assumes that the surface is half-space deformed
because of the indenter and it includes the penetration depth into calculation of
Young’s modulus. For the Sneddon model, the indentation has to be so large that
the cone apex can be considered infinitely sharp. On very soft samples (e.g. cells,
tissues, biomolecules), the tip often indents well past the very tip, even with the best
force control, so the Sneddon model is often a better model for biological samples.
Both models do not include adhesion or visco-elasticity. Figure 1.4 presents Hertzian

and Sneddon geometries. Softer samples often require larger force curve ramp size.

a) Hertz b) Sneddon

Fig. 1.4: Contact geometries for Young’s modulus calculations. (a) Hertzian and (b)
Sneddon geometry. r and a the radius of sphere and the contact area, respectively.
6 is the deformation of the sample due to applied force F. 6 is semi-opening angle

of indenter.
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Derjaguin - Muller - Toropov (DMT) and Johnson - Kendall - Roberts (JKR)
models are based on spherical geometry. JKR approximation considers that the
adhesion forces are at the outside of the contact area and neglected whereas the
elastic stresses at the edge of the contact are infinite as in linear elastic fracture
mechanics. On the other hand, DMT approximation involves the adhesion forces
but the geometry is assumed as Hertzian where the adhesion forces could not
deform the surfaces.

DMT model comprises only attractive long-ranged forces by considering the
interaction between the tip and sample is the out of the contact area. This model
assumes that only the sphere is deformable. DMT model superposes adhesion
outside of the area of contact as predicted by the Hertz model. DMT model is
practical for poorly flexible samples, having low adhesive properties and low
contact radius a.

JKR model involves attractive short-ranged forces generated from the tip-sample
interaction in the contact area. This assumption is mainly applicable for the
samples with high adhesive properties and large contact radius a.

Different JKR-DMT transition solutions for adhesive rough surface contact have
been developed utilizing Maugis-Dugdale (MD) transition theory with different
forms of the contact area, the use of contact and non-contact mode. The
non-slipping Maugis — Dugdale model is expected to have a broader range of
validity in comparison with the non-slipping JKR model. On our commercial

AFM, Maugis - Dugdale model was not implemented.
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Model Assumptions Restrictions

Not applied to small loads in the
Hertz  No surface forces.
presence of surface forces.

Long-ranged surface forces act
Contact area can be decreased due
only at the outside of the contact
DMT to the limited geometry. Applied
area. Model geometry is Hertz
only to small adhesion parameter.
model.

Force magnitude can be decreased
Short-ranged surface forces act
JKR due to surface forces. Applied only
only at the contact area.
to large adhesion.

) ) ) The solution is analytical but
Maugis- Tip-sample interface is
equations are parametric. Applied

Dugdale |\ jeled as a ring.

to all adhesion values.

Fig. 1.5: The mechanical parameters of elasticity assumptions.

Here, we summarize the mechanical parameters of elasticity assumptions based
on Hertzian geometry (see Fig.1.4.(a)). A sphere with radius r contacts with the
surface due to applied forces F. The adhesion force F 445, the contact radius with (a)
and without (ag) applied forces, and the deformation § are given for Hertz, DMT
and JKR models in Tab.1.1.

Tab. 1.1: The mechanical parameters of elasticity assumptions based on Hertzian geometry.

Hertz DMT JKR
FAdh 0 2mrW 3/27T7”W
F
a (%)1/3 ((F+27rrW)%)1/3 (%(F+37TTW—|—\/67rrWF+(37rrW)2))1/3
212 W 1 62 W
200 TP NL/3 oA Y N1/3
ag 0 ( K ) ( K )
;e F e @ 3 [
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The Peak Force QNM mode calculates the mechanical properties of the sample
directly from the force curve of every interaction between tip and sample analyzed
in real-time. We can choose between Hertz/DMT (spherical) or Sneddon (conical)
models. Hertz/DMT model is convenient for the samples which have low adhesive
properties. We have used Sneddon model for very deformable sample (cells). In the
case of bacteria analysis, most of the samples are too stiff to accurately measure in
the same conditions and apply the Sneddon model. Equation 1.7 presents Young’s

modulus, E¥, calculated from DMT model.

(1.7)

Where d is the tip-sample spacing.

Peak Force operation requires an estimation of the tip radius and the spring
constant of the cantilever as well as the Poisson’s ratio of the sample prior to Young’s
modulus calculations. However, the radius and the spring constant of the tip can
be calculated experimentally during the calibration process of Peak force mode.
Poisson’s ratio v, is related to the stiffness of the sample kg, and this relationship

is given by Eq.1.8.

Ef
al — 2

Poisson’s ratio is a coefficient which depends on Young’s modulus of the material.

Table 1.2 presents Poisson’s ratio of diverse materials.
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Tab. 1.2: Poisson’s ratio of diverse materials for Peak Force elasticity image.

Material Young’s modulus E¥ Poisson’s ratio
Cells

PDMS E* <100 MPa 0.5

PVA gels

Protein
Teflon 0.1 < E* <1 GPa 0.4

Crystals

Collagen
Polystyrene 1 < EY <10 GPa 0.3

Bacteriophage capsids

Additionally, Peak Force QNM mode also provides LogModulus Image that is
the logarithm of the elasticity of the sample. The complete force curve is analyzed
in real-time allowing adhesion, deformation, dissipation mapping simultaneously

with topography.

Deformation Image
The deformation caused by tip can be measured directly from force curves. It
corresponds to the distance between the contact point (dp) and the point where

the cantilever changes its movement direction.

Dissipation Image
Energy dissipation is described by the applied force times the vertical velocity

of tip integrated over one period of vibration. Energy dissipation (Wp) is expressed

by

WD:/OT?.7dt:/?.d7 (1.9)

Where ? is the interaction force vector, 7/ is the velocity vector of the tip, T is

the period of the cantilever vibration and 617 is the displacement vector of the tip.
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The dissipated energy for each cycle corresponds the hysteresis between the
approach and retract curves (see Fig.1.3). This mechanical energy loss is stated
by eV scale on the dissipation image. However, when the deformation is purely
elastic the dissipation energy will be very low and the approach and retract curves

coincide.

1.1.2 Basics of High-Speed Atomic Force Microscopy

Atomic force microscopy has been developed very quickly and remarkably since its
invention. Many scientist of the field worked to attain a high scan rates without
sacrificing the quality of image.

Hansma’s group started in early stage of AFM history to looking for the dynamic
analyses. In 1989, they observed the dynamics of the fibrin clotting process by
achieving ~ 1 image/min with contact mode [13]. This study was followed by
observing the viral infections of isolated cells [14] and antibody binding process
[15].

Just one year after these initial results, in 1993, Engel’s group investigated the
scan speed limit of contact mode by theoretical calculations [16].

For the first time, Quate’s group worked on the increasing of the scan speed.
For this aim, they developed a cantilever with integrated piezoresistive sensors and
integrated piezoelectric actuators in 1995 [17]. One year later, they implemented
their device to analyze a gold patterned Nb-doped SrTiOg substrate. They archived
an image of 100 pm x 100 pm less than 15 s [18]. The same year, Hansma’s group
fabricated short cantilevers [19] and a new optical deflection detector [20] in order to
reach high scan rates. In 1997, they investigated Escherichia coli RNA polymerase
activity by AFM with ~ 30 s scan rate [21]. Following year, an image of DNA is
procured in 1.7 s [22].

Ando’s group started to develop the high-speed scanners in 1994 and the
miniaturized cantilevers in 1997. However, a more extensive high-speed AFM
including the short cantilevers, the high-speed scanner, the fast electronics and the

optical beam detector is reported in 2001 and 2002 [23, 24].
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Using this system, Ando’s group observed the motion on myosin V with an

imaging rate of 12.5 images /s.

The recent improvement of high-speed atomic force microscopy involves coupling
with total internal reflection fluorescence microscopy (TIRFM). In 2013, Ando’s
group presented chitinase moving on a chitin crystalline fiber and myosin V walking

on an actin filament by simultaneous HS-AFM/TIRFM imaging [25].

1.1.3 Requirements of high speed scanning

The development of high—speed atomic force microscopy arises from the aim of
observing biomolecular interactions that occur in millisecond time range. Dynamic
investigations, thereby, requires such a device whose scan rate fast enough to capture
biological events. In order to archive high temporal resolution with AFM, various
devices and techniques have been developed by Pr. Ando and his research team.

Here, we will discuss the conditions to fill to reach high speed AFM imaging.

The dynamic of biomolecules can be observed when an analyte is softly attached
on the surface. The strong interactions between the surface and analyte may result
immobilization of the sample since the dynamic process occurs on the surface due
to weak interactions between biomolecules. For following dynamic events, the tip
of cantilever should be in soft contact with the sample. There are several ways
to reduce the tapping force, thereby archive a soft contact. It can be listed by
decreasing of the spring constant of the cantilever, k., increasing of the quality factor
of cantilever, ). and reducing the cantilever’s oscillation amplitude. However, all
these conditions can provide a soft contact but they are not convenient for high
speed scanning. For this reason, Pr. Ando and his research team developed novel
electronic components to overcome time delay related to the soft contact. Before
to detail these electronics and the working mechanism of HS-AFM, we will mention

all the time delays that need to be decreased.
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1.1.3.1 A rough approximate of feedback bandwidth for high speed

scanning

The feedback bandwidth determines the fastness of the response. We can
approximately calculate the feedback bandwidth for high speed AFM imaging.

If we consider to capture an AFM image of RX R size with N number of scan lines
in t acquisition time, the scan velocity of the tip in X-direction can be expressed by
Vs =2 R- N/t. This approach addresses to flat surfaces. If the surface roughness
is taken into account and assumed as a sinusoidal with periodicity As, the scanning
operation requires a feedback bandwidth at frequency f = Vs/As - t. In order to
maintain the sample - tip spacing, the feedback bandwidth, f5, need to be equal or

greater than f.

2-R-N

>
5= =3

(1.10)

For example, if we would like to obtain an AFM image of lipid rafts, which has
maximum sample height hg ~ 10 nm, at 300 x 300 nm? size with 150 scan lines in

600 ms acquisition time, the feedback bandwidth should be fp = 15 kHz.

1.1.3.2 Time delay between open-loop and closed-loop

Closed-loop AFM systems provide to maintain the position of setpoint and it
removes the image distortion caused by the hysteresis and nonlinearity of
piezoscanners. Accordingly, the closed-loop systems enable to nanopositioning on
the sample. Here, we use the relationship between the closed-loop and open-loop
in order to investigate the origin of the time delay in closed-loop AFM systems.

If we assume the sample height variations as the input signal to the system and
define it as Uj,(t), the observed variations at the Z-scanner can be considered as
the output signal, Uy (t). The time dependence of the closed-loop is related to the

open-loop and this relationship can be given by a transfer function K(S).

—T(5)

K= 15109

(1.11)
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Where T(S) represents the open-loop transfer function and it depends each
component of the system including the cantilever, sensor, proportional-integral-

differential (PID) feedback controller and scanner.

T(S)= C(S) -A(S) -H(S)  G(S) (1.12)
cantilever sensor PID scanner

The time dependence of the open-loop transfer function can be expressed by

T(S) = To(w) - e~ ¥« (1.13)

Where Ty is the gain and ¢p(w) is the phase delay. By substituting this

relationship into the Eq.1.11, we can obtain the time dependence of K (w).

K(w) —(Tp - cos p(w) + TF) + i - sin p(w)
W) =
1+2-Tp-cosp(w) + T

(1.14)

From this equation, we can define the amplitude, Ky(w), and the phase delay,
®(w), of the closed-loop.

To
Ko(w) = 1.15
o) \/1+2-T0-cosg0(w)+T02 (1)
®(w) = arctan| —sino(w) ] (1.16)

To + cos p(w)
If we consider that the feedback gain is Ky(w) = 1, the gain of the open-loop can
be estimated as Tp(w) = —1/2 - cos p(w). By substituting this result into Eq. 1.16,

we can find the relationship between phase delay of both closed-loop and open-loop.

P(w) =7 —p(w) =2- W) (1.17)

This result indicates that the phase delay of the closed-loop is approximately
two times larger than the open-loop phase delay.

The time delay in the closed-loop can be estimated by considering each time
delay originated from including devices in the system. Following this approach,
the open-loop phase delay given by ¢(w) ~ 27 fAr. f corresponds to the feedback

frequency and A7 is the total time delay in open-loop which obtained by summing
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the time delay of each component. Consequently, the time delay of closed-loop given
by ®(w) = 47 fAT (see Eq.1.17). From this result, the feedback bandwidth can be
obtained since it is generally defined as feedback frequency that results in a phase

delay of 7 /4. Accordingly, the feedback bandwidth fp is expressed by

fo=ar g/ T e g sy

Where ;
« is a coefficient related to the phase compensation effect results from D component

of PID feedback controller or from an additional phase compensator,

Te = Qe is the cantilever response time,
- fc
Qs . .
Ts = is the z-scanner response time,
T fs
1
T = 3.7 is the reading time of the cantilever oscillation amplitude,
“Je

Tp is the parachuting time,
77 is the integral time of error signals in the PID feedback controller,

0 is the sum of other time delays.

Equation 1.18 aid to understand the origin of the closed-loop time delay.

Therefore, we will focus each term of the equation.

The integral time delay, 77, and the parachuting time, 7,, are two parameters
difficult to estimate theoretically. However, 771 depends on the entire operation in
the PID feedback and it arises when the closed-loop time delay increases. The
detailed information about the integral time delay 77 is given in literature [26, 27].
The parachuting time can be defined as the landing time of the cantilever when it is
totally detached from the surface during the scanning. It depends on the resonance
frequency of cantilever f., the periodicity of sample roughness A and the scanning
velocity in X-direction Vg. Regarding the cantilever response time 7, and the reading
time of cantilever oscillation amplitude 7., we can see that also these two parameters
depend on the cantilever resonance frequency. As a result it is important to highlight
here that the cantilever resonance frequency has a large impact on the time delay of
the closed-loop feedback. Besides, the resonance frequency of piezoelectric scanners

has an influence on the feedback bandwidth.
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Tab. 1.3: List of developments for HS-AFM.

Equipment Improvement
Miniaturization
Cantilever High resonance frequency

Small spring constant

OBD Detector Adaptation to small cantilevers

Scanner Decoupled X-Y-Z scanner with low resonance frequency

PID Feedback Controller Fast response due to large feedback width fp

Drift Compensator Regulation of the drift in the cantilever - excitation efficiency

According to these results, a series of development has been implemented by
Pr.  Ando and his research team in order to achieve high-speed scanning.
Therefore, several electronics and cantilevers have been designed. Here, we list

these improvements in Tab.1.3 and we will detail them in next section.

1.1.4 High—speed atomic force microscope base

a) Cutaway view b) Rear view

Scanner

Polarization
beam splitter q
& M4

Fig. 1.6: 3D Schematic representation of HS-AFM. (a) Cutaway view and (b) rear view are

presented.
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High-speed atomic force microscope setup is presented in Fig.1.6. This sophisticate
system involves the high-speed scanner, sample stage, liquid cell, laser diode, motor,

photodetector, camera and optical elements.

The working principle of HS-AFM is quite similar to conventional AFM
system apart from the inverted cantilever - sample position. The laser spot focuses
on the cantilever by passing though optical elements. The sample is deposited on
a glass rod which is fixed onto Z-scanner. The cantilever oscillation and amplitude
is controlled by Fourier analyzer. The deflected laser light is detected by the
photodetector. Proportional — Integrated — Differential controller process both the
scanner and cantilever signal in order to construct the topography of signal. The

optical path is presented in Fig.1.7.

Decoupled X-Y-Z
scanner __—{P.1.D controller
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Fig. 1.7: Schematic drawing of HS-AFM.
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After this overview of HS-AFM, we will introduce each component of the

microscope.

1.1.5 High speed scanners

The development of scanner is crucial for achieving a successful high speed
imaging. However, such mechanical devices can produce unwanted vibrations
therefore it is necessary to effectuate an optimum design to damp these unwanted
vibrations. There are some conditions need to implement in order to realize high
speed scanners.

1. High resonant frequencies of scanners f,

2. Low quality factors of scanners Qs (see Eq.1.18 for 1 and 2),

3. Small number of resonance peak with narrow frequency region,

4. Large displacement of scanners.

The fast displacement of the piezoelectric actuators also induce unwanted
impulsive forces onto sample stage. These forces influence the piezoelectric
actuators as well as the sample stage. Therefore, the high-speed scanners include a
counterbalance in order to compensate the impulsive forces [23]. The system
consist of two Z-scanners at the same length in opposite expanding directions
(Fig.1.8.(a)). The sample stage is attached on each Z-scanner that balances the
weight. However, the counterbalance is effective except at the vicinity of the

resonance frequency of the scanners.

There are several designs can optimize the performance of counterbalance. The
piezoelectric actuator can be sandwiched by two flexures in the displacement
directions as seen from Fig.1.8.(b). In this arrangement, the center of mass is
unable to realize a large displacement when the mechanical properties of two
flexures are identical. This arrangement could implement to X- and
Y-piezoelectric actuators. In order to adapt to Z-piezoelectric actuator, the
resonance frequency of the flexure should be so high that it requires a high spring

constant of the flexure and thereby the amount of scanner displacement drops.
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a) b) 1 o 1 d)

!

Fig. 1.8: Configurations of holding the piezoelectric actuators in order to damp unwanted
vibrations. The piezoelectric actuators are shown in green, where the holders
are presented in gray. (d) includes the top (top) and side (bottom) views of the

configuration.

Another configuration is based on to held the piezoelectric actuator only at the
rims of the plane perpendicular direction to the displacement (Fig.1.8.(c)). Thereby,

two scanners can be displaced freely but the center of mass is almost motionless.

The last arrangement is presented in Fig.1.8.(d) where the piezoelectric actuator
is fixed into a circular hole of the flexure. The piezoelectric actuator is held from the
side rims parallel to the displacement directions therefore it can attain almost the
maximum displacement. Ando et al. are used this configuration for the Z-scanner

of HS-AFM.

The commercial AFM systems generally govern a tube scanner in which the
resonance frequency is low for each X-, Y- and Z- directions. HS-AFM consist of
decoupled X-, Y- and Z-piezoelectric scanners to attain high resonance frequencies.
The design of scanner involves a compact asymmetric structure and materials with
high Young’s modulus to density ratio. However, in such design an interference
between axes occurs and this can be avoided by including the flexures [28, 29]. The

design of the HS-AFM scanner is presented in Fig.1.9.
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Fig. 1.9: Scanner assembly [23]. (a) Cutaway view and (b) rear view.

The HS-AFM scanner contains four piezoelectric actuators (X, Y, Z and Z’) and
two bases (Base-1 and Base-2). Base-1 supports the X-scanner while Base-2 holds
the Z-scanner. Due to this geometry, the Y-scanner displace the X-scanner and
the X-scanner displaces the Z-scanner. The gap between the scanners are filled by
an elastomer to damp the unwanted vibrations. The sample stage is placed onto
Z-scanner. To avoid the hydrodynamic effects, a glass rod with 1 mm diameter is
used. It has been shown that a large sample stage induces a vibration onto the

cantilever (~ 20 kHz) due to the hydrodynamic forces [24].

In our laboratory, we own three HS-AFM scanners with different scan ranges.

Tab. 1.4: List of HS-AFM scanners.

Scanner X-Y scan range Z scan range
Small 0.8 pm 0.2 pm
Wide 4.6 pm 2.5 pm

Ultra-Wide 35 pum 3 pm
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1.1.6 Dynamic proportional — integral — differential

controller and drift compensator

The high-speed scanning requires the minimal amount of force applied by the
cantilever tip onto the sample surface. In order to obtain this soft contact
condition, the amplitude setpoint, Ag, should be very close to the free oscillation
peak-to-peak amplitude, 2A43. But in such condition, the cantilever tip has
tendency to be detached from the surface. When it detaches, the cantilever tip is
not enable to contact with the surface quickly. The main reason is the feedback
operation is saturated due to poor error signal. In order to achieve the high-speed
scanning and overcome these mentioned problems, Ando et al. have developed the
dynamic PID (proportional-integral-differential) controller and the drift
compensator [26, 27]. The dynamic PID controller prevents the feedback
saturation while the drift compensator stabilizes the free oscillation amplitude of

cantilever.

The conventional PID controllers able to compensate the time delay related to
the parachuting via the gain parameters. However, the system still be remained
unstable, especially for highly rough samples. Thus, Ando et al. used the peak-to-
peak oscillation amplitude of the cantilever, A,_,, instead of Ag to regulate the PID
gain parameters. To do that, a circuit (dynamic operator) was inserted between
the error signal output and the input of a conventional PID circuit. The dynamic
operator has three horizontal branches including the upper and lower limit of the
error signal while the true error signal passes through the middle branch. When
the peak-to-peak oscillation amplitude is too high or low, the error signal is poor
for conventional PID system and that slow down the response time of the feedback
operation. The dynamic operator produces a false error signal when the peak-to-
peak oscillation amplitude is too high or low. The false error signal is amplified and
added to the true error signal (middle branch). Consequently, the increase of the
final error signal provides a quicker feedback response and accordingly the systems

turns back to the normal mode.
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1.1.7 Fourier analyzer

b)

Fig. 1.10: (a) Oscilloscope. The peak-to-peak oscillation amplitude of the cantilever, A,_,,

is presented on the oscilloscope. (b) Fourier analyzer.

Fourier analyzer accomplishes several important tasks including excitation of the
cantilever and the signal processing. Fourier analyzer provides to measure the
resonance frequency of cantilever and to apply a stable excitation during the
imaging process. The peak-to-peak oscillation amplitude and the phase variation
of the cantilever can be measured via an oscilloscope, as shown in Fig.1.10.(a).
The stabilization of the cantilever excitation is based on the amplitude of second
harmonics of the cantilever oscillation which is memorized as an initial set point
for each cycle of the excitation. Fourier analyzer is able to detect in real-time the
amplitude and phase signal, and perform the signal processing for each cycle.
Fourier analyzer can supply a frequency generation 10 to 1500 kHz which is

accordant with the miniaturized cantilevers.
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1.1.8 HS-AFM probes

The cantilevers play an important role for achieving high scan rates since they
influence the amplitude detection time and the cantilever’s response time [27, 24, 30].
To attain to the highest resonance frequency decreases the feedback delays. Thus,
high speed imaging requires miniaturized cantilevers that can offer a high resonance
frequency with a low spring constant. Decreasing the spring constant also enables
to reduce the tapping force. The resonance frequency, f., of a rectangular cantilever

with thickness d, width w, length L. and the spring constant k. is given by

d | Et

Where Ef and p are Young’s modulus and the density of the cantilever material,

respectively. Young’s modulus, Ef, is expressed as

4.3

Bt =k, 22
w - d3

(1.20)

If we place the Ef value in Eq.1.19, we obtain following equation:

d ke L3
=056 [ttt 1.21
J L2 \3-w-d3-p (1.21)

Equation 1.21 indicates that for a given k., the dimensions and the mass of
cantilever must be decreased in order to attain a higher resonance frequency value.
Besides, the small cantilevers have a lower thermal noise. The total thermal noise

of cantilever is given by

k- T
ke

(1.22)

Where kp is Boltzmann’s constant and T is the temperature in Kelvin. This
equation demonstrates that thermal noise decreases when the resonance frequency
arises.

Figure 1.11 presents schematic presentation of a commercial HS-AFM probe
(Olympus BL-AC10DS-A2). The ultra-small cantilever is sized in 9 x 2 pm, made

from silicon nitride and coated with ~ 20 nm of gold.
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a) HS-AFM Probe b) Cantilever
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Fig. 1.11: Schematic presentation of HS-AFM (a) probe and (b) cantilever (Olympus BL-
AC10DS-A2). L= length, w=width and d=thickness of cantilever.

This miniaturized cantilevers shows a high resonance frequency around 1.5 MHz in
air and approximately 560 kHz in liquid while its spring constant is small and
remains around 0.1 N/m. The resonance frequency of the cantilever in liquids is
10 times higher than conventional AFM cantilever, so that contributes to achieve
scan rate of 10 frame per second or faster for 400 x 400 pixels. This HS-AFM
probes are available with a carbon nanofiber (CNF) probe (Olympus
BL-AC10FS-A2, tip radius 10 nm) for high resolution imaging and without CNF
probe (Olympus BL-AC10DS-A2). This last reference has been preferably used for
this project. We have used this basic cantilever without probe for modifying, e.g.
depositing electron beam deposition (EBD) tip. An EBD tip with ~10 nm radius
and 1.5 — 4 pum length is grown at the corner of triangular protrusion at the end of
bird-beak-like cantilever. However, the length of commercial carbon nanofiber tip
(< 0.1 um) is not very convenient high dynamics. The design of tip is a crucial
issue to avoid the hydrodynamic effects. Shorter tips cause a closer contact

between the cantilever and sample during the imaging process.
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Thereby, a higher pressure is applied by the cantilever on to the confined liquid
medium between the cantilever and sample, accordingly to the sample, that
results an oscillation damping. Ando et al. have shown that the oscillation
amplitude is maintained constant during the contact process of the tip when the
needle-shaped cantilever tips with 1 pm length have been used [31, 32]. Thus, we
have purchased cantilevers without fiber tip and we have grown a tip by

electron-beam-deposition on the extremity of cantilever.

1.1.8.1 Electron-Beam-Deposited tip fabrication

The achieving of high resolution AFM image is crucial for surface analyses. The
specific structures in nanometer scale or highly rough substrates require a high image
quality in order to observe their detailed topography. A sharp AFM tip can improve
the resolution of an AFM image since the lateral resolution depends on apex radius
(r) of the tip. Therefore single-walled carbon nanotube [33] and electron-beam-
deposited (EBD) tips [34, 35] have been appended to the extremity of cantilevers.
Also, a bent optical fiber is used instead of commercial AFM cantilevers [36].

Electron-beam-deposited tips provide some advantages over commercial and
other type of integrated tips. The conductivity and the hydrophobic properties of
the tip can be controlled by the choice of contaminant source. The shape and the
length of the tip are tunable. Besides, it is possible to modify the shape of the tip
by etching with reactive plasma. Consequently, these tips have a high aspect ratio,
low thermal mass and high elastic modulus [28].

Prior to HS-AFM analyses, we have periodically fabricated EBD tips on
commercial ultra-short cantilevers (Olympus BL-AC10DS-A2).

The EBD tip fabrications were carried out with a scanning electron microscopy
(SEM, JEOL 6500). An electron beam focused onto conductive area, where EBD
tip is desired, using the spot mode of SEM. The carbon growth is performed due
to the presence of organic molecules in the vacuum chamber. Our procedure
consists the injection of phenol gas to inside of the vacuum chamber using a small
container. The cantilevers, 7 for each batch, are placed onto the container for

EBD tip manufacturing.
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The EBD tip fabrication procedure is applied to each cantilever one by one.

Figure 1.12 presents SEM images of HS-AFM cantilever with an EBD tip.

L=1,235 pm

\
F+y d=96,3 nm

SEl 200V X19000 1um WD 15.8mm SEI 200KV X50,000 100nm WD 15.8mm

Fig. 1.12: SEM image of EBD tip on ultra-short cantilever (Olympus BL-AC10DS-A2). (a)
Side view of cantilever and EBD tip. (b) Focus on EBD tip.

We have controlled the dimensions of electron-beam-deposited tip by varying
the electron beam parameters. The length of EBD tip is adjusted by the exposure
time of the electron spot. Magnification factor influences the diameter of grown
tip. In order to achieve well-shaped sharp tips, it is necessary to have a well-aligned
electron beam. A fine electron beam is focused directly down to the extremity of
the cantilever at electron energy of 20 kV. The EBD tips are fabricated with full

cone angle of 6°, length of 1.5 — 3.5 pm and diameter of apex down to ~20 nm.

Tab. 1.5: EBD tip fabrication procedure performed on HS-AFM probes (Olympus BL-
AC10DS-A2) by SEM (JEOL 6500) using phenol gas.

Magnification factor Time (second) Repetition
50.000 90 2

150.000 90 2

250.000 60 lor2
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To fabricate an electron-beam-deposited tips, firstly the electron spot is exposed
onto cantilever at low magnification factor during 90 seconds. After performing
carbon growth on the cantilever, we returned to the imaging mode of SEM and
refocused on the tip at higher magnification. The electron beam re-positioned onto
extremity of the growth tip and the growth process activated in the spot mode. This
procedure is repeated from lower to higher magnification factor until we obtain an
EBD tip with desired length. Furthermore, this protocol is applied to used tips to
regenerate them. In this case, the exposition parameters are adapted to current tip
in order to procure efficient results. A typical procedure of EBD tip fabrication is

resumed in Table 1.5.

1.1.9 Optical beam deflection detector

Cantilever
Polarizing wavelength lens
Laser beam plate
diode splitter
Dichroic
mirror
Collimator
lens Imaging é Monitor
lens
Photo detector Prism Video
camera

Fig. 1.13: Schematic drawing of HS-AFM optical detection system.
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The optical detection system of high-speed atomic force microscopy (HS-AFM)
is inverted in comparison with a commercial AFM microscope. More precisely, the
sample is on the top of the cantilever. HS-AFM has a specialized optical detection
system in order to detect the reflected laser light from miniaturized cantilever [23].
Figure 1.13 visualizes the optical detection system of HS-AFM.

A laser beam (A = 670 nm) is focused on the cantilever via a collimator lens
and an objective lens. The objective lens (Nikon, CFI S Plan Fluor ELWD 40 x,
W.D. 8 mm, N.A. 0.45) is also used for collecting back of the reflected light from
the cantilever. The polarizing beam splitter and quarter wavelength plate separate
the incident and the reflected light. The reflected light is directed towards the
photo detector (4-segmented Si PIN photodiode, 3 pF, 40 MHz) that associated to
a custom-made fast amplifier/signal conditioner (~ 20 MHz).

The high—speed atomic force microscopy probe is illuminated by a halogen lamp
to visualize the cantilever and the laser spot which helps to position the laser spot
on the edge of the cantilever. The halogen light is collected by the objective lens
and passed through the dichroic mirror before to reach video camera.

Recenlty, a commercial high—speed atomic force microscopy became available on
the market. Bruker Corporation developed Dimension FastScan AFM microscope
and appropriate AFM probes. We have performed analysis on this microscope in
order to compare and experiment the differences between comercial and prototype

high—speed AFM microscopes.
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1.1.10 Dimension FastScan microscope

Fig. 1.14: Presentation of FastScan AFM microscope.

Dimension FastScan is a commercial high-speed atomic force microscopy developed
by Bruker. This microscope has been developed with the support of Ando’s group
inside HS-AFM consortium.

The standard version of microscope enables to acquire an AFM image with
maximum lateral range of 35 x 35 pm? until 3 pum heights. Involving the
closed-loop system decreases the vertical noise below 40 pm. Dimension FastScan
offers to zoom and analyze any area on the pre-scanned image without drifting.
The analyzing software, Nanoscope, provides to tracking the entities on the
surface.  Conversely with HS-AFM, each step of the calibration process is
automatized keeping the manual operating as an option. The scan rate may be
attained almost ten times faster than conventional AFM (example: Multimode 8,
Bruker). This microscope provides to gain time with the absence of a specific

sample preparation, easiness of operating and relatively fast scan rates.
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1.2 Surface Enhanced Raman Spectroscopy

In this section, we will introduce the relevant optical characterization techniques
to our work. We have used surface enhanced Raman spectroscopy (SERS) that
identifies the chemical properties of samples, therefore it is a complementary
technique to AFM. The Raman signal enhancement involves metallic rough
surfaces and the signal exaltation due to light - metal interaction is described by
Localized surface plasmon resonance (LSPR). LSPR is a specific case of surface
plasmon resonance (SPR), thus we presented here all SPR conditions briefly
followed by the principle of Raman spectroscopy and surface enhanced Raman

scattering.

1.2.1 Surface Plasmons and Localized Surface Plasmon

Resonance

Surface plasmons are electro-magnetic waves that propagate in metallic interfaces
when the free electrons of a metallic surface are in resonance with the incident
photons. This electromagnetic excitation on the surface of metal is termed as
surface plasmon polariton (SPP). Surface plasmons (or more precisely surface
plasmon polaritons, SPPs) help to concentrate light on specific areas of a
substrate by allowing to manipulate the light-matter interactions. Thus, surface
plasmons have many potential in applications in optics, microscopy, sensors for
molecule detection, opto-electronic circuit components and surface enhanced

Raman scattering.
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Fig. 1.15: (a) Dispersion curve of surface plasmon polaritons on a metal surface. (b) and
(¢) Kretschmann and Otto configurations, respectively. (d) Diffraction grating

and (e) rough metal surface geometries.

A simple light illumination on the smooth metal surfaces is not enough to obtain
surface plasmon polaritons (SPPs) since the wavevector of metal is greater than the
incident photon wavevector (kg, > k). Figure 1.15.(a) presents dispersion of surface
plasmon modes on a metal surface. The surface plasmon modes are always under
the light line without presenting any intersection. The excitation of SPP occurs
only in one condition where the incident photon and the surface plasmon modes are

coupled, kg, = k. kg, and k are given by Eq.1.23 and Eq.1.24, respectively.

B 2.7 g1 52((4))
hsp(w) = — =/ p——ry (1.23)

_w  [erew)
k= c €1+ 62((,0) (1'24)

Where A is the wavelength of incident light, €1 and ey are the relative dielectric
function of two materials, w is the frequency of wave and c is the speed of light.
The equilibrium between kg, and k can be provided by using a prism or rough
metal surfaces. A metal film can be illuminated through the dielectric prism at
the angle of incidence greater than the angle of total internal reflection. The

Kretshmann configuration is presented in Fig.1.15.(b).
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The use of prism provides to increase the wavevector of photon in optically dense
medium. Hereby, the resonant light tunnels through the metal resulting a coupling
between the light and surface polaritons for certain angle of incidence. The
Kretshmann configuration has a very good efficiency that can attain to almost 100
% for thin films but it is not favorable for thick films since the increasing film
thickness also increases the tunneling distance, consequently the efficiency of SPP
excitation drops. For thick films, SPP can be excited in Otto configuration
(Fig.1.15.(c)) where the prism is placed above the thick film with a distance. So
photon tunneling occurs through the air gap between the prism and metal
substrate. Another approach is a diffraction grating on the smooth surface that
can also lead coupling between incidence photon and SPP, —presented in
Fig.1.15.(d). Using a rough metal surface is enough itself to excite SPP with
conventionally light illuminating (Fig.1.15.(d)). When a smooth surface is exposed
to light, a portion of incident light adsorbed on the surface and their energy is
transformed to heating. But the rough metal surfaces diffract the incident light at
different angles resulting a variation in the wavevector of photon. This variation is
represented by AFK,oughness in Eq.1.25. Thus, the coupling is provided on both
air-metal and glass-metal interfaces. In this configuration, we observe localized

surface plasmons.

2.
k= ksp(w) +ta- J = ksp(w) + Akroughness (1'25)

«

Where a is an integer, « is the periodicity of the roughness and Ak,oyghness is the
total variation of wavevector due to the roughness. + denotes the direction of SPs
propagation.

As a result of the surface charge and electromagnetic wave interaction, surface
plasmons can propagate along the surface and the SPP electromagnetic field
decays exponentially from the surface. The length of propagation depends the
type of metal and the wavelength of incident light. The perpendicular SPP field is
in order of half of wavelength for the metal-air interface but in the metal-glass

interface is limited by skin effect [37].
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Localized surface plasmons is a particular condition of surface plasmons in which
the propagation process is more complicated. In contrast to surface plasmons, the
propagation is occurs in short range, order of tens of nanometer. A configuration like
in Fig.1.15.(e), a surface covered by metallic particles, can produce localized surface
plasmons (LSPs). LSPs excitation depends on geometric features of surface as size
of particles and interparticle distance, and also the dielectric constant of metal.
Localized surface plasmon goes in resonance in a specific frequency characterized
by previous parameters. Localized surface plasmon resonance plays a significant role
on the behavior of surface plasmon polariton (SPP) if both LSP and SPP frequency
are close each other. Finally, a significant electromagnetic enhancement occurs
at metallic particles due to localized surface plasmon excitation. Thus, localized
surface plasmon is indispensable to surface enhanced Raman scattering since it has

a remarkable electromagnetic exaltation in small volume.

1.2.2 Raman spectroscopy

Chandrasekhara Venkata Raman was the first person who interested in the inelastic

light scattering that is the fundamental principle of Raman Spectroscopy [38].
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Fig. 1.16: Jablonski energy diagram for Rayleigh and Raman scatterings.
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When a beam of light comes through a molecule, it absorbs the energy of
incident light. If there is not enough energy to move the electrons of molecule to
the excited energy state, the electrons will move to another energy level which
called virtual energy state. Since the electrons are not stable at this state, they
tend to turn back to their initial state. Mostly, the electrons turn to their initial
state with elastic photon scattering as known Rayleigh scattering, in which
scattered and incident photon have the same energy. Apart from that, there will
be also inelastic photon scattering which occurs approximately 1 in every billion
photons. In this case, electrons liberate photons to turn their initial state but not
to the same vibrational level, it is called as Raman scattering. If the electrons
move a higher vibrational level than their initial vibrational level, it will be Stokes
Raman scattering and the opposite case it will be Anti-Stokes Raman Scattering.
As a result of that, a difference of frequency comes out and it is called Raman
Shift (cm™). Raman scattering is not depend on the frequency of incident
photons. Raman spectroscopy is a very powerful technique; it can be used for
determination of chemical component, the type of chemical bonds and the crystal
structure of analyte with very nice spatial resolution.

Figure 1.16 represents quantum illustration for Rayleigh and Raman scattering.
But, these scatterings can be also explained by classical physics.

Since light is an electromagnetic wave, its electric field can be given by

E = E'.>0 - cos(2mupt) (1.26)

where vg is frequency of the radiation and t is time. When light interacts with a

target molecule, it induces an electric dipole moment that can be expressed by

L=a- ﬁ =a- ﬁo - cos(2mupt) (1.27)

where « is molecular polarizability tensor which depends on the conformation of
molecule. Besides, it involves the variations originated from the vibration of target

molecule.

a=ao(Q) (1.28)
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Where Q is the vibration amplitude which corresponds the displacement between
the actual position of the molecule and the equilibrium position for a harmonic
oscillation. If we consider that the molecules vibrate with a frequency 14, Q can be

expressed by

Q = Qo cos(2muyt) (1.29)

On the other hand, Taylor series can be helpful to express polarizability tensor.

a_a0+[ 21.Q+. (1.30)

oQ

Where o is the polarizability at equilibrium and produces elastic scattering.
da

Besides, @ corresponds to variation of polarizability with respect to Q at this

point. This term is the origin of elastic scattering. If we can use Eq.1.30 to

develop induced electric dipole (Eq.1.27), the equation becomes

o

oQ

Finally, the induced electric dipole moment can given by

ﬁ:a-ﬁo'cos(%wgt) +[==] Qo Eo cos(2myt) - cos(2mpt) (1.31)

. aa] Qo - Eo cos[27( ofyt).t]+1 [aa

5" [BQ B 8Q] Qo - EOCOS[27|’(Z/O+Vt).]

H
7= a-Eg-cos(2muot) +
—_—

Rayleigh Scattering Stokes Seattering

(1.32)

The final equation consist of three terms. The first term corresponds Rayleigh
scattering whose emitting frequency equals to the frequency of incident light, vyg.
The second and third terms are originated from inelastic scattering and represents

Stokes and Anti-Stokes scattering, respectively.
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1.2.3 Surface Enhanced Raman Scattering

Raman spectroscopy captured many attentions owing to its abilities in quantitative
and qualitative analyses of variety samples such as polymers, chemical compounds,
biologic tissues. The invention of laser in 1960 was followed by the development of
optical components as CCD (Charge Coupled Detector) and the specialized filters
(1980). These advancements influenced positively to Raman spectroscopy and it
became popular in ’90s. Raman spectroscopy investigations are performed widely
for medical and material researches since it is very useful for analyzing samples
at all state of matter in small quantity without any special preparation. But this
technique is hampered by its low cross-section which causes the low signal intensity
and limitations on the detection sensitivity. In 1974, Feischmann et al, used an
electrochemically roughed silver electrode to analyze pyridine in order to investigate
the role of electrode on the Raman signal intensity [39]. They obtained good signal
quality at vibrational bands of pyride. This was the first step at the discovery of
surface-enhanced Raman spectroscopy (SERS). Three years later, two independent
groups concluded that the utilization of the rough silver electrode produces million
times stronger signals than the case in which the electrode is absent [40, 41]. The
most important disadvantage of Raman spectroscopy, low detection sensitivity, was

removed using rough metal surfaces.

1.2.4 Advantages and general features of SERS

Surface-enhanced Raman spectroscopy (SERS) is very powerful analytical tool
which has many advantages over other characterization techniques.
Surface-enhanced Raman spectra can be obtained for variety of samples
adsorbed on or near the metallic substrates including solid/liquid, solid/gas and
solid/solid interfaces. ~The maximum signal enhancement occurs at the first
adsorbed layer onto metallic substrate since the enhancement effect is
short-ranged. But also it is possible to have signal exaltation for molecules at the
upper adsorbed layer which depends on the morphology of metallic surface and

physical environments.
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SERS signal intensity depends highly on the morphology and the optical
properties of metallic substrate.  Gold, silver and copper substrates with
submicroscopic structures on the surface result very good enhancement. The
atomic scale roughness such as nanoparticles, nanorods, nanowires, adatoms,
clusters and atomic steps perform further exaltation.

SERS active surfaces provide to depolarize the Raman bands of target
molecule, normally inactivate vibrational modes can be observed in SERS spectra.
The selection rules for Raman scattering are not completely valid, they relaxed
and that results the appearance of normally forbidden Raman modes in the SERS
spectra. Thereby, SERS spectrum contains more Raman bands than classic

Raman spectrum.

1.2.5 Enhancement of Raman scattering

Raman scattering is enhanced when the molecules of analyte are in the vicinity of
a rough metallic surface. The molecules adsorbed on metal surface result a large
scattering cross-section depending on the chemical nature of analyte, its molecular
density, the morphology and the type of metallic surface and also the distance

between surface and analyte molecules [42].
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Fig. 1.17: Schematic representation of electromagnetic enhancement mechanism in SERS.
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Figure 1.17 represents electromagnetic enhancement mechanism in SERS. The
excitation laser beam is an electromagnetic field according to electromagnetic model,
E;, which excites the surface plasmons and induces oscillating dipoles (see Eq.1.27).
The scattering occurs only if the plasmons propagates perpendicular to surface. The
induced dipoles result a local electromagnetic field on metallic particles. When the
incident field reaches to metallic particles, it is magnified by local electromagnetic
field, E; + Es. This magnified field excites the molecules of analyte resulting Raman
scattering E'r. The Raman field can also polarizes the metal particle. In fact, the
nanoparticles act as an antenna and magnify the scattered Raman field, Er + ER s.
Consequently, scattered Raman signal is enhanced via localized plasmons and the
polarization of metallic particles by scattered Raman field. The localized plasmons

plays an important role in this enhancement process.

To addition the electromagnetic enhancement mechanism described above,
there is a chemical effect which contributes to the SERS enhancement. The
chemical interactions between the metallic surface and analyte molecules originate
the chemical effect [43]. A charge transfer or a bond formation strengthen the
molecular polarizability which originates the chemical contribution to signal
exaltation. The chemical contribution to exaltation is found less than
electromagnetic contribution [44, 45]. The contribution of chemical and
electromagnetic effects are decoupled [46] as seen from the integrated photon flux

at SERS experiment.

7 N
GSERS — L R ZMZEM - MEh (1.33)

h-w i=1

It and (h - wy) represent irradiance and energy of incident photon, respectively.
ol is the temperature and wavelength dependent Raman cross-section. MM and
MZC h are electromagnetic and chemical parts of enhancement factors, respectively.

The calculation consist sum of N molecule for both electromagnetic and chemical

enhancement parts.
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1.2.6 SERS experiment setup

The localized surface plasmon resonance (LSPR) and surface-enhanced Raman
scattering (SERS) measurements were carried out on a home-built microscope. An
inverted confocal microscope (Nikon Eclipse Ti-U) was associated with a
spectrograph (Shamrock 303, Andor Technology) and a CCD camera (Newton
920, 1024 x 256 pixels, 26 pm, BR-DD, 3 MHz Andor Technology) to procure
both absorbance and SERS spectra.

%% % SERS probe
Metallic substrate

Photomultiplier

Objective
Collimator
lens
Laser 50%
Dichroic mirror
50% Raman filter
30%
Spectrograph irror
CCD
70%
Photo detector

Fig. 1.18: Schematic drawing of SERS setup.

The schematic presentation of our setup is shown in Fig.1.18. Our goal was to
detect the adsorption of analyte on nanoparticles (NPs) by absorbance
measurements then acquire its chemical signature by SERS anlysis. To achieve
this goal, it is necessary to change the light source. The absorbance spectra are
recorded under the excitation of a halogen lamp. SERS spectra are obtained via a
laser excitation at 785 nm (Micro Laser Systems Inc., France). In both
measurements, the light is collected by x 60 objective (Plan Apo VC, N.A :1.2,
Nikon).
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We post-process all SERS data with a Matlab script to subtract the
fluorescent baseline of each spectrum. The parameters for baseline subtraction are
chosen after processing all spectra of each sample in order to take into account for
baseline variations. The peak positions are estimated from each SERS spectrum

for statistical analyses.

1.3 Conclusion

We have presented in detail the principle of atomic force microscopy and surface

enhanced Raman spectroscopy in this chapter.

Atomic force microscopy offers topography of sample with an atomic resolution
in air or liquid medium. We discussed three operation modes (contact, oscillating
contact and Peak force) involving their physical phenomena. We presented
conventional AFM, HS-AFM and Dimension FastScan microscopes and their
working mechanisms. Conventional AFMs have wide range of varieties in the
market. However, in this work we used only Bioscope, Multimode 8 and
Dimension 3100 (Bruker). Depending of the size and resolution of image, these

microscopes provide to obtain an AFM image in 3 to 10 minutes.

Dimension FastScan microscope was tested by our team during six months. This
commercial high-speed atomic force microscopy provides an user-friendly interface
to operate microscope with easiness. Microscope Image Registration and Overlay
(MIRO) software integrates the AFM images to optical microscopy or any imported
images which enable to navigate easily on the sample and collect data on the desired
location. This microscope reaches approximatively 10 times faster image acquisition
time compared with conventional atomic force microscopes. However, it still remains
behind from HS-AFM by considering its scan rates.

If we overview Ando’s HS-AFM setup, it is a very sophisticated design which
offers to observe real-time dynamics with very short acquisition times (tens of images
per seconds). On the other hand, HS-AFM is not a "ready-made" type of microscope,
the imaging process involves elaborative preliminary steps such as preparations of

the sample stages and fabrication of EBD tips.
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More essentially, the operation process of HS-AFM requires an expertise since it
is fully manual. However, when all preliminary steps are settled, it provides to
achieve the real-time dynamics with very high resolutions. Furthermore, HS-AFM
has a flexible design which is convenient for modifications. We will discuss at 4th
chapter the coupling of HS-AFM with surface enhanced Raman spectroscopy.

We also introduced the basics of surface enhanced Raman spectroscopy
(SERS) in this chapter. Firstly, we have presented the physical phenomena lie on
the Raman signal exaltation which is localized plasmon resonance (LSPR). LSPR
is a specific case of surface plasmon resonance (SPR) therefore all conditions of
SPR are briefly mentioned. The difference between Raman spectroscopy and
SERS has been pointed out as well as the advantages of SERS over Raman
spectroscopy.

In this work, we have used SERS and AFM to investigate the protein-surface
and the cell membrane — virus interactions. The next chapter is dedicated to explain
the fabrication procedure and the properties of the used nanoparticle substrates for

SERS analyses.



PrLASMONIC ACTIVE

NANOPARTICLE SUBSTRATES

Raman spectroscopy is a label-free technique for detection and structural analysis
of molecular materials.  Unfortunately, Raman signals are inherently weak,
therefore very few scattered photons are available for the detection. Surface
enhanced Raman spectroscopy (SERS) is a useful method in which the weak
Raman signals are amplified due to an increment of the Raman cross-section of
the analyte. Use of a rough metallic substrate results the local amplification of the
electromagnetic field at the proximity of metal nanostructures by the excitation of
localized surface plasmon resonances. The crystallinity, shape and separation
distance of nanostructures are crucial to support SERS measurements. We will
present briefly the most common fabrication procedures of SERS substrates.
Afterwards, we will focus our fabrication procedure and the reference samples used

to validate the performance of nanocrystalline substrates.
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2.1 General features of nanoparticle

substrates

A key parameter to take into account in surface enhanced Raman spectroscopy
(SERS) experiments is the choice of enhancing substrate. SERS substrates can be
roughly classified into three main classes:

e Metallic electrodes : Their importance has decreased substantially due to
development of substrates with higher amplification power.

e Metal nanoparticles in solution : Colloids remain their importance for the
plasmonic sensing applications. In colloidal solutions, the nanoparticles are
suspended in a liquid media which aid to drive target molecules to the plasmonic
surfaces. However, the analyte could be insoluble or incompatible with the liquid
media that pose a problem for easy and general applications of colloidal solutions.
e Nanostructured substrates : These substrates may be obtained by two
main methods: (a) deposition of metal nanoparticles (NPs) from colloidal
solutions by drying or evaporation of solvent onto appropriate substrates, or (b)
fabrication of nanostructured metal surfaces, taking advantage of micro and

nano-fabrication techniques.

Metal nanoparticles (NPs) have promising applications in materials science,
communications, biochemistry and medicine due to their optical and topographic
features. Gold, silver and copper are widely used in nanoparticle fabrications since
their conduction-band electrons can resonate with incident photons.  This
phenomena is known as localized surface plasmon resonance (LSPR). Localized
surface plasmons result the exaltation of the local electromagnetic field that
provides to increase the signal strengths and resolution in the field-enhanced
spectroscopies such as surface enhanced Raman spectroscopy (SERS) and
fluorescence enhanced spectroscopy [47]. In addition, metal NPs provide to control
and manipulate of optical signals in nanoscale. Functionalized NPs with specific

ligands can be used in the detection of biomolecules.
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2.1.1 Synthesis of nanoparticles

2.1.1.1 Bottom — up methods

The main limiting obstacle of Surface Enhanced Raman Spectroscopy (SERS) as
an regular laboratory technique is the lack of suitable substrates. Despite the high
number of publications and patents where the new active materials are proposed,
the commercial substrates are still scarce, often expensive and quite unstable (e.g.
requiring a storage in controlled atmosphere and careful handling to maintain their
enhancement properties).

The colloidal solutions and the self-assembly techniques constitute the bottom-
up methods. The gold colloid solutions have been used from 16th century basically
for coloring glass and porcelains. The Lycurgus Cup is a well-known example, made
from a glass contains small portion of gold and silver colloidal nanoparticles that
generates a dichroic effect. The color of colloid solutions depends on the size of
constituting nanoparticles. This principle has been investigated for the first time
by Michael Faraday in 1850. In the mid-twentieth century, the discovery of the
scanning electron microscopy aid to determine the morphology of nanoparticles in
colloidal solutions.

Using the colloidal solutions results large quantity of nanoparticles on the
substrate, herewith it enables to cover large substrates. Although, to control the
dispersion of nanoparticles over the substrate and achieve a high reproducibility is
a challenge. The uniformly sized nanoparticles can be obtained by reduction of
gold chloride solution with sodium citrate. An important issue to consider is the
concentration of reagents that can influence the average size of nanoparticles and
monodispersity. Besides, the variation in the temperature, ionic strength, pH level
may cause an aggregation of nanoparticles [48]. Colloidal solutions provide a
perfect control on the crystallinity of particles. The nanoparticles can be
established in various shapes such as spherical, bipyramidal, square and nanorods

49, 50].
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However, there are some approaches to combine top-down and bottom-up
methods. For example, the colloidal nanoparticles can be deposited on a substrate
after electron-beam lithography (EBL) patterning and surface functionalization
[51]. EBL patterning defines the area of nanoparticles, herewith the number of
particles in a specific zone. Besides, “Raspberry-Like” gold nanoparticle substrates
have been used in our group [52].

Another approach is nanosphere lithography (NSL). The fabrication steps of
NSL are presented in Fig.2.1. Firstly, the surface of substrate is coated with
polymer spheres and allowed to self-assemble. A metal layer with desired thickness
is deposited on the nanospheres. Using the solvents removes the polymer spheres,
consequently a metal hexagonally close-packed array remains on the substrate
[53, 54].

a) Deposition of b) Dry nanosphere  ¢) Deposition of d) Lift off
polymer spheres mask metal layer
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Fig. 2.1: The fabrication steps of nanosphere lithography. (a) Deposition of electron-beam
resist, (b) exposition to electron beam and development, (c) deposition of a metal

layer and (d) lift off.

Film-over-nanosphere (FON) is metallic substrate fabrication procedure which
is commonly used for SERS and LSPR experiments [55]. The fabrication procedure,
that is very similar to NSL, involves coating the substrate with the nanospheres and
deposition of a metal layer. Fig.2.1.(a)—(c) demonstrates the fabrication steps of

FON substrates.
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2.1.1.2 Top — down methods

The top-down fabrication methods include microfabrication procedures performed
under vacuum. Electron-beam-lithography (EBL) is the most commonly used
nanoparticle fabrication technique among the top-down methods. This technique
provides patterning on a defined area of the surface with various shapes of
nanostructures. For example, the nanocylinders [56], nanowires [57], square [58]
and triangular [59] shaped nanostructures have been established. Some

nanostructures fabricated by EBL in our laboratory are presented in Fig.2.2.

ICB - UB SEl 200KV X75000 100nm WD 259mm ICB - UB SEl 200KV X8500  imm  WD259mm

ICB - UB. Sl X650 m ICB - UB SEl 200KV X10000 Tam  WD259mm

Fig. 2.2: Nanostructures fabricated by EBL at ICB laboratory.

In the last decade, it has become possible to design and built an increasing
number of nanoscaled metallic structures, ranging from nanodots to three
dimensional scaffolds, with potential applications as SERS analyses. Particularly,
the shape, size and spatial distribution of the nanostructures are well controlled by
lithographic or direct writing techniques.  Therefore, these techniques are
commonly used even though the expense of production process that is high due to
the cost of machines, materials, masks and time of fabrication. Their low

throughput of conventional techniques is strongly limiting their diffusion.
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a) Deposition of b) Scanning by ¢) Deposition of d) Lift off
electron-beam resist electron-beam, metal
(PMMA) development

Fig. 2.3: The fabrication steps of electron-beam lithography for manufacturing
nanostructures.  (a) Deposition of electron-beam resist, (b) exposition to

electron beam and development, (c) deposition of a metal layer and (d) lift off.

The fabrication of nanostructures by electron-beam lithography consists of
several steps as shown in Fig.2.3. First, an electron-beam resists is deposited on
the substrate. The surface of resist is scanned by a focused electron beam in order
to obtain desired form of nanostructures. This followed by development that
removes the exposed portion of resist. A metal layer is deposited on the substrate
and applied to lift off process. A solvent dissolves the remaining resist resulting
the presence of only patterned structures on the substrate.

Electron-beam lithography enables to fabricate metal dimers and to control the
gap distance [60]. However, it is highly challenging to achieve small structures (¢ <
20 nm) and short interparticle spacing (~ 10 nm). The nanostructures fabricated
by electron-beam lithography are flat and don’t posses any sharp edges. It is know
that the features with short interparticle spacing and sharp corners enhance the
plasmon coupling effect [61, 62]. Thus, that can be considered a disadvantage for
plasmonic sensing applications.

Another approach belongs to top-down methods is evaporation based
depositions. The sputtering, electron gun and thermal evaporation can be listed
under this category. The thermal evaporation is used widely to deposit a metal
layer after electron-beam lithography process (e.g., Fig.2.3.(c)) and also for
achieving a nanoparticle substrate.The thermal annealing technique is a time
saving method, especially compared with electron-beam lithography or other
sophisticated methods. Besides, thermal annealing technique can address to

2

surfaces of a few cm? range although that is limited to hundreds of pum? for

electron-beam lithography.
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Table 2.1. summarizes nanoparticle fabrication methods and their advantages.

Tab. 2.1: Nanoparticle fabrications methods.

Methods Advantages Disadvantages

Variety of shape Limitation interparticle
EBL

Spacing, time-consuming

Ther. Evap. Easiness and interparticle spacing Limited shapes
Colloids Controlled crystallinity and variety of shape Distribution over the surface
NSL Specific patterning Limited shapes
FON Easiness Limited shapes

We used the thermal evaporation technique in this work to fabricate the
nanoparticle covered substrates. This technique is attractive since it enables to
cover large areas by using an unsophisticated fabrication process. However, they
are often hindered by the limited control of the size, shape and distribution of
nanoparticles, which do not contribute to reproducible measurements. We have

developed a novel fabrication process to avoid these inconvenient.

2.1.2 The fabrication procedure of plasmonic — active

SERS substrates

Substrates constituted of arrangement of metal nanoparticles are crucial in the
development of chemical and biological sensors [63, 64, 65, 66, 67, 68] based on
surface plasmon resonance (SPR) or Surface-Enhanced Raman Scattering
(SERS) [69, 70]. A surface roughness on the nanometer length scale is a key
element for a Raman signal exaltation [41, 40] and consequently
nanoparticle-covered surfaces have captured much attention for producing reliable
sensing platforms. The intensity of the Raman signal depends highly on the
optical properties of the metal surface and localized surface plasmon resonances
(LSPR) are an important parameter to consider for achieving large

enhancements [71, 72, 73, 74].
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The LSPR wavelength sensitively depends on the size, shape, coupling distance
and constitutive material of the nanoparticles [73, 74, 75, 62]. It is crucial to
control the nanoparticle geometry and the surface coverage for optimum sensing
capabilities. Therefore, we have fabricated various substrates including silver, gold
and bimetallic silver-gold nanoparticles at different geometries on a glass
substrates and we investigated their LSPR wavelength and SERS performance.
We have used two protocols, called “GDC” and “non-GDC?”, in order to modify
the topographic and mechanic features of substrates. The fabrication details for

both protocols are listed in Tab.2.2.

Tab. 2.2: The fabrication steps of non-GDC and GDC nanoparticle substrates.

Non - GDC GDC
Substrate Glass Glass
Pre-treatment No pre-treatment Glow Discharge Cleaning

at 2.8x102 Torr during 1 hr

Metal deposition Physical Vapor Deposition Pre-heating of substrate at 450 °C
Physical Vapor Deposition

Annealing 450 °C during 1 h No annealing

Regardless of the type of the fabrication protocol, the glass substrates are
thoroughly cleaned with trichloroethylene. The gold crystalline nanoparticles are

fabricated by the following protocols.

2.1.2.1 Conventional physical vapor deposition method

(non-GDC)

The metallic nanoparticle substrates were produced via a conventional thermal
annealing method. Gold amorphous film was deposited on a cleaned slide by the
physical vapor deposition method (PLASYS MEP300). All thermal depositions
were carried out when the pressure in the chamber was 2x10°7 Torr. Gold was
evaporated at a constant rate of 0.05 nm/s from a resistively heated tungsten

boat.
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The sample was rotated during the evaporation to achieve a homogeneous
deposition. We investigated film thickness ranging from 2 to 10 nm. After the
deposition of the film, the substrates were annealed at 450 °C for 1 hour to form

crystalline nanoparticles.

2.1.2.2 Physical vapor deposition method with glow discharge
cleaning (GDC)

For this fabrication process, we added an intermediate preparation step just after
the chemical cleaning of substrate. The cleaned substrates were exposed to a Glow
Discharge Cleaning at 2.8x10°2 Torr during one hour. After the glow discharge
cleaning process, the substrates were heated at 450 °C in vacuum chamber when
the pressure was 2x 107" Torr. The evaporated gold forms crystalline nanoparticles
on the surface in presence of the substrate heating. The parameters used for metal
deposition was kept constant for both GDC and non-GDC fabrications.

The substrates, before and after LSPR or SERS measurements, were imaged
by scanning electron microscopy using an operating voltage of 20 kV (SEM, JEOL
6500 and JEOL 7500-F).

2.1.2.3 The difference between GDC and non-GDC protocols

The difference between GDC and non-GDC protocols is came from the glow
discharge cleaning and the surface heating.

The main difficulty for forming gold nanoparticles by an annealing process is
the non-homogeneity of the resulting particles. The reason is related to the
wettability of the glass resulting in a low-adhesion of the gold film on the surface
as well as the non-uniformity of the nanoparticles during annealing. To improve
the surface wettability, we developed an in-situ pre-treatment of the surface that
involves use of glow discharge cleaning at pressure of 2.8 x 1072 Torr during one
hour. Glow discharge cleaning dissociates the water molecules forming OH
radicals and H atomes [76, 77]. The OH radicals remain on the surface in the
strongly bound state and only the hydrogen molecules are desorbed to the gas

phase and pumped out of the chamber.
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The uniform presence of OH radicals confers i) better adhesion to the gold on the
surface, ii) an uniform distribution of nanoparticules during the annealing process
and iii) a better mechanical stability of these nanoparticules. We analyzed both
GDC and non-GDC substrates by SEM and HS-AFM microscopies.

We used a heating process during the metal deposition to change the morphology
of the substrates. Our aim is to achieve a homogeneous coverage of uniformly sized
nanoparticles on the substrate. Figure 2.4 presents the comparative SEM images

obtained from the different substrate processing.

006m WD 11.0mm

Fig. 2.4: SEM images of Au nanoparticle substrates fabricated by (a) non-GDC protocol and
(b) evaporation of Au in the presence of pre-heating (450 °C). (¢) GDC protocol;
the glass substrate is cleaned by GDC method and Au evaporated in the presence
of pre-heating (450 °C).

In Figure 2.4.(a), the image presents result of a conventional annealing method
—non-GDC protocol. For Fig.2.4.(b), gold was evaporated onto glass substrate in
the presence of a Peltier for heating at 450 °C. The image of Fig.2.4.(c) is obtained
from GDC protocol where a glow discharge cleaning is performed prior to the
evaporation of gold in the presence of surface heating. These results clearly show
that the heating of surface during the metal deposition has a drastic impact on

the morphology of nanoparticles and the interparticle distance.
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However, GDC process provides a better particle uniformity and interparticle
distribution compared to merely heated substrates. GDC process increases the
surface adhesion, which in turns, narrows down the size distribution of the

nanoparticles.

2.1.3 Mechanic stability of nanoparticles

The unique advantage of high—-speed atomic force microscopy is the real-time
observation of topography at nanometric scale. Here, we have used this technique
to evaluate the mechanical stability of nanoparticles. The two type of gold
nanoparticle substrates described above are implemented to HS-AFM analyses in
liquid medium.

The HS-AFM experiment consists several preparation steps that are essential

for achieving successive images. These initial steps will be pointed out briefly.

Fig. 2.5: HS-AFM head. (a) Scanner, (b) focus on scanner and the glass rod, (c) the split
and (d) the liquid cell.

e HS-AFM tips : Sharp EBD tips were fabricated on ultra-short cantilevers
(Olympus BL-AC10DS-A2) prior to analyses. The fabrication procedure of EBD
tips was described in previous chapter.

o Cleaning : The liquid cell of HS-AFM was cleaned with a detergent (DECON
2%) and disinfected by ethanol (70 %).
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The liquid cell rinsed off with pure bi-distillated water (PURELAB UHQ II, ELGA),
then dried under nitrogen flow.

e Sample : Each gold nanoparticle substrate was pasted on the top of glass
rod (sample stage) by an epoxy glue. Ultimately, the sample-attached glass rod was
fixed on the Z-piezo of HS-AFM by transparent nail polish (Fig.2.5.(b)).

After the preparation steps, an ultra-short cantilever with EBD tip was placed
into the liquid cell (Fig.2.5.(c)). Here, we compare the GDC substrate with the
in-situ heated non—-GDC substrate in order to evaluate the contribution of glow
discharge cleaning to the mechanical stability of nanoparticles. Two types of gold
nanoparticle substrates were analyzed by HS-AFM in the same experimental
conditions. The topography of substrates achieved in phosphate buffered saline
(PBS) solution. PBS tablets are purchased from Sigma-Aldrich (pH 7.2 — 7.6).
AFM analyses were carried out at controlled atmosphere. The temperature was
maintained at 20 °C for both FastScan AFM and HS-AFM experiments. The

high-speed atomic force microscopy images of these two of substrates are
presented in Fig.2.6.

(a)

to+ 500s to+ 1000s to+ 2000s
(b)

to+ 500s to+ 1000s to+ 2000s

Fig. 2.6: Successive HS-AFM images of the gold nanoparticle substrates obtained in PBS

medium with 1 image/s scan rate. All images are in 300 nm X 300 nm and 400 X
400 pixel. (a) GDC substrate. (b) Thermal evaporated substrate in the presence
of pre-heating at 450 °C.



2.1. General features of nanoparticle substrates 75

The successive images were acquired by scanning 300 nm? area of the substrate
during 2000 s. All the frames were obtained with a scan rate of 1 image /s. We
present the time lapse of the topography of GDC substrate (a) and in-situ heated
non-GDC substrate (b). The difference of stability between the two substrates is
striking. The adhesion of nanoparticles on the non-GDC substrate is weak and
diffusion of nanoparticles is readily observed. From this high-speed AFM study, we
have conclude that glow discharge cleaning prior to gold evaporation improves the

mechanical stability of nanoparticles on the glass substrate.

10.0 nm

-10.0 nm

60.0 nm

t = 55'min

60.0 nm 60.0 nm

Fig. 2.7: Au nanoparticle substrates are imaged in PBS to observe mechanical stability of

the nanoparticles on the glass substrate aganist to time.

We analyzed 300 x 300 nm? of GDC nanoparticle substrate by Dimension
FastScan AFM microscope using FASTSCAN-D probe (k = 0.25 N/m - F = 110
kHz, Bruker) with 22.3 Hz scan rate during 55 minutes. The AFM images are

presented in Fig.2.7.
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The results showed that there is not any deformation on the substrate caused by

tip induced forces.

2.1.4 Crystallinity of nanoparticles

We examined the crystal quality of gold nanoparticle substrates by X-Ray diffraction
(XRD). The XRD 26 patterns were obtained by using an X-Ray position sensitive
detector (CPS 120, Inel) with Cu K, radiation from a fixed anode at 40 kV, 40 mA.

Data were collected within the range 0 < 26 < 115° with a 0.03° step size and a 1

s step time.
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Fig. 2.8: XRD results of Au nanoparticles on (a) glass and (b) silicon substrates.

The XRD patterns of gold nanoparticles on both glass and silicon substrates
are shown in Fig.2.8.(a) and (b). The observed 260 values are 38°, 44°, 64° and 77°,
they are marked with arrows on the graph. The edge lengths (a = b = ¢) and
interaxial angles (a« = 8 = v = 90°) of crystalline structure were found equivalent.
According to this result, we assume that the substrates are constituted of
crystalline gold nanoparticles with face centered cubic lattice. The space group of
the crystalline is Fm3m, known as the Rock-salt structure. Furthermore, the

crystallinity of nanoparticles is independent of the substrate.
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2.1.5 Geometric features and homogeneity of

nanoparticle substrates
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Fig. 2.9: SEM images of a substrate obtained without (a) and with (b) glow discharge
cleaning. The corresponding perimeter histograms and absorbance spectra are

shown below the SEM images. The absorbance spectra were taken at 6 different

locations on the substrate surface.

We have investigated the morphological features of non-GDC and GDC substrates

[78]. We have performed a statistical analysis on the SEM images to determine the

size distribution of the nanoparticles.
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For this purpose, a Matlab script using the Otsu method [79] was implemented for

identification of the nanoparticles on surface.

Figure 2.9 shows SEM images of the two fabrications as well as the perimeter
histogram of the formed nanoparticles. Post-annealing of an evaporated gold film
usually results to a wide distribution of nanoparticle geometry. The poor affinity
between the glass surface and the gold causes a low-adhesion of the film which
recesses inhomogeneously during the heat treatment. Figure 2.9.(a) shows a
characteristic scanning electron micrograph of the large variety of shapes
produced, including spherical forms, nanorods and pentagon-like geometries. The
average perimeter (P) of the nanoparticles is found at P=180 + 15 nm for the
non-GDC substrate. Figure 2.9.(b) displays a micrograph of the resulting surface
morphology after the GDC process. There is a clear improvement of the
nanoparticle homogeneity with almost uniform sizes and forms. The perimeter
histogram features a narrower distribution compared to non-GDC substrate with a
center at 70 nm. We finally note that the interparticle distance for GDC substrate
ranges between 1 nm to 3 nm on the entire substrate thus enabling optimum

near-field coupling.

In the following, we have investigated the plasmonic response of the substrates
by measuring their absorbance spectra at 6 different locations in order to analyze
the homogeneity and reproducibility. The measurements for respective substrates
are reported at the bottom of Fig. 2.9. A marked resonance is visible for both types
of substrates. Despite a smaller nanoparticle size for the GDC substrate, we have
observed a residual redshift compared to non-GDC substrate (from 587 nm to 593
nm). This shift probably originates from the small interparticle distance and the
associated increased coupling. The six spectral resonances for the GDC substrate
were constant to about 3 nm regardless of the observation position. These results
confirm the high homogeneity of the GDC substrates over the entire surface, in

agreement with SEM images.

Here, we examined only GDC Au nanoparticle substrate by Dimension FastScan.
The analyses were carried out in the same experimental conditions with HS-AFM

experiments. The AFM images of GDC substrate are given in Fig.2.10.
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Fig. 2.10: AFM images of GDC Au nanoparticle substrate. (a) to (d) are 300 nm scaled
images of different zones on the substrate obtained by : scan rate = 1.95
Hz, amplitude = 250 mV and drive amplitude = 740 mV. Another GDC Au
nanoparticle substrate is presented in (e) and (f) at 300 nm and 1 pm scan size.
Scan rate is 3.92 Hz for (e) and 1.95 Hz for (f). The amplitude = 136 mV and
drive amplitude = 477.3 mV are equal for both images.

Several areas on the GDC Au nanoparticle substrates are presented in
Fig.2.10.(a)—(f). These results indicates that GDC substrates are originated from
the homogeneous distribution of uniform nanoparticles all over the surface. The
size of particles found in conventional AFM images are a few nanometer larger
than HS-AFM results that can be explain by the effect of convolution induced by
AFM probe. We used a specialized commercial probe for high speed scanning of
biological samples (FASTSCAN-D, Bruker). The convolution effect of these
probes are larger because of the pyramid shape of tip although EBD tips has a

needle form.
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2.2 Validation of SERS substrates

Proteins, membranes, and viruses are complex and the dynamic of their structures
has not been clearly analyzed by Atomic Force Microscopy (AFM) and SERS.
Besides, there is a lack of knowledge of the SERS literature, the SERS signature of
all biomolecules has not been investigated. To demonstrate the efficacy of our
nanoparticles substrates, we used well-known molecules: Methylene blue (MB) and
bipyridine ethylene (BPE).

We did not demonstrate a new concept of calibrating surface enhanced Raman
scattering (SERS) intensities. We have used for all experiments two different laser
power (1 mW or HS-AFM laser diode power set at 0.3 mW). We have used the
same analyte concentration to improve the comparability, reproducibility and
repeatability of our analysis. Two samples have been used for validation of our
experimental setup. Our aim was to study protein — surface interactions (isolated
free molecules) and cell membrane — virus interactions (linked molecule on diffuse

bilayer) via surface enhanced Raman spectroscopy (SERS) measurements.

2.2.1 Bipyridine ethylene

The theoretical and experimental vibrational assignments of
Trans-1,2-bis(4-pyridyl) ethylene have been already studied [80]. Bipyridine
ethylene has been used for testing the performance of colloids [81, 82], nanorods
[83, 84] and nanostructured substrates [85, 86, 87] on Raman signal exaltation.
The fact that it has been studied widely in the literature approve that bipyridine
ethylene could be consider as a reference sample in order to validate our
experimental procedure.

Trans-1,2-bis(4-pyridyl)ethylene is a chemical compound with chemical formula
Ci12H12Ny. Besides, it is known that it yields a large signal intensity at SERS
spectrum when analyzed on gold substrates [85].

In this part, we have used trans-1,2-bis(4-pyridyl)ethylene (BPE) to examine
the efficacy of our SERS substrate.
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The surface enhanced Raman spectroscopy and absorbance spectrum
measurements, for only this work, were performed at LNIO / UTT in
collaboration with Prof. P.-M. Adam and J.-L. Bijeon.

The absorbance measurements were carried out on a home-built setup. The
sample was illuminated with UV-Vis light (OCEN Optics DH2000-BAL) using
multimode fiber. The diameter of spot was 300 pum on the sample. The light
focused on the sample and collected back from the substrate via objectives (Opto

Photonics Mitutoyo M plan Apo fluo SL, x20, N.A.=0.28 and x10, N.A.=0.23).
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Fig. 2.11: SEM images of Au nanoparticle substrate (a) before and (b) after BPE deposition
(50 pl, 107 M). (c) Absorbance spectrum of Au nanoparticle substrate (black line)
and BPE at the edge (blue line) and in the center (red line) of droplet. (d) SERS
spectra of BPE collected from at the edge (blue line) and in the center (red line)
of BPE droplet.

The bipyridine ethylene (BPE) droplet (50 ul) at 10 M concentration was
deposed on SERS substrate followed by incubation under a chemical hood during 1

hour. The substrate with BPE droplet was blown with nitrogen.
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SEM images of Au nanoparticle substrate (a) before and (b) after BPE deposition
are shown in Fig.2.11. The absorbance spectra are displayed in Fig.2.11.(c). The
gold substrate is presented with black line in the figure and it exhibit a maximum
at 560 nm. The red and blue lines correspond to the absorbance spectra of BPE
in the center and at the edge of droplet, respectively. As seen from SEM image
(Fig.2.11.(b)), the center of droplet contains more molecules than edge that results
higher optical density and larger shift at absorbance spectrum.

The SERS spectra were recorded by a spectrograph (Horiba) under 632.8 nm
excitation laser light. The scattered Raman light collected via 10x air objective.
The acquisition time was 1 s per spectrum. Accordingly with the absorbance results,
the Raman signal obtained from the center of BPE droplet is found more intense.
The following peaks were achieved for both spectra; 1011, 1060, 1195, 1237, 1332,
1421, 1495, 1542, 1601 and 1633 cm™. We found a good agreement with literature
[80].

2.2.2 Methylene blue

Methylene blue (MB) is a chemical compound that has many applications in
different fields such as biology, chemistry and medicine. It was involved in the
treatment of malaria and some cancer.

We have used methylene blue molecules as a reference sample to test efficacy
of our SERS substrates [78]. For example, Au ring arrays [88], Au sputtered
substrates [89], cap shaped Ag nanoparticles [90], borohydride-reduced Ag colloids
[91] and Ag nanoparticles deposited on anodic aluminum oxide templates [92, 93]
were implemented for methylene blue analyses.

Methylene blue is in solid state at room temperature (22 °C) in the form of
dark green powder. Methylene blue is applied generally in liquid state for LSPR
and SERS experiments. When methylene blue dissolves in water, it becomes a
blue solution. MB has ring structures constituted by different elements. It is a
heterocyclic chemical compound with chemical formula CygH1gN3gSCI.

Methylene blue could be either in monomer or dimer form depending on the

analyte concentration.
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UV-vis absorption spectrum of methylene blue shows that two peaks are detected in
the red-region, at 612 and 664 nm [89]. However, the monomers have an absorption

peak at 662 nm whereas the dimers have an absorption peak at 610 nm [94].

Methylene blue (MB) molecules are non-resonant at the used excitation laser
light in our experiment (785 nm), since their absorption spectrum is not in the
same wavelength range [89, 95]. The efficacy of our nanoparticle substrates on
SERS experiment was investigated by using different SERS substrates. We used
several nanoparticle substrates constituted by different metals as well as at different
geometries. Additionally, the sensitivity of the SERS substrate is examined with

MB at various concentrations (from 107 to 1071 M).

2.2.2.1 Choice of SERS substrate

The aim of this study is investigate the impact of nanoparticle geometry as well as
their components on the SERS signal intensity. For this purpose, we have fabricated
six different batches of SERS substrates from gold, silver and bimetallic silver-gold
nanoparticles at different particle sizes. Both GDC and non-GDC protocols are

used in order to procure these substrates.

First two substrates, named (a) and (b), corresponds to the typical gold
nanoparticle substrates fabricated by non-GDC and GDC protocols, respectively.
The rest of the substrates are produced by modifying GDC and non-GDC

protocol in order to vary the optical and morphological features of the substrates.

Third substrate named (c), is fabricated using the GDC protocol. Firstly, a thin
silica film with 20 nm thickness was deposited on the glass substrate. Then, the
crystalline gold nanoparticles were formed on the silica layer. Substrate (d) consists
of the gold nanoparticles which are suspended from the glass substrate via silica
pillars. To do that, the gold nanoparticles are evaporated on the silica layer, as
described for substrate (c). This step was followed by a reactive ion etching (RIE)
of the substrate in order to etch the silica located between the nanoparticles. The
crystalline Au nanoparticles acts as a physical mask. The etching was performed

with 5 cc of SFy gas at 30 Watt under the pressure of 7.2 x 1072 mbar.
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Fig. 2.12: Schematic representation and SEM images of SERS substrates presented with
LSPR spectra of substrates. SERS spectra of methylene blue (10 M) on the
corresponding substrates are shown. Au nanoparticle substrate (a) without and
(b) with glow charge cleaning (GDC). Au nanoparticles on (c) silica layer and
(d) silica pillars. (e) Au-Ag bimetallic and (d) twice deposited Au nanoparticle
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Last two substrates were fabricated using non-GDC protocol. It is necessary to
remark here that these two substrates were produced by two successive film
deposition. More precisely, the first amorphous layer was deposited (Au or Ag) on
the glass substrate and followed by thermal annealing to form crystalline
nanoparticles. This step is repeated by the deposition of a second amorphous (Au)
layer and followed by thermal annealing. The bimetallic Ag - Au nanoparticle and
successive twice deposited Au-Au nanoparticle substrates are referred as (e) and

(f), respectively.

The schematic presentation, SEM image and absorbance spectrum of each
substrate are presented in Fig.2.12. The SERS performance of the substrates is
evaluated by detecting methylene blue solution at 10® M concentration. All SERS
experiments were carried out in liquid medium and the temperature was

maintained at 20 °C.

LSPR wavelengths were found at 587, 593, 607, 577, 600, 577 and 605 nm for
the presented substrates in Fig.2.12.(a) to (f). The LSPR results concerning the
substrate (a) and (b) have already discussed earlier (see Fig.2.9). GDC substrate has
a residual redshift compared to non-GDC substrate due to the small interparticle
distance and the associated increased coupling. The substrate (c), in which the
gold nanoparticles lays on the silica layer, exhibits the largest A4, value. When
the silica layer between the nanoparticles is etched, thereby the nanoparticles are
suspended on silica pillars (d), the A4, value is 7 nm blue-shifted. Substrates
(e) and (f) were fabricated by the same protocol which consist of two successive
metallic layer deposition. The only difference between these two substrate is that
the substrate (e) contains silver as a second layer whereas the substrate (f) contains
gold. After post-annealing process (performed after each layer deposition), the
size and distribution of nanoparticles are clearly different for these two substrates
(Fig.2.12.(e) and (f)). The bimetallic Au-Ag substrate (e) has the lowest A\;,q, value
due to presence of Ag. On the other hand, the substrate (f) has a Ajq, which is
closer to the other gold SERS substrates. The relative absorbance value is higher for
the substrates (d) and (e) in comparison with other substrates shown in Fig. 2.12,

since the nominal thickness of these substrates is thicker [96].
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The fabrication procedure of these substrates with their A\, wavelength at
absorbance spectrum and the maximum signal intensity at SERS spectra are listed

in Tab.2.3.

Tab. 2.3: Fabrication details of SERS substrates with A, wavelength at absorbance
spectrum. Maximum Raman signal intensity, I,4., is obtained from

corresponding SERS spectrum of Methylene Blue at 106 M concentration.

Substrate Layer(s) Fabrication protocol A4, (nm) I, (cps)
(a) Au NPs non-GDC 587 291

(b) Au NPs GDC 593 27810

(c) Au NPs on SiOg layer ~ GDC 607 225

(d) Au NPs on SiO, pillars  GDC 600 226

(e) Ag and Au NPs non-GDC 577 12

() Au and Au NPs non-GDC 605 24

Figure 2.13 presents the schematic drawing of the nanoparticle substrates

arranged in function of their Raman signal yields.

SERS Substrates
(b) (@) (d) (© ® )
GDC
Au NPs Au NPs Au NPs

Au NPs Au NPs Au - Ag NPs

, QOO0Z
/OOO% /OOO% SiO2 [ sioz ] / ,M
[ glass [ glass glass glass glass glass

+ < SERS performance > [

Fig. 2.13: Schematic representation of SERS substrates. Au nanoparticle substrate (a)

without and (b) with glow charge cleaning (GDC). Au nanoparticles on (c) silica
layer and (d) silica pillars. (e) Au-Ag bimetallic and (d) twice deposited Au

nanoparticle substrate. Scale bar is 100 nm for all SEM images.
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We have recorded approximately 100 times stronger SERS signal intensity
with the substrate (b) comparing with substrate (a). This is linked to the unique
surface geometry (uniform size and very short interparticle distances) of substrate

(b) which evidently produces stronger signal enhancement.

The morphological features of the substrate (b) and (c) is seen quite similar
from SEM images, although GDC substrate has ~125 times stronger SERS signal
intensity. This indicates that the adjacent silica layer at the vicinity of the
nanoparticles probably decreases the plasmon coupling of nanoparticles and that
yields low Raman signal intensity. Concerning the substrate (d), where the gold
nanoparticles lay on the silica pillars, the SERS spectrum is very similar to the
spectrum of substrate (¢). The suspending of nanoparticles from glass substrates
should have increase the plasmon coupling. On the other hand, methylene blue is
very small molecule hence it may drop on the glass substrate by traversing the
interparticle distance of nanoparticles. Therefore, being far from the vicinity of

nanoparticles decreases the Raman signal intensity of methylene blue.

The bimetallic Au-Ag substrate consist of a large variety of nanoparticle
shapes including spherical forms, nanorods and pentagon-like geometries as the
substrate (a). The common features of these both substrates is the fabrication by
non-GDC protocol which yields the variety of nanoparticle shape. On the other
hand, the interparticle distance and the size of nanoparticles are larger for the
substrate (e). This is linked to the presence of silver, accordingly the silver-gold
interactions during post-annealing process. Consequently, we have observed the

lowest Raman signal intensity and number of peak for substrate (e).

The surface of substrate (f) is fully charged compared with the other non-GDC
substrates (substrates (a) and (e)). The successive gold layer deposition and the
post-annealing process result a coverage of the substrate with nanoparticles at

various shape and height with very short interparticle distances.
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This configuration is not optimum for Raman signal exaltation due to high
inhomogeneity, nevertheless it produces two times stronger SERS signal than

substrate (e).

Consequently, the typical GDC fabrication —substrate (b)— produced the
highest SERS performance that includes the highest number of peaks at the SERS
spectrum with approximately 100 times stronger signal intensity compared with
other fabrications. Hence, the sensitivity, homogeneity and repeatability of SERS

spectra production are investigated for only typical GDC fabrication.

2.2.2.2 Sensitivity of GDC gold nanoparticle substrates

To characterize the plasmonic response of the GDC substrate, absorbance
measurements of the film were studied by varying concentration of methylene blue
(MB). For this aim, methlylene blue was prepared at four different concentrations
(1071 M, 10'2 M, 10° M and 10° M) by diluting with deionized pure water
(PURELAB UHQ II, ELGA). For each concentration, the spectra were collected
from six different positions under the MB droplet including the center and edges.
No substrate was re-used since the molecular adsorption of the previous solution
could cause an error signal even after rinsing with solvent, detergent, or distilled
water. In order to record comparable results, the substrates were first submitted
to absorbance measurement in order to determine the characteristic LSPR

wavelength before exposing the surface to reporter molecules.

The absorbance spectra of MB are presented in Fig. 2.14 for 1071° M, 10712 M,
10 M and 10 M concentrations. The relative change in absorbance (Al), the full
width at half maximum (FWHM) of resonance and the centered wavelength (Apax)

are reported in Tab.2.4 for each investigated concentration.
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Fig. 2.14: LSPR spectra of 10 pl of Methylene Blue on Au nanoparticle substrate at (a)
1071% M, (b) 10712, (¢) 10 and (d) 10°° M concentrations.

Tab. 2.4: Investigation of methylene blue concentration impact on the LSPR resonance of

the GDC substrate.

Concentration (M) Al FWHM (nm) AX (nm) Apax1 (nm)  Apaxe (nm)

1015 0.184 113 21 614 —
10712 0.177 116 26 619 —
10° 0.179 112 25 618 —

106 0.478 104 - 619 670
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We have observed that the A, values of the absorbance spectra vary less
than 1 nm for any observation position in the droplet for a given concentration of
methylene blue. The adsorbed molecules cause a shift in Apax due to the change
in local refractive index [97]. Here, we have measured A\ shifts, of 21 nm, 26
nm and 25 nm for 1075, 10'2 and 10® M concentrations, respectively. We have
observed the highest relative absorbance intensity for methylene blue at 1076 M.
For this concentration, the absorbance spectrum features two peaks corresponding
to the absorption peaks of methylene blue [98] that are modulating the LSPR
spectrum. Regarding this LSPR analysis, we conclude that the sensing response is
not linear. This is linked to the quantity of adsorbed species on the surface which
is not proportional to the volume concentration since no surface functionalization

was applied.
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Fig. 2.15: SERS spectra of MB at various concentrations on Au nanoparticle substrate. (a),
(b), (c) and (d) correspond to SERS spectrum of MB at 1075 M, 1072 M, 10

M and 10® M concentrations, respectively.
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We have investigated the SERS response of the molecules exposed to
GDC-substrates at four different concentrations (10 M, 10 M, 10'> M and
10715 M). Figure 2.15 displays the corresponding Raman spectra acquired with the
same experimental parameters. Seven characteristic lines of methylene blue (MB)

are labeled in the spectra [90] and listed in Thl.2.5.

Tab. 2.5: The Raman shifts, the peak occurrence and band assignments of Methylene
Blue are taken from Xiao et al.[90]. Abbreviations: v, stretching; «, in-plane
ring deformation; (3, in-plane bending; -y, out-of-plane bending and ¢, skeletal

deformation.

Peak N° Raman shift (cm™') Band assignments

1 440 §(C-N-C)

2 663 ~(C-H)

3 1032 B(C-H)

4 1116 ~(C-H)

5 1177 V(C-N)

6 1390 a(C-H)

7 1617 v(C-C) ring

Fluctuations of the Raman line intensities and spectral wandering are observed
for the lower concentrations than 10® M. These effects are subject to intense
discussions in the literature [99, 100, 101] and are usually explained by the nature
of the enhancement processes [46, 102], the diffusion of the specimens [103, 52],
and measurements at the single molecule level [104, 105]. Among the four spectra,
the largest number of peaks detected are unsurprisingly observed for the highest

concentration since the Raman intensity is concentration dependent [106, 107].
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2.2.2.3 Homogeneity of GDC gold Nanoparticle substrates

In order to assess the spatial reproducibility of the measurement, we show in
Fig. 2.16.(a) a confocal map of the spectrally integrated SERS response as a

function of sample position with respect to the laser focus.
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Fig. 2.16: Confocal integrated Raman intensity map obtained at 10 M of methylene blue
on a GDC Au nanoparticle substrate. SERS spectra were collected from different

positions on the Raman scattering map.

The 60 pm x 60 pm scan is obtained from a methylene blue solution
concentrated at 10° M. We have chosen this concentration to insure a
homogeneous spatial coverage of the molecules on the substrate. The histogram of
detected photon counts (inset of Fig. 2.16.(a)) indicates a relatively narrow
distribution centered at 2 kents/s. SERS spectra collected from three different
positions labeled on the map shown in Fig. 2.16.(b). For such concentration, the
observation point has almost no impact on the peak position of the SERS spectra.
This is linked to uniformity of the interparticle distances and nanoparticle sizes
already emphasized in Fig. 2.16.(b) that yield to a homogeneous Raman response
across the sample. A few pixels of the Raman intensity map generate a higher
Raman intensity (bright spots) and are probably resulting from residual structural

defects of the substrate or a local aggregation of the molecules.
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Note that the amplitude of the SERS signals in Fig. 2.16.(a) and (b) differs
because the confocal image represents an integrated signal measured with an
avalanche photodiode whereas the spectra are acquired with a CCD camera with a

different quantum efficiency.

2.2.2.4 Repeatability of SERS spectra production

We have recorded a total of 392 SERS spectra for each concentration of methylene
blue (MB) in order to perform statistical analyses. Each spectrum was examined
by a Matlab script in order to determine the peak positions. We have qualified by
their statistical occurrence (over 40 %) 38 peaks on the SERS spectra when taking
into account all concentrations. 26 peak matches were obtained between our results
and the literature [90, 93]. From Matlab data, we have calculated the observed peak

occurrence versus corresponding wavenumbers (cm™).
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Fig. 2.17: SERS spectrum of methylene blue and the occurrence histogram of peak positions
obtained from 392 SERS spectra of methylene blue at 10" M concentration.

Figure 2.17 presents the Raman bands of MB with their observation frequency.
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The wavenumbers at 440, 605, 767, 881, 1032, 1116, 1319, 13904 and 1617 cm™" are
observed with over than 80 % of occurrence for SERS spectra of methylene blue
at 10® M concentration. This indicates the high reproducibility of our substrates
for SERS experiments. We listed all observed Raman bands of MB with their

occurrence in Tab.2.6.

Tab. 2.6: Enhanced Raman bands of MB obtained from all SERS spectra at different

concentrations. t and § corresponds to the reference [90] and [93], respectively.

Raman band (cm™) 44078  494f 530 587" 605" 663 T8
Occurrence (%) 99 5 1 17 82 2
Raman band (cm™) 717H% 741 767 881f 948% 10329
Occurrence (%) 12 8 99 99 3 91
Raman band (cm™) 106778 11167 1148 1177 12137 1285
Occurrence (%) 8 90 20 8 80 28
Raman band (cm™!) 131978 139078 141278 146678 1496  1615%8
Occurrence (%) 80 94 6 9 68 99

Finally, we have observed the sensitivity of a molecular detection performed on
GDC Au nanoparticle substrates. We have detected eight specific Raman bands
of methylene blue even for attomolar concentration (462, 823, 954, 1031, 1152,
1256, 1375 and 1542 cm™'). We found a significant contribution of GDC process to
homogeneity of substrates and this leads the generation of “hot spots” all over the
substrate. Therefore, the production of successive SERS spectrum is became only

function of molecule distribution on the substrate.

2.3 Conclusion

A home-built SERS — absorbance setup was used for analyzing reference samples.

We have developed two fabrication procedure to procure metallic
nanoparticle-covered substrates. = Our protocol is flexible and it allows the
fabrication of gold, silver, bimetallic silver-gold and multilayer nanoparticle

substrates. We have investigated the impact of morphology and constituent metal
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of the nanoparticles on the localized surface plasmon resonance (LSPR) and
surface enhanced Raman spectroscopy (SERS) measurements.

The accuracy of our SERS setup has been confirmed by analyzing trans-1,2-
bis(4-pyridyl)ethylene. The performance of gold nanoparticle substrates has been
evaluated with methylene blue at various concentration (from 10 to 10715 M).
We have detected eight specific Raman bands of methylene blue even for 10 M
concentration. The homogeneity of SERS spectra production has been investigated
over the surface area by confocal integrated Raman intensity map. We have detected
ten Raman bands over than 80% of occurrence for SERS spectra of methylene blue
at 105 M concentration.

In next chapter, we will present our HS-AFM and SERS co-applications for

biomolecule detection.
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APPLICATIONS OF HS-AFM AND
SERS FOR BIOMOLECULE

DETECTIONS

Surface enhanced Raman spectroscopy is a powerful characterization technique for
chemical analyses. The constitution and design of nanoparticle substrates plays a
crucial role for achieving an enhanced spectrum.

Prior to biomolecule detections, we have investigated the efficacy of our SERS
substrates with well-known SERS analytes as trans-1,2-bis(4-pyridyl)ethylene
(BPE) and Methylene Blue (MB) in the previous chapter. We have evaluated the
sensitivity, homogeneity and repeatability of the plasmonic-active substrates.

The present chapter is dedicated to SERS and HS-AFM analyses of complex
biomolecules including human microsomal cytochrome b5, small heat shock
protein Lo 18, murine noroviruses and detergent resistant membrane domains of
leukaemic monocyte macrophage cells. This work can be considered under three
parts:

1. Detection of complex human microsomal cytochrome b5,
2. Investigation of conformational changes of small heat shock protein Lo 18,

3. Cell membrane—virus interactions.



98 3. ApPPLICATIONS OF HS-AFM AND SERS FOR BIOMOLECULE DETECTIONS

3.1 Detection of complex human microsomal

cytochrome b5

3.1.1 Cytochrome b5

In collaboration with the Institute FEMTO-ST (UMR CNRS 6174), under the
direction of Drs. W. Boireau and C. Elie-Caille, we have performed experiments
relative to the conception of new biosensors (Labex ACTION Smart System —
WP4 Microsystems, technologies & components integration) using gold
nanoparticle substrates. We have investigated small hemoprotein cytochrome bb
by LSPR and SERS, however only SERS results are presented in this manuscript.
In organites and mostly in mitochondrion of eukaryotes and aerobic
prokaryotes, cytochrome b is a component of respiratory chain complex III (also
called bel complex) involved in electron transport at mitochondrial membrane.
Mitochondrion produces adenosine triphosphate (ATP), a complex molecule that
contains the nucleoside adenosine and a tail consisting of three phosphates. This
complex molecule is critical for all life forms from the simplest to the most
complex ones. Adenosine triphosphate is a highly energy-giving molecule that
serves as the primary energy currency of the cell. ATP is the most widely
distributed high-energy compound within the human body. This ubiquitous
molecule is used for building complex molecules, to contract muscles, generate
electricity in nerves and light fireflies. All fuel sources of nature, all foodstuffs of
living things, constitute the raw materials enabling ATP production by the
organism, which in turn powers virtually every activity of the cell and organism.
Cytochromes are membrane-bound (i.e.  inner mitochondrial membrane)
hemoproteins containing heme groups that can be responsible of ATP generation,
or implied in detoxication of human organism through a collaboration with
cytochrome P450 monooxigenase that is responsible for the metabolism of a wide
range of endogeneous or exogeneous subtrates — via electron transport.
Cytochromes a, b and c¢ can served to transfer the electrons to higher redox

potential molecules [108].
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Cytochrome b5 is a ubiquitous membrane-bound hemoprotein found in
microsomes of animals, plants, fungi and purple phototrophic bacteria. The heme
group is a highly conjugated ring system (which allows its electrons to be very
mobile) surrounding a metal ion, which readily inter-converts between the
oxidation states. It is a small acidic membrane protein in the form of cylinder.
This protein shows a high identity for mammalians. It plays a part in the number
of reduction, oxidative and elongase reactions as an obligate component or

modifier [109].

3.1.2 Analysis of human cytochrome b5 protein

We have evaluated the sensing capacity of our SERS substrates with a relevant
human protein. We have investigated the performance of our fabrications on the
SERS experiment with the reference samples previously. The advantage of
references samples is their known spectral features and high yield at Raman
intensity. Our aim in this study was to implement our substrates to Raman
identification of a complex biomolecule.

Cytochrome b5 is derived from human microsomal cytochrome b5 by genetic
engineering resulting in the substitution of (i) the 26 C-terminal amino-acid
residues by the - NGHHHH-COOH sequence and (ii) the serine 23 in Hb5(His)4
by a cystein as previously described [110, 111]. Cytochrome b5 was reduced with
dithiothreitol (DTT) in order to obtain a 3D structure which is surrounded by
unique cysteine and unique sulfhydryl residue. To have this sulfhydryl moiety aid
to perform packed and oriented self-assembled cytochrome b5 monolayer onto gold
surface via chemisorption.  Thereby, the protein is adsorbed by the gold
nanoparticles and immobilized on the SERS substrate. The homogeneity and
orientation of a reconstituted and self-assembled layer of engineered cytochrome
b5 on a gold film has already been shown using TOF-SIMS and AFM approaches
[112, 113].

In our experimental conditions, cytochrome b5 solution at 4.8x10° M

concentration is diluted by 104x10 M of DTT.
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This concentration of cytochrome b5-DTT solution is too low to establish a
self-assembled monolayer onto gold nanoparticle substrate. LSPR analysis of
cytochrome b5 in function of concentration can be aid to understand the
etablishement of protein monolayer on the substrate. This analysis requires the
functionalizaton of the nanoparticle substrate. However, we prefered to keep the
same experimental conditions with the Raman experiments where the analyte is
directly deposited on the nanoparticle substrate. Therefore, we have analyzed the
distribution of cytochrome b5 - DTT solution on the substrate by conventional
AFM. We haven’t performed HS-AFM analysis since the protein is immobilized on
the substrate.
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Fig. 3.1: AFM images of Au nanoparticle substrates are obtained in PBS medium using
PeakForce mode. Scan sizes are 1 pm and 300 nm. Topography and dissipation
images are presented for each sample. (a) Au NPs. 90 pl of cyt b5-DTT
solution was deposited on Au NPs substrate at (b) [4.8:104] nM and (c) [4:86]

pM concentrations.
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AFM images of the GDC substrate were obtained in PBS medium. Figure
3.1.(b) and (c) are the topography images acquired after the deposition of
[Cytb5:DTT] solutions at [4.8:104] nM and [4:86] uM concentrations, respectively.

As seen from topography images, it was difficult to distinguish the proteins from
the nanoparticles regardless of the concentration because of the size of the gold
nanoparticles. = However, the concentration impact is more evident on the

dissipation channel (last line).

The series of images were obtained from an AFM operating in PeakForce mode
(Bruker, Multimode 8). The dissipation images are constructed from the
hysteresis measured between approach and retract tip/surface distance at each
pixel. A surface constituted of one kind of material should have a homogeneous
dissipation image as in the case of the bare gold substrate. The dissipation image
of case (b) shown an evident contrast. We have attributed this variation to the
co-presence of Au nanoparticles and cytochrome b5. To verify this hypothesis, we
have compared the dissipation images of the gold surfaces covered by more
concentrated cytochrome b5 - DTT solution. As expected, the overall contrast of
the image is reduced as the result of a greater amount of cytochrome b5 absorbed

on the nanoparticles.

The absorption band of cytochrome b5 is centered at 510-560 nm [114, 115]. Our
experiments are carried out using an excitation light of 785 nm in order to
evaluate the performance of our substrate at detecting vibrational fingerprints of
non-resonant proteins at nanomolar concentrations. The SERS spectrum of

cytochrome b5 - DTT is presented in Fig.3.2.
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Fig. 3.2: SERS spectrum of cytochrome b5 - DTT [4.8:104] nM solution and histogram of

peak positions.

We have compared our data with those of purified cytochrome b5 protein of
rat and horse liver microsomes [114, 115]. We have found that the peaks at
736 cmt, 934 cm!, 1141 cm™, 1172 ecm™, 1223 em™!, 1383 cm™, 1559 cm! are
common for cytochrome bb proteins regardless of its origin. These bands are
slightly shifted in our SERS spectra due to presence of metal substrate. Similarly,
we have observed the peak coincidences with those of resonance Raman spectra of
cytochrome b558 [116]. The occurrence of peak positions is given at Fig.3.2. The
wavenumbers at 790 cm™!, 1006 cm™, 1172 cm™, 1265 cm™ and 1383 ¢cm™! have a

more than 50 % occurrence.
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3.2 Investigation of conformational changes of

small heat shock protein Lo 18

In collaboration with the Institute IUVV UMR PAM (AgroSup), under the direction
of Pr. J. Guzzo and Dr. S. Weidmann, we have performed experiments on a
small heat shock protein that involved in the malolactic fermentation of wine... in

Bourgogne of course!

The small heat shock proteins can form a dimer (basic block) or an oligomer
conformation in function of the pH level [117, 118]. In this section of the thesis,
we have investigated the conformational changes of small heat shock leuconostoc
oenos protein by AFM and SERS. HS-AFM analyses are implemented to observe
the topographic variations in the real-time whereas SERS analyses are performed

to detect corresponding chemical features of the protein.

Leuconostoc oenos (Lo 18) is a small heat shock protein (sHsp) produced by
a lactic acid bacteria Oenococcus oeni (O. oeni) when the bacteria are in a stress
environment or at the stationary growth phase [119, 120, 121]. The organic acids
and external pH influence the growth of O.oeni [122]. Lo 18 protein regulates the

acidity of wine that improves the quality and stability of wine.

The small heat shock proteins are diversified in sequence and molecular mass
ranging between 14 and 43 kDa [123]. They are widely distributed in many
organisms at different cellular localization, suggesting an involvement in various
cellular mechanisms [124]. A common feature of small heat shock proteins is their
association to form large oligomer complexes of 150 to 600 kDa in bacteria. Many
studies have shown that small heat shock proteins protect denaturated
polypeptides against irreversible aggregation.  This action called chaperone
activity and it has been demonstrated in-vivo and in-vitro experiments for small
heat shock proteins [125, 126]. The molecular chaperone function of the small heat
shock Lo 18 protein can be influenced by the concentration, pH level, chemical

and thermal stress [127, 128].
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3.2.1 Observation of conformational changes of Lo 18
protein

sHsp Lo 18 production, the extraction from bacteria and the purification processes
have been reported previously [129]. The protein solution is kindly provided by J.
Guzzo and his research team. The initial pure protein solution (3ug/ml) is diluted
by 100 times (30 ng/ml) with pH 6, pH 7 and pH 9 solutions. The diluted sHsp
Lo 18 solutions at different pH levels were analyzed on a mica surface using the
EBD tip deposed ultra-short cantilevers (Olympus, =580 kHz, k=0.1 N/m with an
oscillation amplitude limited to 0.5 nm). The successive HS-AFM images of sHsp
Lo 18 at three different pH levels are presented in Fig.3.3. All images are in 35 X
35 nm? size and recorded with the scan rate of 4 frame/s.

According to experimental results, we have found that sHsp Lo 18 has a dimer
form at pH 9. The diameter of basic block (dimer) of the protein has found around
3.5 nm. However, sHsp Lo 18 has an oligomeric conformation at pH 7 and 6, as seen
from Fig.3.3. It has been previously reported that sHsp Lo 18 has 16-18 sub-units
in its oligomeric conformation (or 8-9 basic blocks) at pH 5, 6 and 7 and it has a

dimeric form at pH 8 and 9 [129, 130].

pHI pH 7
3

Fig. 3.3: HS-AFM images of sHsp Lo 18 at different pH levels. Images were recorded at a

scan rate of 4 frames/sec and in a scan area of 35 nm x 35 nm.
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The number of sub-units as well as the velocity of dimers on the mica surface
are given in Table.3.1. The velocity of dimers were calculated for each pH level
from their trajectory. The highest velocity with 70 nm/s is found at pH 9 where the
protein is in dimeric form. At pH 6, sHsp Lo 18 forms oligomers and the velocity

of dimers decreases to 9 nm/s due to the interactions between the dimers.

Tab. 3.1: Experimental HS-AFM results of sHsp Lol8.

pH level Number of sub-units Diameter Velocity of dimers

9 2 3.5 nm 70 nm/s
7 16-18 15-17 nm 12 and 47 nm/s
6 16 13 nm 9 nm/s

The chaperone activity of small heat shock protein Lo 18 is particularly
optimized at pH 7. Therefore, we have focused on this pH level to observe the

oligomer formation.
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Fig. 3.4: HS-AFM images of sHsp Lo 18 at pH 7. (a) First conformation of protein, a
ring-like structure is formed by six dimers. (b) Second conformation, a dimer is
moved in the center of ring-like structure. (c¢) Third conformation, two dimers are
present in the ring-like structure. Scan rate = 4 frames/sec and scan size = 35

nm X 35 nm.
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The morphology of sHsp Lo 18 at pH 7 is presented in Fig.3.4. HS-AFM imaging
was carried out in the same conditions with previous sHsp Lo 18 analyses. A ring-
like structure is formed by the organization of 6 to 8 dimers due to the hydrophobic
forces at pH 7. The average diameter of ring-like structure has found 15 nm. We
have observed that the dimers move around an equilibrium position thereby the gap
distance evolve over time. The velocity of dimers at the ring-like structure has found
12 nm/s. In Figure 3.4.(b), an additional dimer was found in the center of ring-
like structure that indicates the conformational changes of the protein. We have
observed three different conformations for this pH level. The third conformation of
Lo 18 is presented in Fig.3.4.(c) where the ring-like structure consists of two dimers
in the center. These dimers at the center of ring-like structure has higher mobility
than those of the ring-like structure and their velocity has found 47 nm/s. The

observed topographic features of sHsp Lo 18 are agreed with previous results [129].

3.2.2 SERS analysis of Lo 18 protein

We have investigated the chemical variations of sHsp Lo 18 in function of pH level
and concentration by SERS measurements. The protein solutions were deposited
directly on a crystalline gold nanoparticle substrate without any functionalization.
The gold nanoparticle substrates -referred as GDC- were previously described (see
subsection 2.1.2.1). Prior to SERS experiments, the optical features of the
substrates were analyzed by LSPR measurements.

All SERS spectra were collected from the liquid samples in ambient conditions.
The samples were excited via 785 nm laser light with the spot diameter of 300
nm. The spectra of the protein were recorded with 1 s acquisition time which is
relatively close to the scan rate of HS-AFM images (4 frame/s, see Fig.3.3). This
aids to compare the dynamics of sHsp Lo 18 obtained from both HS-AFM and
SERS analyses.

Firstly, we have investigated the conformational changes of sHsp Lo 18 at pH 7.
The initial pure protein solution (3 pug/ml) was diluted by 100 times with phosphate
buffered saline (PBS) solution. PBS tablets are purchased from Sigma-Aldrich (pH
7.2 - 7.6 at 25 °C).
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We have presented three characteristic spectra of sHsp Lo 18 at pH 7 in
Fig.3.5.(a)-(c). These three spectra are attributed as the typical signature of the
sHsp Lo 18 at pH 7 after archiving 1000 spectra.

A Matlab script was used to determine the peak positions and subtract the
baseline. The occurrence histogram of peak positions is given in Fig.3.5.(d). The
peaks at 894, 977, 1143, 1228, 1351, 1507, 1540 and 1600 cm™ are found more
than 40% of occurrence. These peaks are associated to chemical signature of the
protein at pH 7. The appearance / disappearance of some peaks at one spectrum to
another is explained by structural variations in the middle of the ring-like structure

of protein. The occurrence of these peaks is around 10%.
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Fig. 3.5: (a), (b) and (c) three characteristic SERS spectra of sHsp at pH 7. (d) The
occurrence histogram of peak positions obtained from all data at pH 7 (1000

spectra).

The fluctuations at peak positions are explained by the orientation of molecules
that already has been shown by fixing different sides of proteins on a substrate
via electrostatic forces [131]. In our case, we have already observed the vibrational

motions of the dimers of sHsp Lo 18 by HS-AFM.
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This can be influence the peak positions at SERS spectra. The additional one or
two dimers in the center of ring-like structure could decrease the vibrational motion
of surrounding dimers that can also count a reason of change in SERS spectrum.
We have analyzed sHsp Lo 18 in function of pH level and concentration. The
initial pure protein solution (3 pg/ml) was diluted by 100 (30 ng/ml) and 10000
(0.3 ng/ml) times with pH 6, 7 and 9 solutions. SERS spectra of sHsp Lo 18 at low
concentration is presented for three pH levels in Fig.3.6.(a). Three principal peaks
are found at 1130, 1440 and 1550 cm™! for each pH level of the protein. Also four
peaks with low Raman signal intensity are obtained at 800-1000 cm™' region. Any

significant difference at the SERS spectra of three pH levels is observed.
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Fig. 3.6: SERS spectra of sHsp Lo 18 solution at (a) 0.3 ng/ml and (b) 30 ng/ml.
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The basic blocks of Lo 18 can form higher oligomeric structures due to the forces
raised from the interaction between dimers. These forces involve electrostatic, van
der Waals and hydrophobic forces and they are pH level dependent. In the acidic
solutions, H3O™ ions are in majority that results an increase at the hydrophobic

interactions thereby the aggregation of the protein.
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This is the reason of higher oligomeric conformations (or 8-9 basic blocks) at pH 6

and 7, and conversely in basic block structure at pH 9.

Considering the quantity of the protein on the surface (0.3 ng/ml), the basic
blocks may not close enough to interact with each other and to form the
oligomeric structure. Therefore, we concluded that the SERS spectra of Lo 18 at
low concentration represents the signature of the basic blocks regardless of pH

level.

The sHsp Lo 18 forms a ring-like structure with 8 basic blocks at pH 6 via forces
explained earlier. But additional one or two basic block can be find in the middle of
the ring like structures at pH 7. Finally, Lo 18 protein presents three conformations
at pH 7. The region between 800 and 1000 cm™ is found more occupied on SERS
spectra of high concentrated Lo 18 protein solution (30 ng/ml) at pH 6 and pH 7.

The Raman bands of sHsp Lo 18 is given in Table.3.2. The Raman bands at 420,
450, 705, 775, 827, 911, 977, 1125, 1258 and 1343 cm™! are found in all spectra and
considered as characteristic signature of sHsp Lo 18. The slight variations in peak
positions, as can see from table, are explained by the mobility and the orientation of
protein. It has already been observed that the mobility of sHsp Lo 18 can be varied
40 nm/s to 300 nm/s in function of pH level. Furthermore, according to pH level,
H30" or HO™ ions can be in majority (or neutral at pH 7) in protein solutions
and this electrostatics changes can influence the attachment of protein on the gold

nanoparticle surface.

Finally, we present the characteristic Raman spectrum of sHsp Lo 18. The
results are confirmed by repetitious measurements. Ten Raman bands are found in
common for all pH level of protein, indicating these peaks are associated to the
building structure of protein. The conformational changes due to pH level are
observed. The disappearance of some Raman bands at low concentration are
observed to comparison with higher one, that was expected since Raman

spectroscopy is also a quantitative technique.
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Tab. 3.2: Enhanced Raman bands of sHsp Lo 18 obtained from SERS spectra shown in
Fig.3.6.(b).
pH 6 pHT7 pH 9

30 ng/ml 3 ng/ml 30 ng/ml 3 ng/ml 30 ng/ml 3 ng/ml

428 412 420 423 425 414
466 452 450 456 444 453
- 488 481 - 475 -

- - 501 - 503 508
529 - 523 - 538 527
545 - 560 - - 553
585 - 598 - 573 -
606 - - - - -
666 - 655 661 655 -

- 680 692 - 680 -
711 705 714 705 715 703
765 762 761 775 784 794
798 - - - - -

- 813 804 - - -
827 851 820 851 826 854
888 911 911 900 876 904
923 - - 927 949 -
998 974 983 968 977 980
1025 1021 1031 - - 1006
. - 1078 - - -

- - 1116 - 1103 1117
1123 1122 1157 1138 1125 1144
1174 - - - 1198 1192
1219 1207 1212 1214 . 1236
1249 1258 1258 1255 1264 1264
1294 1280 : 1280 - -
1344 1352 1332 1343 1327 1321
1396 - 1375 - 1362 1362
- - 1400 - 1395 -

- - 1444 1441 1447 -
1460 1472 1472 - - 1479
- - 1504 1507 1507 -
1551 1520 1532 1545 - 1545
- 1570 - 1573 1570 -

- - 1602 - - -
1626 1655 - - 1671 -
1697 - - - - -

1763 - - - - -
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3.3 Cell membrane - Virus Interactions

In collaboration with the INSERM Research Centre UMRS66 “Lipids, Nutrition,
Cancer — LNC?”, under the direction of Pr. P. Pothier and Dr. G. Belliot, we have
investigated the murine norovirus binding on the cell membrane.

In this part, we have studied a model system, which involves of murine
noroviruses (MNV) and mouse leukaemic monocyte macrophage (RAW 264.7)
cells, in order to study gastroenteritis disease. A preliminary study of real-time
polymerase chain reaction (RT-PCR) technique indicates that the detergent
resistance domains of RAW cells are involved the murine norovirus binding which
depends on the presence of cholesterol. According to these results, we have sought
a deeper knowledge on the topography and chemistry of the RAW DRMs - MNV
interactions via atomic force microscopy and surface enhanced Raman
spectroscopy experiments. Here, we introduced the properties of gastroenteritis
disease and the components of model system as well as including the experimental

results.

3.3.1 Gastroenteritis

Human noroviruses (NoVs) infection is a significant worldwide disease.
Noroviruses are perhaps the perfect human pathogens. These viruses possess
essentially all of the properties of an ideal infectious agent: highly contagious,
rapidly and prolifically shed, constantly evolving, evoking limited immunity and
only moderately virulent allowing most of those infected to fully recover, thereby
maintaining a large susceptible pool of hosts. These characteristics have enabled
noroviruses to become the leading cause of endemic diarrhea disease across all age
groups [132], the leading cause of food-borne disease [133] and the cause of half of
all gastroenteritis outbreaks worldwide [134].

Human noroviruses have been identified for the first time after acute
gastroenteritis in a school in Norwalk/Ohio (USA) in 1968. Noroviruses cause 90
% of non-bacterial epidemic gastroenteritis in human. Each year, approximately

1.4 billion people get this disease and 1.6 to 2.5 million of them lose their lives.
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The mortality of gastroenteritis is higher for old persons and it is between 0.8 to
2.8 %.

The disease is transferred by the faeco-oral way, either direct contact or via
contaminated environments. The incubation of noroviruses in human metabolism
is 24 to 48 hours. The symptoms are vomiting, diarrhea and abdominal pain. To
prevent this disease, the hygienic precautions are important. For example, the
diluted chlorine and iodine-based disinfectants effectively eliminate murine
norovirus infectivity [135]. Currently, any treatment, neither vaccine nor drug, is

available to treat gastroenteritis.

3.3.2 Noroviruses

Noroviruses belong to the genus Norovirus in the family Caliciviridea. Noroviruses
have a large genetic diversity that classified under five genogroups. Du-Ping et al.
classified noroviruses by using an alignment based on the predicted 3D structures
analyzing 164 deduced amino acid sequences of norovirus [136]. The classification
contains three levels that are (i) strain, (ii) cluster and (iii) genogroup. Mostly
the genogroup 1 and 2 but also 4 can infect humankind. Additionally, the porcine,
bovine and murine infections are caused by the second, third and fifth genogroups,

respectively. Table 3.3. summarizes the genogroup of noroviruses and their hosts.

Tab. 3.3: Genogroups and hosts of noroviruses.

Genogroup Host Cluster
G1 Human 8

G2 Human\Porcine 17

G3 Bovine 2

G4 Human 1

G5 Murine 1
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The cell culture system is an indispensable element to simulate NoVs infection
in order to reveal their working mechanism and develop a cure. However, to
cultivate the human noroviruses is a big challenge, therefore there are many
obscurities about noroviruses. To date, murine noroviruses (MNV) are the only
cultivatable noroviruses which can be used as substitute to study human norovirus
interactions with its host [137, 138]. Thus, we studied a model system by
investigating murine norovirus infection on mouse leukaemic monocyte
macrophage (RAW) cells. The RAW 264.7 is a macrophage-like cell line derived

from tumors induced in male BALB/c mice by the Abelson murine leukemia virus.

3.3.2.1 Murine Noroviruses

Murine noroviruses (MNV) are a small icosahedral non-enveloped viruses (28 to
35 in diameter). The viral genome is a positive single-stranded RNA of 7.382
nucleoids that contains open reading frames. These open reading frames encode
non-structural polyprotein and the major (VP1) and minor (VP2) capsid proteins.
The VP1 capsid protein of adeno-associated virus type 2 is carrying a phospholipase
A2 domain required for virus infectivity [139]. VP1 and VP2 differ by the presence
of a N-terminal extension in the minor protein VP1. The capsid encapsulates the
genomic sDNA. Capsid proteins are responsible for the attachment to host cell

receptor TFRC (transferrin receptor).

The viral genome is found in the capsid that contains 90 dimers of proteins
[140]. The X-Ray crystallographic studies on noroviruses shows that each capsid
constituted of an N-terminal arm (N), a shell (S) and a C-terminal (C) protruding
domain[140, 141, 142]. The task of S domain is a formation of a shell that surrounds
the viral genome. However, this shell is unable to bind to receptors. The radius
of the shell is between 100 and 145 A that can be extended until ~ 190 A due to
the presence of prominent protrusion on the external surface of the shell [140]. The
P domain generates arch-like structures on the capsid surface by dimerization. P
domain is divided into two subdomains P1 and P2 which can provide the stability
to capsid via intermolecular interactions. Additionally, the norovirus P2 subdomain

involves sites for cell binding.
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Murine noroviruses share many biochemical and genetic features with human
noroviruses. Besides, the shape and size of murine norovirus are found similar to
human noroviruses. The infection of a mice by murine norovirus was described for
the first time in 2003 [143]. Furthermore, murine noroviruses can be transmitted
from infected mice to uninfected one [138]. This indicates that murine norovirus
spreads by faeco-oral way as human noroviruses. By considering the common
features between murine norovirus and human noroviruses, the murine norovirus
model system provides to understand human norovirus infection and the host

reaction.

Prior to investigate the murine norovirus infection mechanism, we have firstly
analyzed murine noroviruses in order to observe their morphological features. For
this purpose, the murine norovirus strain CW1 was kindly provided by Herbert
Virgin IV (Washington University, St. Louis, MO) and propagated by infecting
80% confluent monolayers of RAW 264.7 cells in D-MEM without FBS. Thereafter,
murine noroviruses are collected from cells, purified and applied to Western blot

analyses.

120 nm

Fig. 3.7: (a) MNV imaged with oscillating contact mode in PBS medium by Multimode 8
microscope using DNP-S probe (k = 0.35 N/m - F = 50-80 kHz, Bruker). Scan
size = 2 pum, scan rate = 1 Hz, amplitude = 99 mV, drive amplitude = 250 mV.
(b) HS-AFM image of MNV observed in PBS with EBD tip attached Olympus
AC-10 probe. Scan size = 600 nm, scan rate = 1.2 image/s, 128 x 128 pixels?.
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AFM and HS-AFM analyses were carried out in phosphate buffer saline (PBS)
solution (pH 7.4 - Lonza, Levallois, France). The initial murine norovirus solution
with 5x1074 pfu/flasque concentration was directly deposited on freshly cleaved
mica disk and incubated during five minutes. The AFM image of murine norovirus
obtained with oscillating contact mode is presented in Fig.3.7.(a).

In this concentration, the surface of mica is overcharged, as seen from AFM
image. Thus, we have diluted the initial solution 1000 times in order to obseve an
isolated murine norovirus. The diluted solution was deposited on the mica surface
in a similar way and implemented to HS-AFM analyses (Fig.3.7.(b)). However, any
dynamics related to murine norovirus is observed. This is linked to the electrostatic
interactions between murine noroviruses and the mica surface.

We have performed statistical analyses based on the AFM data to define the
dimensions of murine noroviruses. Ten AFM images of three different murine
norovirus samples were processed with Nanoscope (Bruker) software to measure
the height and area of structures. The height and area histograms were plotted

with OriginPro 8 and presented in Fig.3.8.(a) and (b), respectively.
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Fig. 3.8: (a) Height and (b) area histograms of MNV based on AFM data. ¢) Schematic
representation of MNV deformation due to the applied forces by AFM tip.
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According to the histogram results, the height and area of murine noroviruses are
found 25 nm and 381 nm? (® ~ 22 nm), respectively. To prevent the deformation
of murine noroviruses due to applied forces by tip, as presented in Fig.3.8.(c), a low
amplitude value (99 mV) was maintained on a cantilever with small spring constant
(DNP-S, k = 0.35 N/m - F = 50-80 kHz, Bruker). However, both histograms involve
variations that is attributed the interaction between murine noroviruses and mica
surface. Besides, we have observed a slight impact of the incubation time on the
form of murine noroviruses. Thereby, we have defined five minutes as the optimal

incubation time.

3.3.3 Mouse leukaemic monocyte macrophage (RAW)

cells

Macrophages are a type of the white blood cell found in mostly all tissues. They
discovered by Elie Metchnikoff in 1884.

The main task of macrophages is to help to defense mechanism, innate and
adaptive immunity. They digest cellular debris and foreign substances. There are
several type of macrophages and the totality of these cells named as Mononuclear
phagocyte system. Macrophages are localized strategically in the body in order to
defense the metabolism. Thus, they are classified in the function of their
localization. For example, macrophages found in bone marrow and blood are

called monocyte cells.

Macrophage cells are involved the study of the virus replications and the tumour
targeting. Precisely, the murine norovirus infection on RAW 264.7 cell line and the

change of cell morphology due to virus replication has been studied [137].

We have investigated the morphology of RAW 264.7 cells on the glass flask
by AFM. The analyses were carried out in PBS medium. The AFM images are
presented in Fig.3.9.
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a)
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Fig. 3.9: RAW cell border imaged in PBS medium by MultiMode 8 with oscillating contact
mode. (a) Topography, (b) deflection and (c) 3D AFM images.

AFM results indicate that RAW cells have a rough cell surface. Their surface
roughness is found R = 480 nm (from more than 30 AFM images). Our aim is in
this study to investigate the murine norovirus binding on RAW cell and accordingly
caused topographic changes via AFM. However, to observe the structures in tens
of nanometer (see Fig.3.7) on a surface with hundreds nanometer of roughness is
meaningless. Therefore, we have decided to investigate the murine norovirus binding
on the detergent resistant membrane domains of RAW 264.7 cells. The properties
of detergent resistance domains are firstly presented and followed by experimental

results.

3.3.4 Detergent Resistant Membrane domains

A cell is a building block for all living creatures. In addition to the outer membrane
that results in the formation of a typical cell (this membrane is often referred to
as the plasma membrane), cells contain intracellular membranes that serve distinct
functions in the formation of various intracellular organelles, e.g. the nucleus and
mitochondria. Biological membranes are the structures that define and control the
composition of the space that they enclose. Membranes provide to transfer entities,
information and energy between its compartments and act as a selective permeable
barrier. All membranes exist as dynamic structures whose composition changes

throughout the life of a cell.
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Cell membranes are composed of lipid in bilayer form, protein and carbohydrate
that exist in a fluid state. The lipid bilayer is a thin polar membrane made of two
layers of lipid molecules. The carbohydrates of membranes are attached either to

lipid forming glycolipids of various classes, or to proteins forming glycoproteins.

The lipid and protein compositions of membranes vary from cell type to cell
type as well as within the various intracellular compartments that are defined by
intracellular membranes. Protein concentrations can range from around 20% to as
much as 70% of the total mass of a particular membrane. The lipids making up
components of membranes are of three major classes that includes
glycerophospholipids, sphingolipids, and cholesterol. There are approximately 5
x10° lipid molecules in a 1 gm x 1 pum area of lipid bilayer. The most abundant

membrane lipids are the phospholipids.

All of lipid molecules in a cell membrane are amphipathic (or amphiphilic) -that
means, they have a hydrophilic (“water-loving”) or polar end and a hydrophobic
(“water-fearing”) or non-polar end. The hydrophilic head of phospholipids is found
in the external part of leaflets contacting to intra or extra cellular compartments.
On the other hand, the hydrophobic tails of two leaflets are face to face at the
inner part of the membrane bilayer. Phospholipids have a polar head group and
two hydrophobic hydrocarbon tails. The tails are usually fatty acids, and they can
differ in length (they normally contain between 14 and 24 carbon atoms). One tail
usually has one or more cis-double bonds (i.e. unsaturated), while the other tail does
not (i.e. saturated). Each double bond creates a small kink in the tail. Differences
in the length and saturation of the fatty acid tails are important because they
influence the ability of phospholipid molecules to pack against one another, thereby

affecting the fluidity of membrane.

Membrane bilayers can be found in the different phases determined by their
fluidity. Accordingly, the fluidity of membrane depends on both its temperature
and its composition (insaturation of hydrophobic tails at phospholipids and the
concentration of cholesterol for example). Lipid molecules readily exchange places

with their neighbors within a monolayer (~ 107 times per second).
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This gives rise to a rapid lateral diffusion, with a diffusion coefficient (D) of about
1078 cm?/sec, which means that an average lipid molecule diffuses the length of a

large bacterial cell (~ 2 pm) in about 1 second.

A membrane bilayer changes from a liquid state to a two-dimensional rigid
crystalline (or gel) state at a characteristic freezing point. From gel to fluid phase,
the transition is characterized by melting temperature, T,,. In the gel phase, acyl
chains of lipids are crystallized due to strong hydrophobic interaction. Although,
lipids are dynamic and oscillating perpendicular to the membrane plan in the fluid
phase. Therefore, a membrane domain is thinner when it is in the fluid phase.
This change of state is called a phase transition and the temperature of transition
is lower if the hydrocarbon chains are short or have double bonds. A shorter chain
length reduces the tendency of hydrocarbon tails to interact with one another, and
cis-double bonds produce kinks in the hydrocarbon chains that make them more
difficult to pack together, so that the membrane remains fluid at low
temperatures. The phase transition in phospholipid bilayers can be observed by
atomic force microscopy [144]. For HS-AFM experiments, we have taken care of
the laser diode power (minimize to 0.15 mW) to prevent increasing of the

temperature above membrane.

The presence of cholesterol and sphingolipids results in intermediary phase,
called as liquid ordered phase, that possess aligned acyl chains in gel phase and
high mobility in the fluid phase. Cholesterol molecules enhance the
permeability-barrier properties of the lipid bilayer. They orient themselves in the
bilayer with their hydroxyl groups close to the polar head groups of the
phospholipid molecules. In this position, their rigid, plate-like steroid rings
interact with— and partly immobilize— those regions of the hydrocarbon chains
closest to the polar head groups. By decreasing the mobility of the first few CHjy
groups of the hydrocarbon chains of the phospholipid molecules, cholesterol makes
the lipid bilayer less deformable in this region and thereby decreases the
permeability of bilayer to small water-soluble molecules. Although cholesterol
tends to make lipid bilayers less fluid, it is mostly found at the high concentrations

in eukaryotic plasma membranes.



120 3. ApPPLICATIONS OF HS-AFM AND SERS FOR BIOMOLECULE DETECTIONS

Additionally, it prevents the hydrocarbon chains from coming together and
crystallizing. In this way, it inhibits possible phase transitions.

Cell membranes contain domains that enriched in certain lipids, cholesterol and
proteins but poor in docosahexaenoic acid (DHA). These domains are termed as lipid
raft [145]. There is still controversy about their existence. However, they classified
under three types; caveolae, glycosphingolipid enriched membranes (GEM) and
polyphosphoinositol riched rafts. It may also be that there are inside rafts (PIP2 rich
and caveolae) and outside rafts (GEM). Many functions, as cholesterol transport,
endocytosis and signal transduction, have been attributed to rafts. The fatty-acid
chains of lipids within the rafts tend to be extended and so more tightly packed,
creating liquid ordered domains. It is therefore rafts are exist in a separate ordered-
phase that floats in a sea of poorly ordered lipids. Their higher dynamic allows
the movement of proteins and lipids in and out directions of the rafts. Conversely
to non-rafts domains, the movement of each leaflet are dependent in raft domains

since sphingolipids have longer hydrophobic tails.
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Fig. 3.10: Structure of lipid rafts.
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Lipid rafts are formed by aggregation of specific lipids in the plane of
membrane due to intermolecular interactions. These interactions involve van der
Waals interactions between long saturated acyl chains of sphingolipids and
glycosphingolipids and also hydrogen bonding between adjacent glycosyl moieties
of glycosphingolipids.  Additionally, the saturated lipids and glycolipids have

ability to promote their interactions with cholesterol [146].

Cell surface proteins have tendency to bind into liquid ordered domains,
preferentially into rafts. These proteins can be summarized by the
glycosylphosphhatidylinositol (GPI) [147], the Src-family tyrosine kinases [148],
hedgehog, heterotrimetric G proteins, phospholipid binding proteins [149], flotillins
[150] and caveolins [151]. Figure 3.10 illustrates the structure of lipid rafts.

Lipid rafts can be found in a distinctive shape on the cell surface as flask-
shaped invaginations. This specific shaped raft structure termed as Caveolae [152,
153]. Caveolae are generated from flat lipid rafts via the polymerization of caveolin,
especially VIP21-caveolin. The caveolea structures are absent for lymphocytes and
neuronal cells. VIP21-caveolin plays a key role on the formation of ceveolea that
have been shown by injection of VIP21-caveolin to lymphocytes, which results the
formation of invaginations on the membrane surface [154]. Furthermore, caveolin
has crucial tasks as interaction with other membrane proteins, organization and

equilibrate cholesterol [155].

Flotillins are specific to flat lipid rafts likewise caveolins for caveolae. The flats
rafts and caveolae, these both types of rafts, contain different components as well

as their morphology [148].

The tightly packed organization of sphingolipids and cholesterol in lipid rafts
provides resistance to detergent applications. Therefore, they are known as
Detergent Resistant Membrane (DRM) domains. Detergent resistant membranes
can float at the low of density sucrose solution during centrifugation that provides
to obtain isolated raft domains. However, the physical properties as the size of
detergent resistant membranes can be affected by the type of used non-ionic

detergent [148].
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Since there is two kind of rafts, flat and caveolae, it is necessary to use flotillins
and/or caveolin as a marker after detergent resistant membranes extraction to
distinguish flat rafts and caveolea. Furthermore, they may aggregate easier than
native rafts. The native rafts can be observed only on the membrane surface of
the living cell [156]. Thus, the DRM facilities the biochemical and physical studies

on lipid rafts.

3.3.5 Interactions between RAW DRMs and MNV:
Preliminary study of MINV infection

We have investigated the murine norovirus binding on detergent resistant
membrane domains of mouse leukaemic monocyte macrophage cells. In such
biophysical studies, fluorescence microscopy and vacuum based characterization
techniques have been widely used [142, 139, 157, 158]. Our aim was to detect the
direct interactions between the detergent resistant membrane domains and virus
without harming the natural form of the samples or involving a marker. Atomic
force microscopy (AFM) have already been used to achieve the topography of lipid
rafts, supported Dbilayers;, DRMs and viruses in liquid mediums
[144, 156, 159, 160]. On the other hand, surface enhanced Raman spectroscopy
(SERS) is a prominent chemical characterization technique has been increasingly
implemented to biomolecule investigations in the field of chemistry, physics,
biological science and medicine. Its efficacy has been proved by performing
complex biomolecule investigations such as nasopharyngeal cancer detection [161],
the observation of prion protein expressions in cell membrane [162] and the
chemical modifications in bacteria cell wall due to antibiotics [163]. In this study,
the murine norovirus detection on detergent resistant membranes was carried out
with real time polymerase chain reaction and surface enhanced Raman
spectroscopy. To validate data, we correlated these results with the topographical
features obtained from atomic force microscopy and high-speed atomic force

microscopy.
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The real-time polymerase chain reaction (RT-PCR) is a detection and
quantification technique based on the targeting of DNA or RNA molecules. We
have used this laboratory technique to detect MNV in order to investigate the
MNYV binding on RAW DRMs.

We have prepared four samples prior to RT-PCR analyses :

o Detergent resistant membranes (DRMs) of leukaemic monocyte macrophage
(RAW) cells,

o Methyl-beta-cyclodextrin (MBCD) treated RAW DRMs,

e Murine norovirus infected RAW DRMs,

o Murine norovirus infected MBCD treated RAW DRMs.

The preparation process of each sample is simply visualized in Fig.3.11.
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Fig. 3.11: Schematic presentation of the preparation process of the samples. Graphic image

of MNV is obtained from reference [162] with permission of authors.

The preparation procedure of each sample is described by following paragraphs.
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The extraction of detergent resistant membrane domains from
RAW 264.7 cells was carried out by a detergent treatment at the low
temperature. The DRM purification was performed by ultracentrifugation onto a
sucrose gradient. The Western blot technique was applied to DRM-sucrose
solution. The cholesterol was used as marker of the DRMs and measured by
fluorometry (Amplex® Red Cholesterol Assay Kit from Life Technologies). The

cholesterol measurements on RAW DRMs is given in Fig.3.12.
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Fig. 3.12: Schematic presentation of the preparation process of the samples.
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Cholesterol concentration was given in ug/ml and the highest amount of
cholesterol is found at the 4th fraction that is considered as the DRM-enriched
fraction. The cholesterol measurements were carried out periodically after each

DRM extraction process.

The murine norovirus infection of RAW cells carried out after washing
of the cells with Phosphate Buffer Saline (PBS) pH 7.4 (Lonza, Levallois, France)
and incubating for 1 hour at 37 °C with DMEM base. For each flask, the cells were
inoculated with 5 x 1074 plaque forming units (pfu) of MNV in a total volume of 10
ml. Then the cells were placed at 4 °C for 1 hour to prevent virus internalization.
At this stage, the cells were twice washed with cold PBS and directly used for DRM

extraction.

Methyl-beta-cyclodextrin was used for increasing the solubility of non-
polar substances, in our case it was cholesterol. Methyl-beta-cyclodextrin (MSCD)
is a compound consist of sugar molecules. MBCD has a rigid doughnut-shaped
structure and cholesterol can be lodged inside. Since cholesterol is one of the main
component of rafts, MFCD treatment break downs the raft structure.

Before the methyl-beta-cyclodextrin implementation, the cells were washed with
PBS and incubated with DMEM media. Afterwards, the media was replaced with
15 ml per flask of DMEM base containing 20 mM of MBCD and incubated for 1
hour at 37 °C. The cells were inoculated with murine norovirus and immediately
placed at 4 °C for 1 hour.

Following DRM purification, RNA was extracted from 100 ul of each fraction
using a Nuclisens Easy MAG system (bioMérieux, France) according to the
manufacturer’s instructions. RNA was eluted in a final volume of 50 ul and used
for NoV molecular detection. Detection of the murine norovirus viral genome was
performed using tagqman technology. Five microliters of RNA was used for
real-time RT-PCR as described previously [135]. The experiments were performed

in triplicate.
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The copy number of the murine norovirus genomic RNA was determined by
plotting the threshold cycle values of each sample on a standard curve generated
with serial dilutions of a known quantity of a plasmid containing the full-length

c¢DNA of the MNV strain CW1 (kindly provided by H. Virgin IV).
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Fig. 3.13: RT-PCR results for MNV detection. MNV alone in sucrose solution (pink line),
on infected RAW DRMs by MNV (dark red line), pre-treated RAW DRMs by
MpBCD followed by MNV infection (purple line).

Figure 3.13. displays the MNV detection on 12 fraction of (i) MNV - sucrose
solution, (ii) the infected RAW DRMs by MNV and (iii) the MBCD treated DRMs
infected by MNV.
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(i) The 12th fraction of MNV-sucrose was found as the richest fraction in MNV
regarding the RT-PCR results. This indicates MNVs are relatively heavy and sink
to the bottom of MNV - sucrose solution.

(ii) The MNV binding on RAW DRMs was investigated by RT-PCR and
plotted in Fig.3.13. For this analysis, the DRM extraction was carried out on the
MNYV inoculated cells. According to the RT-PCR results, more than 60 % of MNV
was found at 4th fraction of DRMs. This fraction was found rich in lipid rafts,
depending upon previous cholesterol measurements. The fact that MNVs were
found at lipid raft region, we have assumed that the presence of DRMs promotes
the MNV attachment.

(iii) To ensure that the MNV binding depends to the presence of DRMs, we
pre-incubated the cells with MBCD prior to the MNV inoculation. The RT-PCR
results of this sample is plotted with a purple line in Fig.3.13. Consequently, almost
any MNV was detected at all fractions of this sample. These results indicate that
DRMs are involved to the MNV binding, furthermore this attachment is cholesterol

dependent.

3.3.6 AFM analysis of RAW DRMs - MNYV interactions
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Fig. 3.14: (a) AFM image of RAW DRMs. Scale bar is 400 nm. (b) Height and (c) area

histograms of presented sample.

We have first investigated the detergent resistant membrane domains and murine
noroviruses by atomic force microscopy (AFM) in order to determine their

morphological features.
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A commercial AFM (Bruker Dimension FastScan) in FastScan Bio tapping mode
has been used with FASTSCAN-D probe (k = 0.25 N/m - F = 110 kHz, Bruker)
to discriminate the virus, membrane and substrate. The AFM images with
corresponding height and area histograms are given in Fig.3.14.

The average height and surface area of RAW DRMs were 7.2 + 0.2 nm and
9500 4+ 550 nm? (with approximate diameter of ~ 100 nm), respectively.
Membrane rafts are flat structures and they are found at various heights. The
height histogram presents the structures with over 8 nm of thickness, those are
considered as micelle. The maximum surface area of DRMs reaches to 0.75 pm?.
These characteristic parameters of membrane domains vary in function of the cell
type and the detergent treatment. The thickness of DRMs as well as the diameter
are strongly influenced by the components such as GM1, cholesterol and the type
of lipid [164, 165, 166].
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Fig. 3.15: (a) AFM image of MNV infected RAW DRMs. Scale bar is 400 nm. (b) Height

and (c) area histograms of presented sample.

RAW cells were incubated with murine norovirus inoculum prior to detergent
resistant membrane domain extractions. The topography of the infected DRMs
were shown in Fig.3.15. A significant change in topography was observed compared
with the DRMs sample (Fig.3.14). The area histogram contains a large population
at 380 nm? that corresponds to the size of MNV, as defined previously (Fig.3.8).
The presence of MNV provokes the aggregations of RAW DRMs resulting large

structures with area up to 4 pm?.
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Dynamics of detergent resistant membrane domains of RAW cells as well as
the aggregation of DRMs in the presence of murine noroviruses have been
observed using FastScan Bio tapping mode (Dimension FastScan AFM, Bruker)
with FASTSCAN-D probe (k = 0.25 N/m - F = 110 kHz, Bruker). The successive
AFM images at Fig.3.16 present (a) mobility of DRM domains and (b) dynamics

of DRMs aggregation.

Fig. 3.16: AFM image of (a) RAW DRMs and (b) MNV infected RAW DRMs.

RAW DRMs can contain a specific area on itself that has higher dynamics then
rest of the structure. These areas are highlighted by circles on the upper image series
of Fig.3.16. We associated these highly dynamics areas to a DRM fraction where
the glycosphingolipids have longer sugar residues. Since a chemical identification
on this area on the moment of analysis was absent, thus it remains as a hypothesis.

However, we visualize this scenario in Fig.3.17.

The RAW DRM presented in Fig.3.16 has ~ 6.5 nm thickness and the circled
area is ~ 1 nm thicker than the rest of structure. As it has mentioned before that,

lipid raft derived DRM structures involve a high concentration of sphingolipides.
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Sugar residue

~ 6,5 nm

Fig. 3.17: The section image of RAW DRM presented in Fig.3.16.(a).

Among sphingolipides, glycosphingolipides and gangliosides include sugar
residues. More precisely, glycosphingolipides contains one ore more sugar residues
while gangliosides has at least three of them and one of which must be sialic acid.
Therefore, we assume that the height difference of the circled area comparing with

the rest of sturcture is due to sugar residues.
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Fig. 3.18: AFM images of MBCD treated (a) and thereafter MNV infected RAW DRMs.

Scale bars are 400 nm.

The AFM image of methyl-beta-cyclodextrin treated RAW DRMs is given in
Fig.3.18.(a).
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The area of detergent resistant membrane domains decreased from 9500 + 550
nm? to 872 4+ 100 nm? due to the methyl-beta-cyclodextrin treatment.
Furthermore, MNV incubation was performed on RAW cells prior detergent
treatment (Fig.3.18.(b)). The AFM image presents absence of structures on the
mica surface including both detergent resistant membrane domains and murine
noroviruses. This result indicates that murine norovirus binding on detergent

resistant membrane domains is precluded by the MBCD treatment.

RAW DRMs + MNV

RAW DRMs

RAW DRMs + MBCD

RAW DRMs + MBCD
+ MNV

Fig. 3.19: AFM images of RAW DRM samples.

We have summerized the AFM study of RAW-MNYV interactions in Fig.3.19.
RAW DRMs are flat structures and found at ~ 7 nm height and ~ 100 nm
diameter. Incubation of RAW cells with murine noroviruses prior to DRM
extraction provokes aggreagation DRMs on mica surface. Concequenlty, the

diameter of stuctures can reach to several micrometers.
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In order to validate that the aggregations are caused by RAW DRMs — MNV
interactions, we have analyzed MBCD treated cells. AFM results indicates that
following of MBCD treatment the MNV binding is absent. Since MSCD treatment

incapsulates cholesterol, we conclude that MNV binding is cholesterol dependent.

3.3.7 Detection of murine norovirus binding on RAW

cells by SERS analysis

Concerning previously presented RT-PCR, and AFM results, the murine norovirus
binding is closely associated to the presence of detergent resistant membranes of
RAW macrophage cells and it has found cholesterol dependent. Therefore, we
applied surface enhanced Raman scattering experiments in order to obtain the
chemical information about MNYV infection. For that, SERS analyzes are
performed on the gold GDC nanoparticle substrate via excitation at 785 nm laser
light. The spectra are collected from each sample with 10 s acquisition time and

presented in Figure 3.20.
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Fig. 3.20: SERS spectra of detergent resistant membrane domains (DRMs) of RAW cells,
MNV and MNV infected RAW DRMs. Graphic image of MNV is obtained from

reference [162] with permission of authors.
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Here, we investigate the chemical evidence of the murine norovirus binding on
detergent resistant membrane domains of RAW cells. SERS spectra of murine
norovirus inoculum and detergent resistant domains were first acquired separately
(Fig.3.20).  SERS spectrum of RAW DRMs consist of signals from lipids,
cholesterol and proteins which are the main components of lipid rafts. The Raman
bands at 574 cm™, 862 cm™ and 1539 cm™! were attributed to phosphatidylinositol
[167], phospholipid [168] and lipids [169], respectively. The peak at 1310 cm™ was
found as associated to CHy deformations in lipids/adenine/cytosine[168] and ring
stretching/twisting of CHz, CH3 in proteins [170]. Spectral feature of cholesterol
ester was found at 611 cm™ [167]. The presence of proteins in RAW DRM was
confirmed with the peaks at 1231 cm™ [170], 1391, 1416 and 1585 cm™ [171]. The
Raman band at 1170 cm™ was linked to presence of fatty acids [167] or proteins
[169, 171]. In addition, the peaks at 460 cm™, 908 cm™ and 1466 cm™ were
observed at SERS spectrum of RAW DRMs but they are undefined due to leak of

data in literature.

Spectral features of partially purified murine norovirus inoculum from infected
cell lysate are shown in Fig.3.20. It has already known that SERS spectrum of
viruses contains Raman bands associated to nucleic acids, proteins, lipids and
carbohydrate [172]. However, MNV is a non-enveloped virus where the lipid
bilayer envelope is absent, therefore it doesn’t contain any lipids. We have
observed a peak at 934 cm™! that has defined as characteristic Raman band of
MNV-4 [173]. MNV-1 and MNV-4 shares many sequences, thus we assume that it
indicates the presence of MNV-1. The Raman bands acquired at 1229 cm™ and
1256 cm™ are linked to spectral features of proteins [171, 174]. The peak at 1348

1

cm™! corresponds to Raman band of carbohydrate while the band at 1422 cm™ is

associated with adenine/guanine [171] that indicates the presence of RNA.

The SERS spectrum of the murine norovirus infected detergent resistant
membrane domains of RAW cells is displayed in Fig.3.20. The presence of lipids is
verified with two peaks at the spectrum. The Raman band at 874 cm™ is
attributed to phosphatidylcholine/sphingomyelin [167] while the peak at 1053
cm! is linked to lipids [168].
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Spectral feature of unsaturated fatty acids [167] is observed via the peak at 1270
cm™. The murine norovirus binding on RAW DRMs is confirmed with the band
at 934 cm™ which is a specific Raman band of MNV [173] and previously observed
at the SERS spectrum of MNV. In addition, the peak at 1189 cm™ corresponds to
nucleoids: base RNA [171]. Two Raman bands, at 1270 cm™ and 1416 cm™,
correspond to proteins [168, 171]. The peak at 1270 cm™ can be originated from
the capsid proteins of MNV or the membrane proteins. However, 1416 cm™ is
associated the membrane proteins since it has been observed also at the SERS
spectrum of RAW DRMs. The Raman band at 845 cm™can be attributed to

saccharide [167] that indicates a remaining residue after sucrose fraction.
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Fig. 3.21: SERS spectrum of MBCD-treated RAW DRMs and MSCD-treated and MNV
incubated RAW DRMs.

In order to verify the previous results yielded from the specific interaction
between detergent resistant membranes of macrophage cells and MNV, the
methyl-beta-cyclodextrin (MSCD) treatment was implemented to cells before to
the detergent treatment. The SERS spectrum of the samples are displayed in
Fig.3.21. A remarkable spectral change is observed for the SERS spectrum of
MpBCD-treated RAW DRMs compared with DRMs alone (Fig.3.20).
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The Raman bands at the spectral range of 400 — 1100 cm™ are disappeared
including the cholesterol ester assignment at 611 cm™. The spectrum contains the
peaks at 1142 cm™ (ribose-phosphate DNA [171]), 1218 cm™ (protein [175]), 1240
em™ (amide IIT [176]), 1363 cm™ (hemoglobin protein [171] or saturated lipid
[[170]), 1456 cm™ (phospholipid [177]) and 1643 cm™ (lipid [168] or protein [171]).
On the other hand, the spectra of MBCD-treated and MNV incubated RAW

~—~

DRMs contains a few peaks at low Raman signal intensity. The decrease of Raman
signal correlates to AFM results since the intensity of Raman signal is influenced
by the quantity of analyte. The spectrum contains spectral features of protein by
the peaks at 997 cm™ [168, 171], 1160 cm™ [174] and 1566 cm™ [171]. The Raman
band at 1126 cm™ is associated to fatty acids [167]. However, both MBCD-treated

samples own a band at 828 cm™ that associated to tyr protein [171].
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Fig. 3.22: Enhanced Raman bands of RAW DRMs obtained from SERS spectra shown in
Fig.3.20 and 3.21.
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Consequently, we could identified the characteristic Raman peaks of detergent
resistant membrane domains of RAW macrophage cell line and observed the
chemical modification caused by murine norovirus and methyl-beta-cyclodextrin.
After methyl-beta-cyclodextrin treatment, absence of cholesterol is observed. We
have observed that the murine norovirus infection occurs only in the presence of
the detergent resistant membranes of RAW macrophage cell line and it is

cholesterol dependent.

3.3.8 Human intestinal cells

Human intestinal cells are the target for noroviruses to contract gastroenteritis
disease. Here, we have investigated the interactions between Virus Like Particles
(VLP) and human colon carcinoma cells (Caco—2) to reveal gastroenteritis disease
at human hosts. This study is a continuation of the previous work and carried out
in collaboration with INSERM Research Centre UMRS66.

Caco—2 cells are cultivable and can differentiate into specialized cells once they
reach to confluence. These cells are studied for drug delivery and intestinal
infections.

The apical side of Caco—2 cells, they harbor Microvillus. —Microvili are
membrane protrusions that increase the membrane surface without arising the
volume. They have many functions as absorbtion, secretion and adhesion. The
size of microvilli depends the incubation time of cell cultivation. Microvilli,
whatever their size, include organelles. Generally, microvili consist of actin
filaments that is the core of structure. Inside of microvilli, 20 to 30 actin filaments
can be found bundled. Additionally, some proteins as fimbrin, villin and espin
attach to actin filament bundle. The glycocalyx surrounds whole external surface
of the microvilli, consisting of peripheral glycoproteins. This layer aid to bind the
substances and act as protection.

In first, Caco—2 cells were analyzed alone by atomic force microscopy to obtain
their topography. Prior to AFM analyses, cells were cultivated during 3 weeks in
DMEM medium with 4.5 g/1 of glucose, glutamine, non-essential amino acids and

10 % foetal calf serum. First, the cells were implanted on glan disk cell plates.
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Once the cells reached to confluence, they were maintained in the culture over three
weeks to obtain a complete differentiation into enterocyte of the cell monolayer. The
monolayer was then rinsed of with PBS prior to fixation with 4 % paraformaldehyde

(PFA). The cell plates were stored at 4°C until AFM analyses.
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Fig. 3.23: Schematic drawings of Caco—2 cells on a glass surface. AFM images of Caco—2
cells are presented. Scale bars are 2 ym. The dragging effect due to scanning is

shown at the bottom part.

AFM experiments were carried out on Multimode 8 microscope in PBS
medium. No results have archieved by using neither oscillating contact nor Peak

Force QNM modes. We obtained the topography of cells only by contact mode.
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Figure 3.23 presents a schematic presentation of Caco—2 cells with typical
topography images in both scanning directions. AFM images were obtained with
0.5 Hz of scan rate and 15.3 mV of deflection setpoint.

The trace and retrace images of Caco—2 cells are not identical, as seen from Fig.
3.23. Some structures on the cell surface —we assume that they are microvilli- are
oriented in the same direction with scanning. However, it is not possible to avoid
this dragging effect caused by AFM tip even for very low applied force values (a
few pN).

~100nm
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Fig. 3.24: Scanning electron microscopy images of Caco-2 cell surface. (a) Magnitude: x

6500, scale: 1 pm and (b,c) magnitude: x 50000, scale: 100 nm.

In order to observe the cell surface without any dragging effect, Caco-2 cells
were imaged by scanning electron microscopy. Figure 3.24 presents SEM images of

the cell surface in two different magnification levels.
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SEM results indicate that the entire Caco—2 cell surface was covered by
microvilli.  Their diameter and length are around 100 nm and 500 nm,
respectively. These structures obstruct AFM imaging process since they are
pushed and dragged by tip during scanning. Another important issue is their size
that is very large compared with VLP. Figure 3.24.(c) is a focus on microvilli,
which highlights the size difference between VLP and microvilli. VLP has
drastically small size compared with these membrane protrusions that complicates
observing them on the cell surface by AFM technique. Therefore, we have
implemented several approaches including CuSQO,4 treatment that transforms the
actin filaments (F-actin) to globular actin (G-actin). However, the cell surface still
remains enough roughness that obstructs to observe VLP. Consequently, our
investigations were hampered by the presence of microvilli and we claim that one

successful approach can be use of fluorescent labelling for this work.

3.4 Conclusion

In this chapter, we have carried out three studies in order to evaluate the compability
of atomic force microscopy and surface enhanced Raman spectroscopy. Likewise,
we aimed to observe efficacy of our nanoparticle substrates for complex biological
systems. Our studies can be classified under three categories:
e Detection of a complex biomolecule :

A membrane-bound hemoprotein derived from human microsomal cytochrome b5
was investigated by SERS measurements. The reference samples for SERS analysis
have generally small and simple molecules that yield large Raman signal intensity
and well-defined spectral features. However, native biological samples consist of
several components and they generally yield small amount of Raman signal.
Therefore, we have firstly implemented our nanoparticle substrates to a complex
biomolecule analysis in order to evaluate the sensitivity and efficacy of substrates.
The chemical signature of the protein was achieved in nanomolar concentration

and the peak positions at the Raman spectra were confirmed with the literature.
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e Observation of conformational changes of a protein :
Our aim was to observe the conformational changes of a protein with SERS and
HS-AFM techniques afterwards correlate both topographic and chemical data. For
this purpose, we have analyzed Leuconostoc oenos (Lo 18) protein that involved a
popular regional topic: the quality and stability of wine. Lo 18 is a small heat shock
protein that can form large oligomers, in other words it can change its conformation
in the function of pH level. We have investigated Lo 18 protein at three pH levels
and we determined experimentally the number of its sub-units and the velocity of
dimers by HS-AFM analysis. In parallel, related chemical features were investigated
by SERS measurements on the nanoparticle substrates with 1 s acquisition time to
have comparable dynamics with HS-AFM results. Varying the concentration of
protein solutions, we have distinguished the spectral features of dimers from higher
oligomeric conformations.

e Detection of chemical variations due to interactions :
At the last part of this chapter, we have focused on the detection of chemical
variations originated from virus—membrane interactions. Again, gastroenteritis is
a regional topic and we have studied a model system that can help to understand
the infection mechanism of disease. We have investigated the topographic features
of murine noroviruses, host cells, the detergent resistant membrane domains of
host cells and their interactions between each other by HS-AFM. Our preliminary
studies with RT-PCR technique suggest that the virus binding involves lipid raft
derived structures and the binding is cholesterol dependent. To ensure these data by
chemical evidences, SERS experiments were carried out on the each sample before
to analyze them in interaction. Afterwards, the spectral features were correlated
with the topographic data obtained from HS-AFM analyses.

This chapter of the thesis points out the importance and utility of supporting
topographic information with chemical data, thereby exceed the limitation of AFM,

the lack of sample identification, by correlating it with Raman analysis.
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High-speed atomic force microscopy (HS-AFM) and surface enhanced Raman
spectroscopy (SERS) were implemented to address three distinct studies
previously. In the first part, we have evaluated the performance of our
nanoparticle substrates on the detection of a complex human related protein.
Next, we have investigated the chemical and topographic features of a small heat
shock protein Lo 18 in function of its conformations. Our final study was consist
of the murine norovirus binding on detergent resistant membrane domains of
mouse leukaemic monocyte cells.

After spontaneous use of SERS and HS-AFM microscopes for biomolecule
analyses, we focus on the coupling of these techniques in this chapter. Firstly, we
have studied molybdenum disulfide (MoSz) by a commercial Raman - AFM
microscope. In the second part of chapter, we present in detail our setup which

combines Toshio Ando’s HS-AFM and SERS technique.
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4.1 Tip—Enhanced Raman Spectroscopy

Tip—enhanced Raman spectroscopy (TERS) is relatively a new field that belongs to
Raman spectroscopy related characterization techniques. TERS combines atomic
force microscopy and Raman spectroscopy offers both topographical and chemical
features of samples. TERS employs a sharp metal tip where the excitation light
is focused on it, through an aperture with a smaller diameter than the excitation
wavelength. The metal sharp tip results a signal enhancement likewise in surface
enhanced Raman spectroscopy. The spatial resolution of TERS is well below the
diffraction limit and it is a nondestructive technique as AFM.

The concept of TERS appears the first time with Wessel’s work, when he has
used a submicrometer-sized metal particle in scanning tunneling microscopy [178].
Nine years later, Todd and Morris have introduced a version of TERS which is
very similar to today’s one by using microelectrode with a tip diameter of 1-3 pym
[179]. TERS officially becomes more common technique in the early 2000s. The
impact of metal tip on the signal exaltation is investigated with analysis of brilliant
cresyl blue using a silver coated AFM probe [180]. Micic et al. have simulated the
field distribution on the probe using finite element method [181]. Additionally, the
single molecule analysis has carried out on TERS and the spectral fluctuations were
investigated. Herewith, TERS became a versatile tool for analysis of biological and

biomedical samples [182].

4.1.1 TERS study

In collaboration with NanoScience Technology Center, University of Colorado,
under the direction of Dr. L. Tetard, we have investigated molybdenum disulfide
by our TERS probes. In this work, our aim is to investigate the spectral and
topographic features of molybdenum disulfide (MOS3) and the impact of the

metal tip on the Raman signal intensity.
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The experiments were carried out on a commercial Raman — AFM microscope,
WITeC alpha 300 AR. This microscope offers a scan range of 200 pm x 200 pm x
20 pm including mapping of elastic properties of the sample surface. The Raman
excitation light at 532 nm is brought into the microscope via an optical fiber. The
incident and scattered beam pass through the same aperture. This aperture is
also used for visualizing the sample surface. After collection, the scattered light is
directed toward the spectrograph and CCD for spectral analyses. The image and

beam path of microscope are given in Fig.4.1.
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Fig. 4.1: Raman AFM microscopy setup. (a) Cutaway view and (b) schematic

representation of microscope.

We have used a top-illumination scheme for tip—enhanced Raman spectroscopy
(TERS). A gap-mode configuration with illumination and detection in a
straightforward fashion perpendicular to the sample surface has been used. The
illumination focuses the light tightly around the tip end, which diminishes
contributions of far-field background during TERS measurements. The setup
maintains the entire functionality of both scanning probe microscopy and optical
microscopy.

TERS images are obtained by using an integrated system which consist of an
upright microscope with an 30x long working distance objective (Zeiss EC Epiplan

NeoFluar - N.A.= 0.4, W.D.= 3.1 mm) and an integrated AFM head (WITEC).
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A Raman spectrometer using a grating of 600 lines centered at 500 nm for lower
resolution. To achieve higher resolution, a grating of 1800 lines centered at 500 nm
but it provides narrower spectral range. A Nd:YAG laser (A=532 nm) and a CCD
camera (1024 x 400 pixels, Andor detector) was connected to the microscope/AFM
system. A schematic drawing of the TERS setup is shown in Fig.4.2. The location
of the laser spot can be precisely controlled by a mirror with a piezomotor such as
the laser spot can be aligned to the AFM tip. The sample is placed on an XYZ
piezo stage (200 x 200 x 20 pm).
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|
e . iffraction
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! grating and CCD
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|
| AFM laser
T
I
| Optical mask
Long working |Raman
: aser
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Fig. 4.2: A schematic diagram showing the arrangement of the TERS system in an upright

configuration. The scattered light is shown with the dotted line boundaries.

An optical mask was inserted to minimize the backscattered laser light from the
back of the cantilever. We employ a technique that creates a side-illumination with
the unmodified upright objective allowing the experiment to be carried out with

linear polarized laser light.
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It was achieved by masking 20% of the laser beam that enters to the objective which

eventually only illuminates the sample from the opposite side of the cantilever.

The angle of incidence of the laser beam was just below 23° based on the fact
that the N.A. of the objective was 0.4. While the angle of incidence of the laser
light has to be aligned with the axis of the tip exactly, we have checked diffraction

pattern of NPs at the tip end on video camera to match with the current setup.

Since the AFM tip and the laser beam approach the sample from the same side
and the cantilever employed was not transparent, the back of the cantilever will be
shadowing that part of the objective. The introduced mask, in this case, also has
the advantage of reducing the scattered light from the top surface of the cantilever.
While the 20% of the laser beam is masked, the scattered light collected by the
same objective is only shadowed by the cantilever which is blocking less than a half

of the objective.

The tip protrudes out from the end of cantilever, in such geometry the shadowing
effect of the cantilever on the excitation laser spot is minimized. The tip contacts
the sample at an angle of ~20° from the normal to the surface of sample. To
maximize the tip enhancement effect, the polarization of the laser light should be
parallel to the tip axis. In upright configuration, this can be achieved by using a

radially polarized light [183, 184].

The microscope involves an automatic system that allows to focus the laser
spot on the sample and the apex of gold nanoparticle coated AFM tips. It was
achieved by scanning the surface with the laser beam, moving the mirror, across the
approaching tip. Whenever the laser spot entered at the tip area, the appearance
of small increase at fluorescent background was noticed (see Fig.4.3). The area
with the strongest background signal was regarded as the “hot spot”. The sample
was scanned by moving the XYZ piezo stage. The topography image and the tip—
enhanced Raman image were collected simultaneously. One second integration time

was used to collect the Raman signal at each point of the image.
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Fig. 4.3: Optimization of TERS configuration using spectrum and diffraction pattern.

A typical Raman spectrum of silicon was obtained from the sample substrate.

Likewise, a spectrum of gold nanoparticle can be achieved by focusing on the

cantilever.

When the laser spot focus correctly at the probe apex, the spectra

presents both spectral features of substrate and the gold nanoparticle.
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Fig. 4.4: Typical spectrum obtained on silicon substrate and Au nanoparticle TERS

cantilever.

When the microscope is operated in contact or even in oscillating contact

mode, the tip reaches to close proximity of the sample. A false enhancement of

Raman signal could be resulted from the small amount of material transferred to

the tip during the approach. Therefore, it is important to verify if the apparent

enhancement is sensitive to the location of the tip onto the sample.
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This is automatically achieved during the scanning. When an image is obtained
by scanning the tip across the sample, only a TERS active tip provides a
distribution map with a spatial resolution which is better than what can achieved
with a conventional confocal microscope.

We have used high-resolution TERS imaging (100 x 100 up to 256 x 256 pixels)
with full spectral information at each pixel, which is necessary for the chemical
identification of sample constituents. The main limitation of this technique was
the duration time of the imaging. For achieving an image with 100 x 100 pixels
resolution requires 25 minutes while it takes more than 90 minutes for an image
with 256 x 256 pixels resolution.

With the commercial setup presented in this work, TERS effect was only

observed when the system was operated in the contact mode.

4.1.2 Fabrication of TERS probes

TERS probes has a crucial role on Raman signal exaltation and the silver coated
AFM tips are the most popular one. However, we have used triangular
pyramid-shaped silicon AFM probes (ACCESS-C, APPNANO with the following
specifications: hy, = 14-16 pm, radius of curvature of tip = 6 nm, cantilever
length = 450 pm, width = 49.5 pum, thickness = 2.5 pum, f=16 kHz and k=0.3
N/m).

SEI  200kv X10000 1um  WD9.4mm 200KV X50000 100nm WD 95mm

Fig. 4.5: SEM images of the nanoparticle deposited TERS tip. (a) Magnitude: x 10.000,
scale: 1 pm and (b) Magnitude: x 50.000, scale: 100 nm.
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The GDC protocol (detailed in subsection 2.1.2.1) was applied on AFM probes
to cover the tip ofcantilever with crystalline gold nanoparticles. The presence of
metallic particles, thereby localized surface plasmons, enhances Raman signal. The
diameter of nanoparticles is around 20 nm and they are separated from each other
with 1-3 nm of distance. SEM images of these TERS probes are presented in
Fig.4.5.

4.1.3 Effect of laser power on AFM imaging

The soft piezo approach technique was adapted to avoid damage of the gold
nanoparticle on the extremity of tip. We have used the lowest contact pressure
settings to minimize the impact between the tip and sample. We have adapted the
laser Raman power in order to detect any effect on AFM imaging (Fig.4.6). We
have observed any melting of gold nanoparticles on the surface of substrate neither

on TERS probe even after 4 hours of exposition at a power of 1 mW.

Laser OFF Laser ON Laser OFF
Mean diameter: 52.1 nm Mean diameter: 54.8 nm Mean diameter: 54.8 nm
Mean roughness: 20.8 nm Mean roughness: 21.9 nm Mean roughness: 22.6 nm

Fig. 4.6: Interaction of Raman laser excitation on gold SERS nanoparticles substrate.

4.1.4 Analysis of molybdenum disulfide by TERS

Molybdenum disulfide (MoSz) is a semiconducting metal that has various
applications in optoelectronics field such as fabrication of field-effect transistors
(FETs), photovoltaics and photocatalyst. The Raman signature of MoSs is
well-known. Prevous studies show that there are four characteristic Raman bands

at 32 em™!, 286 cm™, 383 cm™! and 408 cm™' [185].
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We have compared far—field Raman imaging on Raman-AFM Witec setup with
near—field Raman imaging using our TERS probes on a reference sample: MoSs.
We present only the reproducible results obtained on MoSs flasks deposited on a

silicon substrate.

Figure 4.7 presents Raman spectra of the semiconductor material (a) with its
topography (b) and Raman intensity maps. The Raman spectra are achieved with
1s, 0.5 sand 0.2 s of integration times. All Raman spectra, regardless TERS mode,
present Raman bands at 376 cm™, 407 cm™ and 517 cm™. The peaks at 376 cm™
and 407 cm™ are associated to two first-order Raman active modes (Eég and Aqy)
of MoSy [185]. The E%g (~ 376 cm™) is the in-plane mode originated from the
opposite vibrations of two S atoms against to Mo atom. The Ay, (~ 407 cm™) is a
the out-of-plane vibrations of S atoms in opposite direction to Eég one [186]. These
two modes depend on the film thickness and their intensity, width and frequency
can be influenced [187]. Additionally, Li et al. have reported that the frequency of
the E%g and A, modes can be varied monotonously with the layer number of film
[185]. The third peak at the spectra corresponds to silicon substrate [188] where
the MoSs is flask deposited. The highest Raman signal intensity and a higher image

resolution are observed for the data obtained with 1s integration time.

The corresponding Raman intensity maps were obtained from the same surface
area and given in Fig.4.7.(c), (d) and (e), respectively. By selecting three filters for
each peak: Filter 1 (MoSz): Position = 371.8 cm™ — Width = 37.8 cm™!; Filter 2
(MoSz): Position = 414.5 cm™ — Width = 45.8 cm™!; Filter 3 (Si): Position =
517.0 cm™ — Width = 61.4 cm™, we could detect chemically Si and MoS,, and
obtain image of MoSs flake and Si substrate. We have noticed a light amplification
of Raman intensities using the gold nanoparticles coated probe.

The main result is an increase of the lateral resolution at TERS configuration
compared with spontaneous Raman imaging. Raman maps and full spectral
information have been obtained. It was shown that only the Raman frequencies of
E%g (383 cm!) and Aj, (408 cm) peaks vary monotonously with the layer
number of ultrathin MoSs flakes, while intensities or widths of the peaks vary

arbitrarily.
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Fig. 4.7: Comparison between spontaneous Raman and TERS imaging. (a) Raman spectra
of MoSs with 0.2 s, 0.5 s and 1 s acquisition times. Inset: Optical image of
the probe-sample configuration. (b) Topography of the sample surface. Raman
intensity maps obtained with different filters. For detection of MoSs (¢) mode E%g
(376 cm™), (d) mode Ay, (407 cm™) and (e) detection of Si (517 cm™).

The same procedure has been performed on rhodamine 6G (CagHs1 NoO3Cl)

deposited on our gold nanoparticles substrate (GDC). Photobleaching has limited

our observations. The results are not presented.
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On commercial Raman — AFM microscope, we have used the contact mode. In
this case, the sample is always in contact with the gold nanoparticle coated TERS
tip and it is exposed to the intense enhancement zone of the tip apex. Concerning
HS-AFM/SERS configuration, to achieve the maximum enhancement in oscillating
contact mode, a setting that would give a small oscillation at an amplitude of 3-
5 nm was adapted. Previous studies [189] have shown that the tip enhancement
effect diminishes within 5-15 nm between the sample and tip. It was not possible
to obtain any TERS signal from the gold nanoparticles coated TERS tips when
operating in oscillating contact mode even when the amplitude of the oscillation
was reduced to ~2 nm. Schultz et al. [190] suggested that when TERS experiment
is carried out with linear or azimuthally polarized laser beams, the enhancement
zone at the tip is along the X and Y directions rather than at the Z axis along the
tip. Furthermore, the polarization of the laser light was not aligned exactly to the
tip axis, hence, the enhancement effect is diminished even when the tip is just a few

nanometers away from the surface.
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4.2 Coupling of HS-AFM with SERS

Conventional atomic force microscopy (AFM) is limited by scanning rate and the
absence of sample identification. For attaining to the fast imaging generally a
decrease of image resolution is necessary (1 s/frame for 128 x 128 pixels
typically), which complicates to observe detailed topography of elaborated
samples. Investigating multiple samples on a surface, herewith their interactions
between each other, is very interesting topic for biomedical and biological
investigations. However, in such case AFM results rely on the outcome of all
samples on the surface and attribution of the information to a simple entity
remains as an assumption. Confocal microcopy is the most used tool to
characterize the supramolecular organization of complex biological samples.
Fluorescent dyes are employed as marker to tag a specific component of the
sample. Information about the organization of sample can be obtained but the
labeling procedure may restrict the mobility of biomolecules and may affect their
organization. On the other hand, a force spectroscopy has been developed for the
recognition of biomolecules. This technique needs the functionalization of AFM
tip with a specific antibody to obtain a particular recognition. However, this
method requires knowledge of the sample components and furthermore it is time
consuming. AFM has an important limitation that is not being able to

characterize the chemical nature of the sample under study.

The final objective was the coupling of surface enhanced Raman spectroscopy
(SERS) with HS-AFM. We were expecting the ability to measure molecular binding
events in real time, without labeling. We have shown in the previous chapter that
the great advantage of SERS is being able to obtain the spectral fingerprints of
each molecule or individual molecular structures under the laser spot area with
high sensibility. The benefit of combining the high resolution imaging with SERS
is achieving the topographic information with subnanometer resolution and the
chemical characterization with a sensibility lower than 10712 mole per 300 nm? area
of sample surface. The challenge was to use Ando’s HS-AFM setup for chemical

analysis with restrictions concerning the optical pathway and microscope objective.
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4.2.1 Properties of SERS coupled HS-AFM setup

SERS coupled HS-AFM setup was designed to procure the physical properties and
the chemical composition of the samples under investigation. Our aim was to
produce a multifunctional and flexible instrument that offers SERS, TERS,
fluorescence and HS-AFM analysis. In order to achieve this goal, several optical
elements are incorporated into Toshio’s HS-AFM setup (detailed in subsection
1.1.4). All optical detection system of HS-AFM and the electronics were kept as
original. In our design, we used Ultra-Wide type high-speed scanner (35 pym x 35
um X 3 pm) to enable the cell analyses. However, the other high speed scanners

are adaptable to the microscope (see subsection 1.1.5).

Fig. 4.8: A prism is mounted on HS-AFM microscope head to direct the excitation laser

towerd the sample.

HS-AFM & SERS setup provides fluorescence, Raman, Rayleigh and AFM
analysis. For imaging, we have used a laser beam at A\ = 670 nm which is focused
on the cantilever via a collimator and an objective lens. The reflected light from
the cantilever is collected back by the objective lens (Nikon, CFI S Plan Fluor
ELWD 40 x, W.D. 8 mm, N.A. 0.45).
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The Raman or Fluorescence excitation laser light is also focused through the same
objective. We integrated a prism (Edmund, 2 mm size) on the high speed scanner
to direct the Raman/Fluorescence excitation light toward the sample. A
photography of HS-AFM head with the prism is given in Fig.4.8.
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Fig. 4.9: Schematic drawing of SERS combined HS-AFM setup.

The schematic presentation of home-built HS-AFM & SERS setup is given
Fig.4.9. We integrated a spectrograph (Shamrock 163, Andor Technology) and
CCD camera (iDus 401, Andor Technology).

In the TERS configuration, the sample is directly deposited on the prism while
SERS experiments are performed with a nanoparticle covered surface which is fixed
on the prism. All experiments were carried out with EBD tip deposited probes
except TERS analyses where a specical protocol applied on the EBD tip deposited
probes to cover the apex of the tip with the nanoparticles.

For SERS configuration, the sample solution is directly deposited on the gold
nanoparticle substrate which is fixed on the prism. The scattered light from

sample is collected by an objective.
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The scattered Raman light is filtered (Semrock) prior to guide the light toward
spectrograph (Shamrock 163, Andor Technology) and CCD camera (iDus 401,
Andor Technology). Both Raman and Rayleigh scatterings are blocked at the
entrance of video camera for easiness of the calibration of the laser spot on the
cantilever. Non-metallic tips are used since metallic tips cause TERS effect.
Figure 4.10 presents the optical path of Raman/fluorescence excitation light and

the scattered light.
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Fig. 4.10: Schematic drawing of SERS combined HS-AFM setup.

4.3 Limits and prospects

We have analyzed methylene blue and protein Lo 18 on our combined microscope
setup. Comparing with the results presented in the previous chapter, we could not
obtain the same SERS efficiency. No proofs were given for the dynamic analysis of
biomolecules. Different configurations were tested to avoid the noise and interference
intrinsic to SERS analysis.

We were able to obtain SERS spectra of the samples, however only a few
dominant peaks could be assigned to the vibrational modes of the protein or

methylene blue.
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The focus plane of the sample and the reflected laser spot were separated from few
micron (3-5 pm) by using EBD tip deposited HS-AFM probes. In our
configuration, the focused Raman laser spot has diameter of ~ 10 um. We have
observed an impact of the size and intensity of the Raman laser spot on the

results.
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Fig. 4.11: (a) HS-AFM image and (b) SERS spectrum of methylene blue (10 M) on
the nanoparticle substrate obtained from the HS-AFM/SERS configuration.

Acquisition time is 10 s for both analysis.

A typical SERS spectra of metlylene blue at 108 M concentration is given in
Fig.2.11. The experiments were carried out by using GDC gold nanoparticle
substrates. We have observed five peaks matches with the previous results (see
Tab.2.6) while the other peaks are shifted less than 10 cm™ compared with our
conventional SERS results. The matched peaks are presented by frames on the
spectrum.

We have observed limitations due to the gold nanoparticle substrates. The
coverage of gold nanoparticles on the 2 x 2 mm square glass coverslip was not
homogeneous on the borders. We had imaging artefacts due to hydrodynamic
interactions at the center of sample. Therefore, it was necessary to combine the
presence of molecules and the homogeneous coverage of gold nanoparticles at the
border of substrate to attain effective analysis. However, the distribution of
molecules on the substrate was irregular and this leads to loss of the

reproducibility for the yielded spectra across different mapping points.
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For spectral reproducibility measurements, we have analyzed porphyrins. The
sample was directly deposited on the gold surface and left to dry to ensure an
adsorption. We have used 532 nm and 785 nm excitation wavelengths and adapted
accordingly the filters and gratings. The 532 nm provided the best SERS signal.
We have compared the spectral reproducibility and SERS effectiveness of different
samples.

We have observed the presence of hot spots mostly at the border of substrate
(not as seen from previous analysis in chapter 3). The hot spots are sparsely
distributed along the border of substrate. Thus, reproducibility of a given spectral
map was influenced mainly by the presence of random “hot spots”. The number of
hot-spots represented 2-5% of SERS-active sites of the substrate for our HS-AFM
configuration. Also, the performance of these methods strongly depends on the
time of gold substrate storage. This may leads to a reduction in SERS
effectiveness due to suffered oxidation damage or distortion of the surface
nanostructures. Gold is wrongly considered chemically inactive and stable, more
suitable for incorporation inside biosensor platforms. We tried to use the gold
substrates immediately just after their fabrications. Even with all these precaution
and different settings, we were not able to find the previous results. Some
anomalous bands of surface contaminants were also observed. Our SERS spectra

had low signal-to-noise ratio.

a) HS-AFM & SERS configuration b) SERS configuration

Sample and
SERS substrate

Buffer solution
Sample and
SERS substrate

Fig. 4.12: Schematic drawing of the sample position at the HS-AFM/SERS and SERS

configurations.
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The Raman signal loss at the HS-AFM/SERS configuration is basically
resulted from the optical path. The excitation laser light is reflected from the
prism and directed to the SERS substrate and sample. The scattered Raman light
is dispersed in the liquid medium and pass through the glass of liquid cell. After
couple millimeters in air, the scattered light reaches to the objective lens. All
these changes of optical mediums, thereby the refractive index, lead a loss at
Raman signal. On the other hand, the SERS configuration that we have used for
previous experiments involves less “sophisticated” design where the scattered light
is directly collected by a water immersion objective.

The interaction area is over few um? at HS-AFM/SERS configuration as seen

from Fig.4.13.

Raman laser spot sample Raman laser spot

surface

Focus plane

Interaction area

HS-AFM/SERS HS-AFM/TERS
configuration configuration

Fig. 4.13: Schematic drawing of Raman laser spot on the HS-AFM/SERS and HS-
AFM/TERS configurations.

Whereas at HS-AFM/TERS configuration, we obtain local information but the
nanoparticles did not stay long time on the tip apex in oscillating contact mode
even using low oscillation amplitude. In air, we obtain reproducible results on a
simple specimen MoSs. For biomolecules, the laser power could not be reduced (in

regard of signal noise ratio) sufficiently to avoid perturbation on biomolecules.



(GENERAL CONCLUSION AND

PERSPECTIVES

This thesis presents the development of crystalline metal nanoparticles substrates
essential for Raman spectroscopy, the coupling of high-speed atomic force
microscopy (HS-AFM) with surface-enhanced Raman spectroscopy (SERS). We
have shown that different crystalline nanoparticles substrate could be generate
such as bi-metallic (Au-Ag). The developed process was extended to the
fabrication of tip-enhanced Raman spectroscopy (TERS) probes. The probe are
relevant for scanning. In addition to the designing issues, we have discussed the
limitations of SERS/dynamic analysis as well as proposing improvements using
TERS probe.

We have shown that high-speed AFM remains a very powerful tool that
provides to analyze the dynamics of biomolecules in nanometric scale. The
observing interactions of biological samples, herewith the change of their
topography and dynamics is very interesting and promising topic for applications
in the field of biology and medicine. However, to locate a specific entity in the
presence of multiple samples furthermore follow its dynamic behavior is absent.
The current thesis focuses on investigating multiple samples by HS-AFM
microscope and locate each components, moreover procure their chemical features.
To achieve this goal, we have aimed to combine HS-AFM microscopy with Raman
detections. The whole processes is challenging and requires several intermediate

steps and they have been addressed one by one at the chapters of this thesis.
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A general problematic of Raman spectroscopy is low signal intensity and it is
known that it can be overcame by use of metallic rough substrates. Therefore, our
first aim was to develop a fabrication procedure of nanoparticle substrates that
allows to attain reproducibility, efficacy and adaptability to different type of
metals and substrates. We have evaluated the crystallinity, homogeneity, shape
and distribution of nanoparticles on our plasmonic substrates. The performance of
substrates on surface enhanced Raman spectroscopy measurements were examined
with reference samples by confocal Raman maps and analyses in function of

concentration.

After verifying the quality and performance of the nanoparticle substrates, we
have addressed three biological problematics by HS-AFM and SERS. We have
started from a human derived protein to more complex and large biological
structures. We have observed the conformational changes of small heat shock
Leuconostoc oenos protein. We have determined the spectral features of specific
conformations. Afterwards, we approached to gastroenteritis disease by studying a
model system. The chemical and topographic variations due to the virus infection
have been determined on the detergent resistant membrane domains of the host
cells. We emphasize the importance of scanning a large quantity of pure elements
in spite of the challenges. Data bank of spectra is need by the research
community. Engineering and experimental practice on all proteins would always
favor simplicity, efficiency, and effectiveness in chemical identification. Actually,

the Raman spectroscopy suffers of this lack of data.

The three distinct studies indicated wus to compatibility of both
characterization techniques. However, the separate analyses enable to correlate
only general outcome of each technique, the attribution of data to a specific entity
is still absent. Moreover, SERS results are based on the collective response of the
molecules under the laser spot area: 300 nm diameter spot size under optical
configuration, 4-5 ym diameter spot size under HS-AFM configuration. Therefore,
we have focused on tip—enhanced Raman spectra and combined microscope at the
last chapter of this thesis. Firstly, we have adapted our nanoparticle fabrication

procedure to procure TERS tips. The efficacy of our TERS tips was evaluated by
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analyzing a well-known sample by a commercial Raman—AFM microscope. Lastly,
we have integrated an optical setup to Ando’s HS-AFM microscope to adapt
fluorescence, TERS and SERS measurements. The functionality of the setup has
been tested by individual analysis of each techniques. The cooperation of
techniques to attain the spontaneous HS-AFM and Raman analyses is remains as
continuation of this work. On the other hand, currently identified challenges,
weaknesses, as well as limitations are not yet sufficient in drawing conclusion on
the usefulness of Raman spectroscopy AFM imaging coupling. The field is still
young and involves various disciplines such as signal processing (adaptation of
scanning rate and spectrometer acquisition time), chemical engineering
(functionalization of metallic nanoparticles), biological analytical analysis
(produce a complete Raman spectra data bank). Paradigms on TERS and
underlying theories are either just being set. Therefore, objective and
multi-disciplinary approaches would continue to be necessities for studying various
biological specimens.

As for the future research, it would be fruitful to undertake a general
investigation of the main components of biological membranes by combining
mass-spectrometry, infra-red spectroscopy, enhanced Raman spectroscopy, and
how to make use of this combination to complement the weaknesses or limitations
of each one individually. This study would lead to a basis for designing a
combined platform for infra-red and Raman spectroscopies, fluorescence and
atomic force microscopies. Along with this pursuit, research need to be performed
towards the integration of high-speed atomic force microscope module integrated a

stand-alone version for current optical microscopy platforms.
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