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Résumé

Un gradient de température à l’échelle micrométrique dans un liquide peut être à la
base de nombreux phénomènes physiques. Par exemple, des molécules ou particules
dans un liquide peuvent migrer le long de gradients de température, un phénomène
appelé thermophorèse. Souvent éclipsé à l’échelle macroscopique par la convection
thermique, cet effet devient plus rapide et dominant à l’échelle microscopique. La
recherche fondamentale en thermophorèse a également beaucoup progressé au cours
de la dernière décennie dans le contexte de la thermoplasmonique. Les nanoparticules
plasmoniques sous irradiation laser à la longueur d’onde de résonance deviennent
des nanosources de chaleur. Ces travaux de thèse ont utilisé ce phénomène pour
créer des gradients de température à l’échelle microscopique dans des systèmes
liquides à l’échelle microscopique afin d’étudier la thermophorèse des particules et
des molécules. Le gradient de température est créé en illuminant un tapis homogène
de nanoparticules d’or à leur longueur d’onde de résonance.

Afin d’étudier la thermophorèse à l’échelle microscopique, nous avons besoin d’un
microscope capable d’imager des champs microscopiques tels que des gradients de
température et de concentration. La thermophorèse est quantifiée par le coefficient de
Soret, une quantité physique standard qui indique l’ampleur de la thermophorèse. Il
existe de nombreuses méthodes optiques telles que la mesure de l’indice de réfraction
et les techniques basées sur la microscopie à fluorescence pour mesurer les coeffi-
cients de Soret dans les liquides. Cependant, elles présentent toutes des inconvénients,
par exemple, des artefacts dans les mesures de température, une concentration élevée
de soluté requise, etc. L’objectif de cette thèse a été de développer un microscope
optique capable d’imager quantitativement des gradients de température et de con-
centration à l’échelle microscopique afin de révéler le coefficient de Soret des solutés
dans les fluides.

Les techniques d’imagerie quantitative de phase (QPM) permettent de détecter des
variations de l’indice de réfraction dans un milieu. Tout objet, par exemple une cellule
vivante, une microparticule ou un effet physique tel qu’un gradient de température,
qui provoque un changement d’indice de réfraction, peut être imagé par QPM.La
QPM utilisée lors de cette thèse est l’interférométrie à décalage quadrilatéral (QLSI).
La QLSI est capable de mesurer des champs de température aux petites échelles. Le
microscope monté lors de cette thèse possède des techniques d’imagerie double
: la microscopie de phase pour imager le gradient de température et fluorescence
pour mesurer le gradient de concentration. L’absence de marquage fluorescent de
l’imagerie de température permet une construction sans artefact du coefficient de
Soret sur une large gamme de température pour les systèmes à faible concentration
de soluté.
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Les propriétés optiques des fluides dépendant de la température et de la concentra-
tion, par exemple l’indice de réfraction, ont également été mesurées à l’aide du QLSI
dans le cadre de cette thèse. Il a été montré que les gradients de phase résultant de
micro-cratères contenant des liquides peuvent quantifier de façon précuse des varia-
tions de l’indice de réfraction en fonction de la température, donnant dn/dT et dn/dC
- deux propriétés optiques importantes du fluide qui sont nécessaires pour l’étude
de la thermophorèse. Enfin, une expérience de preuve de concept a été réalisée pour
montrer la faisabilité d’une détection complète et sans marqueur de la thermophorèse
des molécules en utilisant la technique QLSI. Ce travail offre perspectives dans l’étude
de la dynamique de solutés à haute température, comme la thermophorèse à haute
température, car la QLSI évite les problèmes de thermoblanchiment dans les mesures
basées sur la fluorescence à haute température, ce qui ouvre un tout nouveau domaine
de recherche avec QLSI.

Les mots clés : plasmonique, thermophorèse, microscopie, imagerie de phase,
nanoparticules.
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Abstract

Microscale temperature gradient in liquid is a driving factor behind many micro-
scopic physical phenomena in liquid. Molecules and particles in liquid can migrate
along temperature gradient and at micrometric spatial scale this effect is known as
microscale thermophoresis. Overshadowed in macroscopic environment by ther-
mal convection, this effect becomes faster and dominant in microscale. Microscale
thermophoresis is the basis of applications in bioanalytics, study of protein stability
thanks to its commercialization. In addition, fundamental research in thermophoresis
has also progressed a lot in last decade in the context of thermoplasmonics. Plasmonic
nanoparticles under laser irridation at resonance wavelength become nanosources
of heat. This thesis work utilized this phenomenon to create microscale temperature
gradient in microscale liquid systems to investigate thermophoresis of particles and
molecules. Temperature gradient is created by illuminating a homogenous carpet of
gold nanoparticle at their resonance wavelength.

In order to study thermophoresis in microscale, we need a microscope capable of
imaging microscopic fields such as temperature and concentration gradients. Ther-
mophoresis is quantified by Soret coefficient, a standard physical quantity that in-
dicates the magnitude of thermophoresis. Many optical methods such as refractive
index measurement and fluorescence microscopy based techniques exist to measure
Soret coefficients in liquids. However, all of them have some drawbacks for example,
artefacts in temperature measurements, high solute concentration requirement etc.
My goal in this thesis was to develop an optical microscope capable of imaging mi-
croscale temperature and concentration gradients quantitatively to reveal the Soret
coefficient of solutes in fluids.

Quantitative phase microscopy (QPM) technique can detect the refractive index
variation in a medium. Any object, e.g. living cell, microparticle or physical effect such
as temperature gradient that cause refractive index change, resulting phase gradient
can be imaged using Quadriwave Lateral Shearing Interferometry (QLSI) technique.
QLSI is a QPM technique that has been shown to measure microscale temperature
gradient in liquid occurring from thermoplasmonics. My homemade microscope
has dual-imaging techniques- phase microscopy using QLSI to image temperature
gradient and fluorescence microscopy to measure concentration gradient. The label-
free nature of temperature imaging allows artefact free construction of Soret coefficient
over wide temperature range for low solute concentration systems.

Temperature and concentration dependent optical property of fluids e.g., refractive
index has also been measured using QLSI in the thesis. I have showed that phase
gradients resulting from micro-vessels containing liquids can give information about
refractive index variation with temperature, yielding dn/dT and dn/dC - two most
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important optical properties of fluid that are necessary for thermophoresis study.
Finally, proof of concept experiment was performed to show the feasibility of complete
label-free detection of thermophoresis of molecules using QLSI technique. This
work has future prospect in studying solute dynamics in high temperature such as
super-thermophoresis, as we will not be limited to issues like thermobleaching effect
in fluorescence based measurements at high temperature, unlocking a whole new
domain of research with QLSI.

Keywords: plasmonics, thermophoresis, microscopy, phase imaging, nanoparticles.
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Introduction

Context
Temperature gradient at the microscale can govern many singular phenomena that
are invisible to us in daily life and cannot be unveiled without the help of advanced
microscopy tools. For instance, when molecules or particles in liquid experience a
temperature gradient, they tend to move along the temperature gradient. This process
is known as thermophoresis, which should not be mixed with thermal-induced con-
vection. In thermophoresis, only the molecules/particles are moving, while the fluid
remains static. Discovered in 19th century, thermophoresis in small scale intrigued
the interest of researchers in the last couple of decades because of their potential in
the field of bioanalytics and plasmonics. However, a reduced spatial scale means that
one needs sophisticated non-invasive methods to quantitatively map the relevant
microscopic fields (temperature and concentration) that can unveil the physics be-
hind thermophoresis. My thesis comes in this context to develop a method for such
purpose.

In order to study thermophoresis at the microscale, we need to generate heat at
the microscale. Metallic nanoparticles such as gold nanoparticles are excellent can-
didates for that as they absorb light at certain wavelength and efficiently convert it
into heat. This photothermal phenomenon is covered by the field of thermoplasmon-
ics. As we are talking about temperature gradient at the microscale that is driving
thermophoresis, it is of utmost importance to map the microscale temperature. Imag-
ing temperature field at the microscale remained a challenging task. Fluorescence
approach can be used, but fluorescence does not only depend on temperature. It
also depends on many physical parameters, e.g., pH, ionicity, refractive index, viscos-
ity etc. The group who welcomed me for my Ph.D. work developed a temperature
microscopy technique based on the use of a quantitative phase microscopy called
quadriwave lateral shearing interferometry (QLSI). This technique is able to detect
minute variations in the wavefront of light caused by refractive objects imaged by
a microscope. This method allows us to map temperature at the microscale and I
extensively used this approach in my Ph.D., for the first time in the context of ther-
mophoresis experiments. I also used fluorescence imaging in parallel to map the
themophoretic depletion or accumulation of particles, i.e., the concentration gradient.
Both these measurements helped us to retrieve thermophoretic coefficients over large
temperature ranges to develop a new metrology approach in the field of microscale
thermophoresis in liquids.

The QLSI techniques can also measure accurate refractive index change in liq-
uid over large temperature and concentration range. Coefficient of refractive index
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variation due to temperature dn/dT is an essential parameter for our label-free tem-
perature mapping. I used QLSI in special micro-vessels to measure its optical volume
change due to heat and by doing so, we can construct temperature dependence of
refractive index over a large temperature range with minimal error margin compared
to literature [1]. This technique has the potential to measure temperature around
nanoparticles generating heat in a photothermal process, by correlating with liquid
refractive index data calibrated over a large temperature range beforehand.

One of the most ambitious idea we had is to quantify thermophoresis with a com-
plete label-free process which requires a microscope, laser and a single camera. This
eliminates the necessity to use fluorescence detection for concentration measurement
as well as the use of complex multiple laser systems in existing label-free technique
[2]. The proof-of-concept experiment and its findings are promising and it can open a
doorway to image thermophoresis in aqueous systems in high temperature as well as
for molecules those are complicated for fluorescence labeling.

My thesis eventually led to the demonstration that QLSI represents a powerful tool to
study liquids, their physical processes and their optical properties. It also strengthens
the bridge between thermophoresis and plasmonics already initiated in the research
community and which has been gaining keen interest over the past decade.

Outline of the manuscript
The first chapter aims to discuss the physics behind thermophoresis. The current
advancement in this field is described in this chapter by doing some literature review.
I have also described the main four existing experimental methods for quantifying
thermophoresis of solutes in liquid. Furthermore, I shed some light upon the appli-
cations in the field of bioanalytics and protein stability. Finally, the advancement
in fundamental research in thermoplasmonics in the context of thermophoresis is
discussed.

The second chapter focuses on the experimental techniques I used and/or devel-
oped. The setup of the homemade microscope that I built is described. I detail various
optical components in the setup, in particular, the SLM to shape laser beam for heat-
ing. The principle of QLSI and image formation are also introduced in detail. Finally, I
explain the temperature retrieval technique from wavefront profiles recorded by QLSI.

The third chapter present the central results of my thesis, aimed to quantify ther-
mophoresis of fluorescent beads. I explain the gold nanoparticle sample preparation
method (in more detail in Appendix A). I wrote in detail the microscopy sample geom-
etry and preparation protocols. Then I explained how QLSI image and fluorescence
map can be used to calculate temperature and concentration gradients along with
Soret coefficients. Results are shown for different bead sizes under different laser
illumination profiles. Further experiments on quantifying photobleaching and ther-
mobleaching using a microscope heating stage are also discussed at the end.

The fourth chapter describes the experiments performed on micro-vessels e.g.,
craters and microhole array to determine temperature dependent refractive index of
liquid. My goal was to improve an existing QLSI based dn/dT measurement technique
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to achieve with faster and more accurate measurements. Results were obtained with
various liquids and I also explained how to extend the principle to other kinds of
dependencies besides temperature (concentration or wavelength).

The fifth chapter introduces a new label-free technique which is in development
stage to quantify microscale thermophoresis of molecules using only QLSI (discarding
any fluorescence measurement). The principle behind label-free concentration mi-
croscopy using QLSI is discussed followed by techniques to isolate temperature and
concentration data from a series of phase images recorded with an ultrafast camera.
Our findings are compared with literature and we concluded that further work is
required to fulfill the whole story of this technique.

13



1. Basics of thermophoresis

Molecules, ions or colloids dispersed in a fluid tend to migrate along temperature
gradients. This phenomenon is called thermal diffusion or thermophoresis. It was first
reported by Charles Soret in saline water in 1879 and was called "Soret effect". In water,
the origin of thermophoresis is multiple, complex and still a matter of active research
activities. Thermophoresis at small scales (sub-100µm) aroused a strong interest these
last two decades because it makes the process faster to investigate, creating a new
field of research called microscale thermophoresis is liquids (MTL). Reducing the
spatial scale to sub-100µm has made the process faster but also more complicated to
investigate due to the difficulty to image relevant fields in the microscale.

This chapter explains the underlying physics of thermophoresis of solutes in liq-
uid. I will first discuss the mathematics related to the thermophoretic coefficient or
Soret coefficient and related diffusion coefficients. Later, I will review the existing
methods that researchers have been using to study thermophoresis, namely the beam
deflection method, thermal lensing, forced Rayleigh scattering and fluorescence based
measurements. The last part aims to recall the current applications of thermophoresis
in life science and plasmonics.

1.1. Diffusion in liquid: Brownian motion and Fick’s
law

Let us consider a particle (colloid, molecule or ion) in a fluid. The drift velocity v of
the particle driven by a force force f in the steady state reads

v =µ f (1.1)

where µ is the mobility of the particle. For a fluid characterized by a dynamic viscosity
η and for a spherical particle of radius a, the mobility is given by the Stoke’s law:

µ= 1

6πηa
(1.2)

In 1905, Albert Einstein established that the diffusion coefficient D of a particle is
related to its mobility µ and fluid temperature T via the equation

D =µkB T (1.3)

where kB is the Boltzmann’s constant. Equations (1.1) and (1.2) yield the Stokes-
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1. Basics of thermophoresis – 1.2. Theory of microscale thermophoresis

Einstein relation for spherical particle of radius a:

D = kB T

6πηa
(1.4)

The diffusivity D of a particle is an important physical quantity to consider when
dealing with particle diffusion in a liquid featuring gradients of particle concentration.
Fick’s first law states the relation

J =−D∇c (1.5)

where J [m−2.s−1] is the flux density of particles and c the particle concentration [m−3].
The diffusion coefficient D [m2.s−1] usually ranges between 10−11 and 10−10 m2.s−1
for biomolecules in water for instance.

Brownian motion is the random motion of a particle suspended in a fluid, resulting
from its collision with molecules of the fluid. Mean squared displacement of one
particle due to Brownian motion reads

〈r (t )2〉 = 2dDt (1.6)

where d is the dimension of the Brownian motion (1, 2 or 3 dimensions) and r (t) is
the distance of the particle from its initial position. The square root of 〈r 2〉, p2dDt is
used to characterize the displacement of the particle after time t , and Eq. (1.6) can be
extended using the Stokes-Einstein (1.4):

〈r (t )2〉 = 2dkB T

6πηa
t (1.7)

1.2. Theory of microscale thermophoresis
Ludwig-Soret effect or more simply Soret effect or thermophoresis is the mass flow of
particles, molecules, colloids in a fluid when they are subjected to a temperature gradi-
ent, even when the fluid remains static (it excludes thermal-induced fluid convection).
The drift velocity vT of particles undergoing thermophoresis reads

vT =−DT∇T (1.8)

Although DT is often called thermal diffusion coefficient in the literature, from the
dimensional point of view [m2.s−1.K −1], it should rather be coined a mobility. Just
like D , DT is not constant with temperature. From Eq. (1.8), one can easily derive the
expression of the flux density of particle due to thermophoresis:

JT =−cDT∇T (1.9)
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Thermophoresis and Fick’s diffusion both compete and have to be gathered to model
the total flux of solutes in a temperature gradient:

J =−D∇c − cDT∇T (1.10)

When the solute consists of molecules and its concentration is large enough, the
system rather consists of a mixture of two liquids and Eq. (1.9) has to be corrected:

J′ =−D∇w −w(1−w)DT∇T (1.11)

where w is the mass fraction of the two liquids and J′ has now the dimension of a ve-
locity. Thus, Equation (1.10) appears as a limit case, valid only for small concentration
c (w ≪ 1).

At steady state, zero flux condition turns Eq. (1.10) into

−D∇c − cDT∇T = 0 (1.12)

∇c = −cST∇T (1.13)

(1.14)

where ST is the Soret coefficient, defined as

ST = DT

D
(1.15)

The Soret coefficient can also be understood as the ratio between the two gradients

ST =−∇ lnc

∇T
(1.16)

but this expression has to be taken with caution. Mathematically, the division by a
vector is not defined. But in the case of thermophoresis in the steady state, because
these two gradients are collinear, one can consider ∇ as being a one-dimensional
gradient along the direction of the gradients, solving the mathematical issue.

ST typically ranges between 10−3 to 10−1 K −1 and is positive, meaning that particles
go from hot to cold region. However, ST can be negative for some systems at some
temperatures, meaning that particles can go from cold to hot as well. We discuss
negative thermophoresis in more detail in the next section.

Due to very small transport coefficients in thermophoresis, the process is very slow
and difficult to investigate. We can accelerate this process by confining the tempera-
ture gradient below 100 µm, giving rise to a new field called microscale thermophoresis
in liquid (MTL). MTL has lead to the development of application in life-science, e.g. in
bioanalytics, which will be discussed at the end of this chapter.
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1.3. Positive and negative Soret effect
Solutes usually go from hot to cold but some exceptions exist; depending on the
solvent, the solute and the temperature range.

In liquid mixtures with significant difference in molecular mass between compo-
nents, heavier components tend to migrate towards cold region [3]. But solvent quality
can affect this dependence as it is found in the literature [4, 5, 6]. The composition of
the solvent can also affect themrophoresis direction. For instance, thermal diffusion
of Polyethylene oxide (PEO) in water/ethanol mixture was studied using holographic
scattering technique [6]. Water is a very good solvent for PEO and so in pure water
PEO moves towards cold region, i.e., a positive Soret coefficient is observed. ST expe-
riences decline with a sharp slope upon adding ethanol in the mixture and changes
sign at composition with 0.83 weight fraction of water until it reaches minimum at
w = 0.6 (Figure 1.1(a)). For this polymer solution, hydrogen bonding played the most
important role. In NMR study, it has been found that strength of hydrogen bonding
in water/ethanol mixture enhances with ethanol addition up to 0.82 water weight
fraction and weakens with further ethanol addition up to 0.61 water weight fraction.
The authors concluded that large structural change at 82%(wt/wt) water composition
in ethanol/water mixture can play a role in shaping ST in PEO/water/ethanol mixture.
Figure 1.1(b) shows temperature dependence of ST for 5 g·l−1 PEO in water/ethanol
mixture with w = 0.82 and it becomes negative at 29◦C.

Besides the solvent nature, temperature is also an important parameter acting on
the sign of the Soret coefficient. Temperature dependence of Soret coefficient of
most aqueous solution of biomolecules can be understood by an empirical equa-
tion proposed by Iacopini and Piazza for diluted regime [7]. They studied lysozyme
protein thermophoresis in pH 4.65 in the presence of NaCl. By lowering tempera-
ture, ST becomes negative below room temperature, i.e., the behavior switches from
thermophobic to thermophilic (Figure 1.2(a)). This empirical equation reads

ST (T ) = S∞
T

[
1−exp

{
T ∗−T

T0

}]
(1.17)

where S∞
T represents saturation value of ST , T ∗ is the temperature when it changes

sign and T 0 defines the strength of temperature effects. The origin of this universal
temperature dependence of Soret coefficient is not clearly understood. Wang et al.
proposed an explanation based on free energy minimization concept related to hy-
drogen bond formation in aqueous systems [8]. System reduces its local free energy
F =U −T S (Helmholtz free energy) in order to achieve thermodynamic equilibrium
locally by formation of hydrogen bonds. At lower overall temperature, water molecules
accumulate to cold side and change their orientation to form hydrogen bond (Figure
1.2(b)) where solute molecules accumulate to the warm side. At higher overall temper-
ature, as energy gain from the formation of hydrogen bonds becomes less important,
system reduces its free energy by maximizing orientational entropy. It is favourable for
water molecules to be in the warm side to maximize their orientational entropy (Figure

17



1. Basics of thermophoresis – 1.3. Positive and negative Soret effect

S
T

 o
f 

P
E

O
 (

K
-1

)

Temperature (°C)

S
T

 o
f 

P
E

O
 (

K
-1

)

weight fraction (w/w)

(a)

(b)

Figure 1.1.: (a) Soret coefficient of 5g·l−1 PEO in water/ethanol mixture over water
weight fraction. Solid line shows lattice prediction of Soret coefficient. Figure
taken from [6].(b) Soret coefficient dependence with temperature for w = 0.82. [3]
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1.2(c)) whereas bigger solute molecules migrate to the cold, leading to a positive ST .
As we have seen hydrogen bonding dictates ST in aqueous solutions, increasing ST is
also possible by adding reagents of high water affinity in order to break the hydrogen
bond [9].

(a)

(b) (c)

Figure 1.2.: (a)Soret coefficient dependence with temperature for 7 g/l lysozyme so-
lutions at pH = 4.65, in the presence of 7.5 (□), 20(■), 100(•)and 400 mM (◦)
NaCl. [10] (b) In lower overall temperature, system reduces free energy by forming
hydrogen bond at cold side. (c) In higher overall temperature, system reduces
inner enerny by maximizing orientational entropy. [8]
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Besides hydrogen bonding, electrostatic effect has also effect on thermal diffu-
sion as reported by Piazza and Guarino for micellar solutions of the ionic surfactant
sodium dodecyl sulphate (SDS) [11]. In diluted solutions, Soret coefficient strongly
decreases with ionic strength of solution, a behaviour also reported for lysosome in
Figure 1.2(a) [10]. The authors have found that in SDS solution ST also scales with
square of Debye-Huckel length. As Debye-Huckel length depends of temperature, a
temperature gradient can induce interfacial tension gradient that can be the driving
force of thermophoretic motion for ionic micellar solution. Particle is diffused in order
to minimize interfacical free energy.

The size dependence of Soret coefficient is still a matter of active debate. Würger
et.al. [12] reported the inconsistency in size dependence of ST between previous 5
experiments for polystyrene (PS) beads in weak electrolyte solution. ST /a vs a from
these 5 experiments, where a being particle radius, has been shown in Fig1.3. Duhr
and Braun reported a quadratic relation of ST with particle radius [13]. Putnam et
al. [14], Braibanti et al. [15], Jiang et al. [16] and Eslahian et al. [17], all reported that
ST ∝ a. The origin of the inconsistency of the data of Braun’s group compared with
the rest of the community has not yet been unveiled.

Figure 1.3.: Size dependence of ST of PS beads in 5 different experiments. ST /a is
plotted against particle radius a. Data taken at room temperature, Duhr and
Brown [13]; above 35◦C by Putnam et al. [14]; at 25, 35, 45◦C by Braibanti et al.
[15]; Jiang et al. [16]; at 28, 31, 35, 39, 44, 47◦C by Eslahian et al. [17]. Data points at
same temperature are joined together by line. The large value for smallest particle
in the measurement by Putnam et al. can be related to its high surface potential.
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1.4. Experimental methods to study
thermophoresis in liquid

The very small thermal diffusivity DT of particles in liquids makes thermophoresis
very slow. This is because DT directly makes the timescale τ = L2/δT DT longer to
reach steady state and in terms makes thermophoresis in liquids difficult to investigate
(δT is the typical temperature variation over the distance L). A solution of this problem
is to decrease the spatial size of the system typically below 100 µm. This is why in
any experimental technique, there is always a concern of reducing the size of the
system, sometimes down to the field of view of a microscope. Four main experimental
methods have been used to probe temperature and concentration of solutes.

1.4.1. Beam deflection technique
The oldest technique was developed by Giglio and Vendramini [18] in 1975, and is
based on measuring beam deflection of a laser beam passing through a temperature
gradient as depicted in Figure 1.4. The liquid is enclosed by two parallel plates sep-
arated by h = 1 mm of which top plate initiates a downward temperature gradient
by resistive heating. Concentration gradient as a result of thermophoresis creates
a vertical refractive index gradient that deflects a laser beam passing through the
liquid. Refractive index also depends on temperature so that both temperature and
concentration gradients are supposed to deflect the laser beam. However, they occur
over much different time scales. Temperature variations are much faster than mass
flow due to thermophoresis. The contribution of both temperature and concentration
gradient on temporal evolution δz(t ) of beam deflection can be distinguished as δzth

and δzc respectively. Beam deflection due to gradient of particle concentration evolves
over time leading to steady state beam deflection δz0

th +δz0
c and plotted over time in

Figure 1.4(b). The temporal evolution of δzc profile can be written as

δzc(t ) = δz0
c

(
1+ 4

π
exp(−t/τ)

)
(1.18)

where τ= h2/πD . Here, D is the diffusion coefficient of the solutes. Soret coefficient
is measured by fitting the temporal evolution profile.

This method suffers from several drawbacks. The laser beam needs to cross a suf-
ficient liquid thickness to observe a measurable beam deflection. The temperature
gradient is macroscopic leading thermophoresis to be very slow (typically 1000s of
seconds to reach steady state). In these experiments, only timescales of temperature
and concentration gradients are measured but these do not yield any quantitative
measurements of these properties. Putnam and Cahill improved this technique by
introducing an apparatus to confine temperature gradient over a much smaller vol-
ume using microwires (∼ 250 nm) [19]. The microwires were resistively heated by
alternative square-wave current ensuring stead-state heating in the enclosed volume.
The refractive index gradient resulting from temperature and concentration gradient
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Figure 1.4.: (a)Schematic of beam deflection technique [18]. (b) Temporal evolution of
measured beam deflection. The first jump is due to temperature gradient, leading
to longer timescale due to concentration gradient towards steady state.

deflects the laser beam passing through the fluid cell (Figure 1.5). This micron-scale
system can reduce the equilibration time by 300 times compared to previous beam-
deflection techniques. The authors have applied their technique to determine thermal
diffusion coefficients and investigate Soret effect of nanoparticle suspensions [20, 14].
However, in order to create sufficient refractive index gradient and signal-to-noise
ration, this technique requires large particle concentration (more than 0.3% of vol-
ume). As beam deflection technique is a diffraction limited technique, it is limited to
particles smaller than laser wavelength so that they don’t scatter light.

Figure 1.5.: Schematic of cross-section of geometry for measurements of thermod-
iffusion in fluids [14]. The metal heating wires are 250 nm thick, heated using
square-wave ac current. Microwires are separated by 25 µm and 5 µm wide. Mi-
crowires are placed on top to minimize the convection process.

1.4.2. Thermal lens technique
A laser beam propagating through an absorption medium can create local temperature
increase around its focus with a local and radial gradient of refractive index in the
medium, creating a lens effect for the beam itself. This effect is called thermal lensing
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and introduced by Giglio and Vendramini to investigate thermophoresis in liquid
[21]. A He-Ne laser beam was absorbed by aniline molecules in aniline-cyclohexane
mixture in order to create temperature gradient in the medium. A "Soret-lens" effect,
divergent or convergent, based on motion and density of binary mixture of liquids was
observed due to additional gradient of refractive index associated with temperature-
driven concentration gradient. This method was improved by Alves et al. coupled
with z-scan technique to produce results in agreement with forced Rayleigh scattering
method [22]. The principle behind the z-scan technique was to move sample along
the beam focus along z-axis and record far field intensity as a function of sample
position. A 532 nm laser was used to heat ferrofluid, ferromagnetic nanoparticles in
suspended liquid, which allowed to have a very thin liquid layer of 24 µm because
of their high absorbance. Non-linear refractive index associated with temperature
gradient coupled concentration gradient was retrieved from obtained transmittance
at far field. Both these techniques used non-aqueous liquids because visible light
is absorbed by aniline or ferrofluid. Thermal lensing technique couldn’t be applied
to investigate thermodiffusion in aqueous solutions without using a dye as water is
transparent until Piazza et al. demonstrated using absorption of water at 980 nm,
its peaked vibrational overtone [23], corresponding to an absorption coefficient of
0.5 cm-1. This method also shrinks the system size and the temperature gradient to
the waist of a focused laser. The lensing effect affected the measured intensity in the
detector (Figure 1.6(a)). Figure 1.6(b) shows the intensity profile, which follows the
similar pattern as that of beam deflection method. Beam widening of thermal lensing
can be accurately measured, allowing a sensitivity of 10−7 to measure extinction
coefficient by monitoring central beam intensity within a time scale of a minute. This
technique was used to determine Soret coefficients of aqueous SDS micellar solutions
and negative soret effect in colloidal suspensions [23]. However, similar to beam
deflection method this technique also couldn’t provide a quantitative measurement
of temperature and associated concentration gradient from thermophoresis.

1.4.3. Forced Rayleigh Scattering
Thermal diffusion forced Rayleigh scattering (TDFRS) method was first introduced
by Köhler in 1993 [2] in order to establish an all optical method to measure transport
coefficients and Soret coefficient of polymer solutions compared to previous experi-
mental techniques that suffered from very long equilibration time. The schematic of
the experimental setup is illustrated in Figure 1.7. Two laser beams intersect with a tilt
angle θ on the sample to create holographic interference patterns on the sample. By
adding an inert dye such as quinizarin, surface absorption can be enhanced which
creates spatially periodic temperature grating from the fringes. Temperature gradients
inside the temperature gratings initiate mass flow due to Soret effect and thus create
concentration gradient with same periodic frequency. A mirror (M in Figure 1.7) con-
trols one of the beams and thus controls the phase of the gratings. Both temperature
and concentration fringes contribute to combined refractive index gratings with con-
trast factors δn/δT and δn/δc. Shutter S allows modulation of the laser intensity to
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Figure 1.6.: (a)Principle of thermal lensing technique by Piazza et al. using 980nm
laser beam on aqueous solutions [23]. (b) Intensity for a 25-g/l water solution
of sodium dodecyl sulfate in the presence of 20-mM NaCl. The inset shows the
buildup of the initial thermal effect, taking place in a very short time.
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Figure 1.7.: Schematic of TDFRS technique from [2]. Two laser beams are incident
on the sample at an angle θ to create periodic temperature and concentration
gradients. A He-Ne laser is used to monitor the diffraction intensity of the beam
by a PMT.

observe formation and decay of the gratings. The diffraction efficiency of combined
phase grating is determined by diffraction of a third laser beam (633 nm, transparent
to the sample) collected by a photo-multiplier tube (PMT) (Figure 1.7). TDFRS can
quantify three parameters from time dependent diffraction intensity signal:

• The diffusion coefficient, D .

• The thermophoretic mobility DT , and thus ST = DT /D .

• Thermal diffusivity, Dth, diffusion coefficient related to heat dissipation in a
system with heat diffusion. Thermal diffusivity in such systems reads

Dth = κ

ρcp
(1.19)

with thermal conductivity κ, mass density ρ and specific heat cp.

The method of TDFRS has significant advantages over its peers. Diffusion length
inside gratings reduced diffusion time to milliseconds, six orders of magnitude faster
than macroscopic techniques e.g. beam deflection technique [24]. Low sample per-
turbation due to highly sensitive holographic gratings along with shorter diffusion
time made the measurements insensitive to temperature or concentration depen-
dent parameters such as viscosity. Several studies have been done using holographic
scattering technique by Köhler et al. and later Wiegand et al. to determine transport
coefficients and investigate Soret effect for aqueous binary mixtures [3], polymer
solutions [25] and colloidal suspensions [26].
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1.4.4. Fluorescence microscopy
A fluorescence based method to investigate thermophoresis of a solute in liquid at the
microscale was introduced in couple of studies by the group of Dieter Braun. [27, 28].
In previously described techniques, thermophoresis was investigated by modification
of refractive index of the medium. But this is the first all-optical technique where
measurements are no longer based on refractive index variations. Instead, the fluid
of interest contain two types of fluorescent molecules. Some temperature sensitive
fluorescent molecules are dispersed in the solvent as a means to map the tempera-
ture in the field of view of the microscope. The temperature-dependent property, in
all these studies, was the fluorescence intensity. Hence, using a proper calibration,
fluorescence intensity maps were converted into temperature maps. The other type
of fluorescent molecules are used to label the solute (beads, DNA strands, proteins,
etc), so that its concentration can also be mapped by mapping fluorescence intensity,
assuming one is proportional to the other. These two fluorescence molecular labels
emit over two different wavelength ranges. The strong benefit of this approach is that
it allows detection of solute concentration at several orders of magnitude lower than
techniques based on refractive index variations. The principle of the technique is illus-
trated in Figure 1.8(a,b). A small drop of liquid is enclosed by two glass coverslips and
mounted on a epifluorescence microscope. The reduction of liquid thickness makes
the diffusion process faster and convection process minimum. An IR laser at 1480 nm
is focused using a microscope objective to be absorbed strongly by the solvent (water)
for heating. A 10 µm thick chamber containing liquid was chosen and temperature
was increased up to 1.25 K in the center. The authors measured thermophoresis of
λ-DNA using this technique. Temperature was measured by fluorescence dye TAMRA
and the resulting temperature image is presented in Figure 1.8(c). The bright center
of the image shows a temperature increase up to 1.25 K. Temperature imaging was
performed in the red channel. In the green channel, SYBR-Green I, the labeling dye of
λ-DNA produced relative concentration image for this temperature increase. Figure
1.8(d) shows that concentration was depleted to 60% in the heated center. Radially
averaged temperature and concentration profiles from these two maps yielded Soret
coefficient of λ-DNA.

This fluorescence based technique suffers from inherent artefacts: nothing prevents
the temperature-sensitive fluorescent molecules to also undergo thermophoresis,
which would affect the fluorescence intensity, but not because of temperature varia-
tions, rather because of molecular concentration variations. In other words, change in
fluorescence intensity can also come from depletion or accumulation of fluorophores,
not only from temperature variations. The authors acknowledged this issue and have
estimated an error of 8% in their measurements of ST [28]. Photobleaching and ther-
mobleaching can also influence the measurements, limiting viable temperature rise
to only few K in these measurements.

Reciprocally, temperature dependence of the fluorescent intensity of solute label
can also prevent from getting reliable measurements of solute concentration. In any
case, fluorescence must be used with more caution compared with refractive index
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variations.

(c) (d)

(a) (b)

Figure 1.8.: Principle of the fluorescence microscopy technique proposed by Braun
et.al. [28]. Braun’s setup. (a) A thin chamber is sandwiched between glass cover-
slips. The center of the chamber is heated by a focused IR laser. (b) Side-view of
the 10 µm thick chamber containing liquid, heated up to 1.25 K by moderately
focusing IR laser in the center. (c) Thermophoresis measurements of λ-DNA.
Temperature image extracted after bleaching and illumination correction using
fluorescent dye TAMRA. The bright spot in the center of the image represents
1.25 K increase in temperature in the center of the chamber by laser heating. (d)
Relative concentration image of λ-DNA with the dye SYBR-Green I. It is depleted
to 60% in the heated center.

1.5. Application of thermophoresis
There exists one commercial application of thermophoresis, related to life science and
the study of biomolecular affinity, developed by Nanotemper GmbH [29]. This section
introduces this application.

27



1. Basics of thermophoresis – 1.5. Application of thermophoresis

1.5.1. Fluorescence based MST to study biomolecular
interaction: NanoTemper GmbH

(a) (b)

(c) (d)

Figure 1.9.: (a) Experimental setup of fluorescence based microscale thermophoresis
(MST) by NanoTemper [29], [30]. IR laser is used to locally heat sample inside
capillaries to acquire fluorescence signals. The capillaries have volume of ∼ 4 µl.
(b) MST signal acquired in a typical experiment. Normalized fluorescence signal
decreases sharply over smaller timescale due to temperature induced intrinsic
property of labeled molecules followed by a slower thermophoretic depletion. It
takes around 30 s to reach steady state after initiating thermophoresis. System
regains fluorescence after IR laser is switched off. (c) Traces of different signals
in binding experiment. Thermophoretic mobility of unbound labeled molecules
(black line) changes after binding into complexes (red line). (d) Fraction of bound
molecules at different ligand concentration, fitted according to equation 1.21.
Reproduced from Refs. [29, 30].

When a molecule binds to another, its thermophoresis properties can be modified.
This idea led to the invention of a technique to probe biomolecular interactions
and affinities. NanoTemper GmbH utilizes this principle to investigate the binding
rates of reactions of the type A +B → AB , e.g., antigen-antibody affinity reactions.
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Thermophoresis of A is significantly different from thermophoresis of AB due to
change in size, charge and solvation energy.

The NanoTemper system is composed of a glass capillary, 100 µm in thickness,
containing the molecules of interest dissolved in solution (Figure 1.9(a)). One of the
molecular species (A) is fluorescently labelled. The capillary is heated at one end by
a CW IR laser to create a temperature gradient along the capillary of a few degrees
(2-6 K), and the subsequent concentration gradient of the molecules of interest (A)
is mapped using fluorescent measurements (Figure 1.9(b,c)), as described in section
1.4.4. This way, Soret coefficients of the labelled species (A) can be measured, and
such measurement as a function of the concentration of the molecular species B
enables the retrieval of chemical constant rates Figure 1.9(d). This approach enables
for instance the measurement of affinity constants of reactions that would be difficult
to assess using other techniques.

In more detail, the total fluorescence signal is measured before turning on the
laser and is called "initial fluorescence (Fnorm)". The temperature jump is relatively
instantaneous and identified in the MST signal as sharp decrease in fluorescence
(MST T jump), which is not thermophoresis, but rather a temperature dependence of
the fluorescent molecular species. The temperature gradient induces a much slower
mass flow due to thermophoresis and the corresponding fluorescence signal gradually
decreases until it reaches steady state. Soret coefficient determines the steady state
concentration ratio chot/ccold = exp(−ST∆T ) ≈ (1−ST∆T ), for a temperature increase
of ∆T . Any modification of the Soret coefficient in thermophoresis of fluorescent-
tagged molecules represents change in transport properties of molecules A, due to
binding/unbinding of molecules B. Then, IR laser is turned off at steady-state and
temperature gradient is no longer a driving force in the sample. During "Inverse T
jump" fluorescence signal recovered over the same timescale of MST T jump due to
lack of temperature increase. Concentration gradient started relaxing and molecules
migrate due to their Brownian diffusion. During this "Backdiffusion" stage, the sample
recovers its initial fluorescence signal, Fnorm over a longer timescale than thermal
diffusion. The principle is similar as fluorescence recovery after photobleaching
(FRAP) experiments. Performing measurement also in the "backdiffusion" stage
improves the accuracy of the measurements.

These experiments to quantify affinity are typically arranged as titration experiments
where a fluorescent labeled molecule is kept at constant low concentration (e.g., 1 nM)
inside the capillaries. An unlabeled binding agent is added in titrimetric way, i.e., start-
ing at 10 times higher concentration than dissociation constant to sub-stoichiometric
concentration compared to the fluorescent labeled molecule. Fluorescence inten-
sity at any point during heating is typically expressed as normalized fluorescence
F norm = F hot/F cold and represents the concentration depletion or chot/ccold due to
thermophoresis. The normalized fluorescence also includes temperature dependent
intrinsic change in MST T jump δF /δT . Amplitude of the MST signal will quantify
the binding event and for x fraction of fluorescent molecules bounded to ligands, this
signal reads

F norm = (1−x)F unbounded
norm +xF bounded

norm (1.20)
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where F unbounded
norm is the normalized fluorescence for unbound fluorescent molecules

and F bounded
norm is the normalized fluorescence for bounded molecules. Figure 1.9(c)

shows traces of different signals in typical binding experiments [30]. Thermophoretic
behaviour of fluorescent tagged molecule changes after binding to a non-labeled lig-
and. The ratio of normalized fluorescence of bound and unbound molecules (δFnorm))
determines thermophoresis in the sample. Scanning over different capillaries contain-
ing labeled solutions of constant concentration and adding increasing concentration
of non-labeled ligands plot δFnorm) as a function of ligand concentration (Figure
1.9(d)). The dissociation constant Kd can be derived by fitting fractions of bound
molecules with quadratic solution of binding reaction at equilibrium, [31]

[BL]

[B0]
= ([L0]+ [B0]+Kd)−

√
([L0]+ [B0]+Kd)2 −4[L0][B0]

2[B0]
(1.21)

where [BL] is the concentration of complexes due to label molecules bound with
binding sites, [L0] is the concentration of ligands added during titration, [B 0] is the
concentration of total binding sites.

This technique by NanoTemper allows precise measurement of binding affinity over
few microliter volume, independent of small-scale binding affinity and low molecular
weight compounds [32]. The technique gets around the limitation of other fluo-
rescence based techniques such as fluorescence anisotropy (FA) and fluorescence
correlation spectroscopy (FCS) which have been widely used to measure affinity in
biomolecular interactions and binding kinetics but also depend on comparatively
large change in sizes for complexes upon binding. As a prerequisite in these tech-
niques smaller binding molecule needs to be fluorescent labeled which can change
binding property whereas MST technique detects the change in hydration shells
upon binding as well as size changes. Compared to other non-fluorescence based
techniques to investigate biomolecular interactions of high affinity such as surface
plasmon resonance (SPR) and isothermal titration calorimetry (ITC), MST doesn’t
require high sample consumption (only 4 µl sample inside capillaries), rigorous clean-
ing and handling of samples, complex surface immobilization, etc [29]. This method
can determine binding affinity of smaller proteins in their native environment such
as blood serum or cell lysate [33, 32]. Using tryptophan containing proteins has lead
to the development of a label-free variation of this technique to study protein-ligand
interactions as tryptophan exhibits intrinsic fluorescence [34].

1.5.1.1. High precision detection of high affinity molecular interactions in
low-pM range

As mentioned before, the NanoTemper device can overcome limitations of SPR and
ITC techniques to determine Kd in high affinity interactions. SPR requires immobiliza-
tion of biomolecules and thus covalent coupling between surface-molecule interface
can interfere with binding process; detection of binding affinity is limited to con-
centration range of sub-nM to low-mM. ITC is based on measuring heat released or
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consumed during a binding reaction which also limits detection to 10 nM concen-
tration. Microscale thermophoresis based technique can boost assay sensitivity by
detecting fluorescent molecules free in solution; allowing detection in low-pM con-
centration. Jerabek-Willemsen et al. successfully measured Kd for low-pM DNA-DNA
interactions, protein-DNA interaction and protein-protein interaction (Figure 1.10)
[30]. In Figure 1.10(a) hybridization of 200 pM Cyanin5 tagged oligo-nucleotide with
its complementary is observed and fitted according to the techniques described in
1.2.1. to determine a Kd of 167±8 pM.

(a) (b) (c)

Figure 1.10.: Detection of picomolar Kd in high affinity interactions using microscale
thermophoresis. (a) Hybridization of complementary ssDNA with Cy5-tagged
oligo-nucleotide. Thermophoresis of 200 pM labeled DNA stand is shown. Nor-
malized fluorescence due to thermophoresis is plotted and fitted (red line) to
yield a pM detection of Kd. (b) EcoSSB protein has been titrated against 20 pM
oligo(dT)70 ssDNA. Fitting MST signal yields an excepted detection of Kd in 1 pM.
(c) Protein-protein interaction between therapeutic protein Anakinra and NT-647
labeled IL-1 receptor. MST signal fitted to a Kd yield of 620±61 pM . Figure taken
from Ref. [30].

In another set of experiments, binding of protein EcoSSB from Escherichia Coli
and single stranded DNA (ssDNA) was observed (Figure 1.10(b)). Although EcoSSB
and oligo(dT)70 ssDNA is known to show very high affinity in physiological salt con-
centrations with a Kd as low as fM level, exact Kd couldn’t be determined due to
sensitivity limitation of existing methods. The authors showed that binding curve of
EcoSSB-oligo(dT)70 ssDNA can be resolved using only 20 pM of oligo-nucleotide and
titrating from 5 nM to 10 fM of binding protein (Figure 1.10). Kd of only 1±0.1 pM
was calculated from fitted binding curve which proves MST to be extremely sensitive
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method for such high affinity interactions.
Binding of high affinity therapeutic proteins can also be studied using MST. Figure

1.10(c) shows Anakinra, an inhibitor of interleukin 1 (IL-1) responsible for rheumatoid
arthritis, titrated against NT-647 labeled 500pM soluble fragment of IL-1 receptor
yielded a Kd of 620±61 pM.

NanoTemper’s MST technique has led to numerous works in literature regarding
investigation of different biomolecular interactions, e.g., protein-protein interactions,
protein-DNA interaction, protein-small molecule interaction, DNA-DNA interaction.

1.5.1.2. Study of protein stability using microscale thermophoresis

Chemical denaturation of proteins is widely used to assess their stability and folding
properties. In 2013, Alexander et al. first demonstrated that NanoTemper’s MST
technique can be used to probe protein unfolding and detect unfolding intermediates
as thermophoresis represents change in size and solvation energy [35]. The technique
is faster and has low sample consumption compared to standard approaches, e.g.,
circular dichroism (CD) or tryptophan fluorescence measurements. The authors
have studied denaturation of HBc1-149, a dimeric protomer inside HBV capsid using
NT.LabelFree, a variant of Monolith by NanoTemper which uses intrinsic fluorescence
of tryptophan.

Chemical denaturation of HBc1-149 was performed by titrating guanidinium chlo-
ride (GdmCl). Raw thermophoresis data of HBc1-149 denaturation is showed in Figure
1.11(a) [35], which represents normalized fluorescence between timestamp A and B
when IR laser was heating the sample. A three-state transition of virus capsid protein
was observed in native, intermediary and denatured state. Two well resolved unfolding
transitions was observed in Far-UV CD spectroscopy (Figure 1.11(b)) [36]. Similar
two unfolding transitions were also observed when probed by thermophoresis. Ther-
mophoresis based approach required 40 to 200 fold less proteins than conventional
method, providing an efficient and fast way to study protein stability.

Because HBc studied here is a large dimer (34 kDa), to ensure that the technique
applies for smaller proteins, chemical denaturation of SOD1 H43Y (SOD1), which is
a monomeric variant of superoxide dismutase, is observed using NT.Labelfree [36].
Chemical denaturation of SOD1 was performed titrating Urea. Intrinsic fluorescence
of SOD1 was recorded for 5 s before turning on the heating laser and heated for 30 s to
observe thermophoresis. SOD1 exhibited time-dependent decreases in fluorescence
signal same as HBc1-149. A gradual transition from native to denatured protein was
observed, with significant population at the transition states (Figure 1.11(c)).

No unfolding transition could be resolved from linear changed of intrinsic fluores-
cence of SOD1 as a function of Urea concentration (Figure 1.11(d)). But microscale
thermophoresis data clearly shows two unfolding transitions coincident with far-UV
CD spectroscopy. Thus MST technique can be effective to detect additional states that
can be invisible to conventional intrinsic fluorescence measurements.

All these advances reported using the NanoTemper device highlight the interest of
using fluorescence as a means to accurately quantify thermophoresis at very small
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Figure 1.11.: Study of protein unfolding. (a) Raw MST data for HBc1-149 denaturation.
Fluorescence is measured for 5 s before and after applying a 30-s heating pulse
which initiates thermophoresis.The MST signal is determined from the normal-
ized fluorescence intensity changes between any two points A and B after the
temperature gradient has been established. Traces indicate 3 stages of protein de-
naturation. (b) Thermophoresis values of HBc (green circles) identified equivalent
transitions to those identified using far-UV CD spectroscopy (black triangles). (c)
Normalised thermophoresis time traces of SOD1 at a range of urea concentrations.
Denatured SOD1 (red lines) moved further than native protein (blue lines). There
was a gradual transition from native to denatured protein, with both states being
significantly populated at the transition midpoint (purple lines). (d) No denatura-
tion transition was identified for SOD1 using intrinsic fluorescence emission(blue
line) measured on the NT. LabelFree instrument. Whereas MST signal still could
identify equivalent transition points as that of far-UV CD technique. Reproduced
from Refs. [35, 36].
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concentration like no other approach, an idea that we pursue in Chap. 3.

1.6. When thermophoresis involves plasmonics
Metal nanoparticles can efficiently absorb light at certain wavelengths and generate
heat. This is the basis of thermoplasmonics and it has proven to be an excellent tool
to create temperature microscale gradients in the context of thermophoresis stud-
ies. In this section, we first introduce the field of optical heating of metal (mainly
gold) nanoparticles and their associated plasmonic resonances, i.e. the field of ther-
moplasmonics, and then we provide an overview of thermophoresis studies using
thermoplasmonics approaches.

1.6.1. Basics of thermoplasmonics
The oscillating electric field of light beam impinging on a metal can causes oscillation
of electrons in the conduction band. Plasmons are the quantum of this oscillation
similar to photon in the case of light. Three kinds of plasmons exist depending
on the geometry of the metal system. Bulk plasmons exist and propagate within a
metal bulk (3D), surface plasmon polaritons exist and propagate at the surface of
a metal (2D), and localized plasmons are resonance modes that occur with metal
nanoparticle (0D). Essentially surface and localized plasmons found interest in the
research community, surface plasmons for biosensing[37] and localized plasmons for
a large variety of applications, leading to the field of nanoplasmonics [38]. When a
plasmon is excited using light, the associated oscillatory motion of the free electrons
in the metal generates heat. This effect can be detrimental or beneficial, depending
on the application. In any case, it has to be quantified, and this is why the field of
thermoplasmonics is so important today for any research activity in plasmonics. In
my thesis, I used gold nanoparticles (localized plasmons) under laser illumination to
create microscale temperature gradients (see chapter 3).

Localized Plasmon resonances of gold nanoparticles occurs in the visible–nearIR
range. For example, for a spherical gold nanoparticle of 50 nm diameter in water, its
absorption cross-section is highest around 530 nm [39]. It is also possible to shift the
resonance wavelength by changing the size or, better, the shape of the nanoparticle.
As nanoparticles get bigger, absorption cross-section gets higher and slightly red-
shifted. The resonance wavelength can be further red-shifted and strongly enhanced
by changing the aspect ratio of the gold nanoparticle, from 532 nm for nanospheres to
near infrared for nanorods for instance [39].

For a nanoparticle characterized by an absorption cross-section σabs, illuminated
by plane wave with irradiance I the total absorbed power Pabs in nanoparticle reads

Pabs =σabsI (1.22)

For a spherical nanoparticle in a uniform medium. The associated temperature profile
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in the steady state reads:

T (r ) = σabsI

4πκr
= Pabs

4πκr
= T0

r0

r
(1.23)

where κ is the thermal conductivity of the surrounding medium, T0 the temperature
of the nanoparticle (that can be considered as uniform because of the large thermal
conductivity of metals compared with typical surrounding media), and r0 is the radius
of the nanosphere. This 1/r is important to keep in mind and is typical of a diffusion
process. The establishment of this steady state occurs over a time scale:

τd = L2

Dth
(1.24)

where L in the characteristic size of the nanoparticle (the diameter for a sphere) and
Dth is the thermal diffusivity of the surrounding medium, defined as Dth = κ/ρcp ,
where κ, ρ, and cp represent thermal conductivity, density and specific heat capacity
of the medium. This picture with this time scale holds true only for single nanoparticle
heating. Most of the time, in plasmonics applications and also in the context of this
thesis, not only one nanoparticle is heated but a large assembly. In that case, the
typical length scale to consider should be the size of the illuminated distribution of
nanoparticles, making the time scale slower [40]. Furthermore, when illumination
a large assembly of nanoparticles, the temperature distribution in no longer nano-
localized around each nanoparticle. It is smoothed over the nanoparticle distribution,
despite the nanoscale nature of the heat sources [40]. This picture is important to
understand and consider to avoid misinterpretation of experimental results, as often
reported in the literature [41].

1.6.2. State of the art of thermoplasmonics for
thermophoresis

Confining the absorbance of the sample in the infrared region enables the sample to
remain transparent in the visible range, making any further optical characterization of
the system easier, for instance, using fluorescence. Here lies one of the main interests
of using plasmonic nanoparticles compared with carbon black for instance.

Then, gold as a plasmonic material is preferred for many applications because it
does not oxidize, and feature plasmonic resonance in the visible-nearIR range, while
other metals rather exhibit plasmonic resonance in the UV.

Thermophoresis has been more and more discussed in the context of plasmonics,
either being desired and unexpected. For instance, in optical trapping experiments
using metallic nano-apertures [42], surface-enhanced Raman scattering (SERS) [43],
optical printing [44] and plasmonic sensing [45, 46], thermophoresis was evidenced
and considered to have a strong impact on the measurements.

In other studies, plasmonic assisted heating induced thermophoresis was the main
target and led to the development of few applications in thermoplasmonics, e.g., trap-
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ping of nanoobjects, plasmonic nanofabrication and the use of Janus nanoparticles
[47, 48]. Janus particles are special types of nanoparticles whose coating are asym-
metric. When dielectric nanospheres are covered by a hemispherical metallic cap,
they exhibit a thermophoresis-assisted unidirectional fast motion under illumination.
Here is more detailed overview of all this applications.

1.6.2.1. Thermophoretic trapping

The beneficial use of thermophoresis for application in thermoplasmonics (or equiv-
alently the opposite) was pioneered by F. Cichos (Leipzig University). The group of
Cichos used plasmon-assisted thermophoresis to trap and steer nano objects [49, 50].
Plasmonic gold nanostructures are used as optically controlled heat sources. Plas-
monic resonance of these nanostructures induce microscale temperature gradients,
which in turns create thermophoretic drift velocity field to a targeted fluorescent bead.
By constantly monitoring the position of the bead and adapting the position of the
heating laser using the feedback loop, it was possible to confine the Brownian motion
of the bead, a new strategy for optical trapping (Figure 1.12).

Figure 1.12.: (a) Rotating heating by focused laser beam. The laser illuminates one
Au pad at a time. (b) Trajectory of 200nm PS bead confined in the nanostructure.
Laser power was 5mW and has a frequency of 18.9 Hz. Figure taken from [49].

The thermophoretic feedback trap also allowed the trapping of macromolecules,
e.g., single DNA strands inside nanostructures using the same technique [51]. Figure
1.13(a) shows snapshots from 500 s long timelapse of λ-DNA in a thermophoretic
trap. The duration of the trap lasts until dyes are photobleached. The probability
distribution in Figure 1.13(b) shows a confinement within 0.75 µm at 3 mW heating
laser power. Smaller trap structures can cause stronger temperature difference over
the same length of DNA strand, causing a conformation shrink. The confinement
of 2 λ-DNA strands is also possible as presented in the snapshots in Figure 1.13(c),
but the trap is weaker than single stand DNA trap. This is because the position of the
laser beam is such that it will always push one molecule radially in the direction of the
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target. Objects are therefore pushed towards each other as object closed to heating
spot will face stronger outward force than the one which is further away. Effective
trapping potentials are repulsive for positive Soret effect. Thus, in an existing trap of
two molecules, trapping of other molecules is not possible as the existing trap will
repel the other molecules.

In addition to these examples, thermophoretic traps were shown to trap quantum
dots [52] and multiple plasmonic nanoparticles [53].

Figure 1.13.: Thermophoretic trapping of λ-DNA strand (a) Four snapshots(4.6 x 4.6
µm2) of trapped single λ-DNA strand. (b) Probability density of trapped molecule
within 0.75µm at 3mW laser power. (c) Four snapshots(6.9 x 6.9 µm2) of trapped
two λ-DNA strands. Figure cited from Braun et.al. [51].

1.6.2.2. Nanofabrication

Negative thermophoresis, i.e., particle motion from cold to hot, has lead to the devel-
opment of thermophoresis assisted plasmonic nanofabrication. Lin et al. observed
assembly of gold nanoparticles towards laser induced heating spot using reverse ther-
mophoresis [54]. The temperature gradient was created by heating a thin gold layer,
not the nanoparticles. The reverse thermophoresis was initiated when high surface
potential (i.e. positive DT ) of cationic surfactant breaks away from their electric dou-
ble layer with Cl – ion. The micellar movement creates electrostatic potential between
Au nanoparticles, eventually pushing them towards the heating spot. SLM (spatial
light modulator) is used to illuminate the Au thin film and SLM can even allow one to
create complex trapping profiles.

Another example of plasmonic nanofabrication was demonstrated by Enders et al.
using single gold nanoparticles [55]. Molecules like sodium dodecyl sulphate and
polyethylene glycol migrated towards Au nanoparticle and formed organic outer layer
with gold core with tunable optical properties.
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1.7. Conclusion
This chapter was dedicated to shine light upon scholarly works in the field of ther-
mophoresis to understand its underlying mechanisms and its applications at the
microscale. We discussed empirical expressions which can govern thermophoretic
behavior of solutes in liquid. We also introduced the state of the art of thermophore-
sis metrology, such as refractive index based and fluorescence based techniques
and discussed their limitations. Our goal is to develop a microscopy method that
is well equipped to lift these limitations. Finally, current commercial aspect of ther-
mophoresis was discussed in the field of biomolecular interaction study along with
fundamental research in the context of thermoplasmonics. The next chapter will focus
on experimental techniques at our disposal to study thermophoresis with the help of
thermoplasmonics and optical microscopy.
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2. Experimental methods

The first year of my thesis was mostly dedicated towards building the optical mi-
croscope coupled with a high-power laser for heating of gold nanoparticles. This
home-made microscope, built from scratch, was aimed to be capable of investigating
microscale thermophoresis of molecules and particles in liquid. The heating part
involved extensive work in laser alignment and beam shaping using a spatial light
modulator (SLM). The homemade microscope coupled two microscopy modalities:
widefield fluorescence microscopy and quantitative phase microscopy. These differ-
ent parts of the optical setup are discussed in this chapter. Then I introduce in details
quadriwave lateral shearing interferometry (QLSI), the quantitative phase imaging
technique that I used to image temperature at the microscale. The algorithm to calcu-
late temperature from phase image obtained in QLSI technique is explained in the
last section.

2.1. Optical setup
This section describes the optical instrumentation of the microscope. The microscope
was built on a solid aluminium breadboard (manufacturer: Thorlabs) and mounted
vertically at 90◦ on an optical table fixed with vertical brackets (manufacturer: Thor-
labs). A photograph of the frontview of the microscope is shown in Figure 2.1 The
microscope objective was mounted on a PIFOC objective scanner system (manufac-
turer: PI) which allowed precise movement on the z-axis within 100 µm range. The
whole system was mounted on a translation stage (manufacturer: Newport) which
allowed larger movement in z-direction. In our microscope, the sample holder is
stationary in z-direction which means that focus was made by moving the translation
stage and then more precisely the Piezo stage mounted with the objective. The sam-
ple holder is mounted on two interlinked translation stage (manufacturer: Newport)
which allowed sample movement in x and y direction to find a good working area on
the sample.

As seen from the picture of Figure 2.1, there are two LEDs mounted on vertical
breadboard at an angle of 90◦ with each other. They are part of Köhler illumination
system which is offering parallel fluorescence and quantitative phase imaging. We will
discuss about these microscopy techniques in following sections.
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Figure 2.1.: Photograph of the front view of the home-made microscope.
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2.1.1. Fluorescence microscope
Fluorescence microscopy technique is widely used technique used in life science
research. Fluorophores or dyes are excited using specific monochromatic light and
after a very short time (typically in the order of nanoseconds) they emit light at higher
wavelength. This phenomenon is called fluorescence and fluorescence microscope
uses this phenomenon to study inorganic or organic samples. Generally, biomolecules
or cellular components are labelled with specific fluorescent dyes in order to im-
age multiple specimens using different wavelengths. Fluorescence microscopy is a
diffraction limited technique and it can offer optical sectioning coupled with another
mechanism such as confocal microscopy. Most fluorescence microscopes are based
on epifluorescence microscopy where excitation and emission light paths are the
same.

The optical microscope is sketched in Figure 2.2. A laser beam is collimated at
the back entrance of the objective lens to heat the sample from below through an
objective lens. Any kind of objective can be used (air or oil immersion), but we
decided to go for a high numerical aperture oil immersion objective (NA 1.3, 100x
magnification, Olympus) for this case in order to collect maximum fluorescence. As
shown in the schematic, a spatial light modulator (SLM) is placed in a 4f configuration
and conjugated with the back focal plane of the objective. The mechanism of beam
shaping using SLM is discussed in section 2.1.3 in details. In short, this configuration
allows us to engineer the phase profile of the laser beam at the SLM plane in order to
project any intensity profile at the sample plane.

The fluorescence excitation was performed by a Köhler illumination on the upper-
left of the vertical microscope which is at an angle of 90◦ with the 2nd Köhler illumi-
nation from the top (Figure 2.2). The Köhler illumination consists of a LED at 470
nm (M470L3, Thorlabs, 650 mW) for blue excitation of fluorophores, followed by field
diaphragm, aperture diaphragm and a condenser lens. The advantage of using Köhler
illumination is that it allows even illumination on specimen and ensures that LED
filament is not visible on the image. A low pass excitation filter (cut off wavelength
at 492 nm, SEMROCK) is used to filter higher wavelength illumination from the LED.
The emitted fluorescence was separated using a dichroic beamsplitter at first that
reflects below 516 nm and above 700 nm. This dichroic beamsplitter separates the
fluorescence from the blue illumination light and also allows the laser beam at 789nm
to be reflected toward the sample for heating. In tube lens section, fluorescence is
again separated using another dichroic beamsplitter reflecting below 593 nm. Finally,
a bandpass emission filter (from 500 nm to 580 nm) is used to filter the fluorescence
to be imaged by a sCMOS camera (ORCA Flash 4.0 V3, 16-bit mode, Hamamatsu).

Without the presence of heating, i.e., when the laser is turned off, ideally the flu-
orescence over the field of view of the image is homogeneous for small diameter
fluorescence beads (e.g., 28 nm) in adequate concentration (in the order of nM). A
background image was taken without illumination before taking any fluorescence
measurements. This image is subtracted from all fluorescence images while post-
processing. When laser is on, due to thermophoresis process, fluorophores will mi-
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Figure 2.2.: Schematic of the microscope. DBS: Dichroic beam splitter. D: diaphragm.
F: Filter.
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grate along the temperature gradient, leading to a fluorescence depletion zone in
the hot-spot of the image, which we process to conduct metrology experiments on
thermophoresis, as detailed in Chapter 3.

2.1.2. Quantitative phase microscope
The most distinguishable feature of our microscope is the quantitative phase imaging
(QPI) part, which offers label-free temperature mapping at the microscale, a unique
approach to investigate microscale thermophoresis. Quantitative phase microscopy
(QPM) techniques are used in imaging translucent objects, where most of the applica-
tions are related to the imaging of living cells. QPM techniques offer a much better
contrast compared with bright field microscopy [56].

QPI techniques can provide information such as dry mass, optical thickness, refrac-
tive index, etc, using a non-invasive, label-free approach. Common QPI techniques are
Digital holography microscopy (DHM) [57], Diffraction phase microscopy (DPM) [58],
spatial light interference microscopy (SLIM) [59], Hilbert phase microscopy (HPM)
[60], quadriwave lateral shearing interferometry (QLSI) [61, 62], among the most
effective.

Our homemade microscope uses a quadriwave lateral shearing interferometry
(QLSI) and the working mechanism of this technique is detailed in Section 2.2.1. Verti-
cal to the optical axis of blue illumination in Figure 2.2, another Köhler illumination is
mounted on the optical breadboard. Phase imaging is performed using red light from
a LED at 625 nm (M625L3, Thorlabs, 700 mW). Both blue and red LEDs are placed in
such a way so that they pass through the same condenser lens and illuminate the same
area on the sample. The red beam carries the information regarding the changes in
wavefront due to any difference in refractive index in the sample and it passes through
following dichroic beamsplitters and captured by QLSI wavefront sensors (sCMOS
camera, sC8 from Phasics SA). At the presence of a temperature gradient, the medium
of the sample experiences a refractive index variation and the wavefront distortion of
the red beam is quantitatively imaged, revealing microscopic temperature distribution
in the sample. Details on the temperature retrieval are given in section 2.3.

2.1.3. SLM and temperature shaping
2.1.3.1. Working principal of LC-SLM

A spatial light modulator (SLM) is a 2D-device that allows the change in either one
or a combination of amplitude, phase and polarization profiles of an incident light
beam. It allows change in any of these three parameters of the light beam at any
point on the surface of the SLM by a local change in refractive index. These devices
can be classified into several types, depending on their geometry (reflectance or
transmittance), what parameter they are modifying (amplitude, phase or polarization)
and their controlling mechanism (electrical or optical). Liquid crystals (LC) are widely
used in SLMs because they are birefringent materials commonly with birefringence

43



2. Experimental methods – 2.1. Optical setup

between 0.1 and 0.2, making optical anisotropy higher than that of crystals and the
fluid like nature allows the tunability of their properties. During nematic mesophase,
a common LC phase, molecules in liquid crystal do not have any positional order as
they can orient according to their preferential direction. However, if an electric field is
applied, molecules tend to orient along the direction of the electric field (for LCs with
positive anisotropy) and the amplitude of the electric field controls how strong their
orientation is. This way, one can locally change the refractive index of the medium
provided the incident light is linearly polarized. This is the basic mechanism behind
modulating light beam using a LC-SLM.

The SLM used in our setup (Figure 2.2) is a LC-SLM (Meadowlark optics) that modu-
lates the light beam in reflection. An illustration of the structure of a LC-SLM is given in
Figure 2.3a . It is composed of nematic LCs confined between a CMOS backplane and
transparent LCoS (liquid crystial on silicon) electrode with anchoring points parallel
to the plane. The CMOS matrix has a reflective deposit on top so that it can work in
reflection. Maintaining an electric field between the electrode and the CMOS circuitry
can control the molecular orientation of liquid crystals. It is possible to have control
over the modulation of reflected light beam with a precision of single pixel by control-
ling the voltage of each pixel individually. Figure 2.3b [63] also explains how phase
of the reflected light can be modified using an LC-SLM. When a planar wavefront
passes through the LC medium, refractive index change in the LC medium controlled
by applied voltage between electrode and CMOS chip will change the wavefront in
reflection.

Altough an SLM modifies the phase of a light beam, it can be used to also modify
the spatial profile of its intensity, what actually matters in many applications. For
this purpose, modifying the phase profile of a light beam in the Fourier space (back
aperture plane of the objective) can affect the intensity profile in the sample plane,
and it can be shown that even any intensity profile can be achieved this way.

As it is not possible to place the SLM in the back aperture plane of the objective
lens, the SLM is remotely imaged at the back aperture using a 4- f configuration. The
arrangement also enables the easy removal of the zero diffraction order of the SLM
using a diaphragm (Figure 2.2).

A wavelength-tunable, Titanium:Sapphire laser (laser Verdi G10, 532 nm, 10 W,
pumping a Tsunami laser cavity, Spectraphysics) working at a NIR frequency, set at
789 nm, impinges on the SLM matrix. A diaphragm, D , was used to filter the zero order
diffraction spot of the reflected beam so that only first order illumination pattern is
projected on the sample plane.

The phase profile of the SLM corresponding to a desired intensity profile at the sam-
ple plane can be computed using the famous and simple Gerchberg-Saxton algorithm
[64, 65].

2.1.3.2. Operating procedure for temperature shaping

As discussed earlier, in order to investigate thermophoresis at the microscale, we need
a microscale temperature gradient which is generated by illuminating a carpet of ho-
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Figure 2.3.: A LC-SLM. (a) Structure of a LC-SLM. Liquid crystals are anchored between
transparent electrode and reflective coated CMOS circuitry. (b) Phase modulation
of light beam using reflective LC-SLM. Phase of a planar wavefront is modulated
by refractive index variation of LC medium by applying an electric field. If SLM
plane is placed in the Fourier plane of the back aperture of objective lens, it will
generate structured illumination in the sample plane. Figure cited from [63].

mogeneous assembly of gold nanoparticles at their resonance wavelength. However,
heating a uniform layer of gold nanoparticle with a uniform circular laser beam does
not yield a uniform temperature distribution. The output temperature profile would
rather be Gaussian. As a means to better control the temperature profile in the sample
and deviate from the Gaussian profile, we played with the light beam profile using an
SLM, as detailed below.

For a heat source located at the interface between two planar surfaces, e.g., glass
and water, the temperature can be written as

T (r) = [G ⊗p](r) (2.1)

where G(r) = 1/(4πk|r|) is the thermal Green’s function, p(r) the heat source density
(HSD, power per unit area) at the glass-water interface and k = k1/2+ k2/2 is the
average of the two thermal conductivities of the two semi-infnite media e.g., glass and
water [65]. Our approach consists in shaping p to obtain the desired T profile. Equa-
tion (2.1) can be inverted using Fourier transforms, to give the HSD p as a function of
the desired T distribution:

p(r) =F−1[F (Tt ar g et (r))/F (G(r))] (2.2)

where F represents 2D Fourier transform. As heat is being produced by absorb-
ing laser illumination by uniform gold nanoparticle layer, the laser intensity profile,
Il aser (r) should be proportional to p(r), the multiplication factor being the absorbance

45



2. Experimental methods – 2.2. Quadriwave Lateral Shearing Interferometry (QLSI)

A:
Il aser (r) = p(r)/A (2.3)

Therefore, according to Eq. (2.3), laser beam intensity modulation would allow us
to shape the HSD and eventually the temperature. Note that Eq. (2.1) always has
solution, no matter the desired temperature profile. However, it does not mean that
any temperature profile can be achieved. Pathological cases can be identified as soon
as p distributions with some negative values appears, which occurs when temperature
profiles with too steep spatial variations are targeted.

It is worth mentioning here that it could have been possible to perform intensity
modulation at the sample plane by using a digital micro-mirror device (DMD), just
like a videoprojector. However, significant loss of total light intensity occurs while
using a DMD. On the contrary, a LC-SLM does not cut light intensity to shape it, it re-
distributes it. Saving light intensity is important here to achieve sufficient temperature
increases.

The procedure to obtain a desired temperature shape by beam shaping is repre-
sented in Figure 2.4, as developed by another Ph.D. student in the group just before
my arrival [65]. Let us consider a desired 2D temperature profile which is uniform
over a circular area (Figure 2.4a). The HSD profile for this desired temperature profile
is calculated using Eq. (2.2) (Figure 2.4b). Then, the theoretical laser intensity profile
for this HSD profile is calculated using Eq. (2.3) (Figure 2.4c) which is sent to the
Gerchberg-Saxton algorithm to retrieve the phase profile φ(r) (Figure 2.4d) needed to
be applied in the SLM plane. The resulting intensity of laser beam measured in the
microscope is displayed in Figure 2.4g, along with the HSD (Figure 2.4f) and tempera-
ture (Figure 2.4e) profiles measured by QLSI (see Section 2.3), in proper agreement
with the initial targeted temperature profile.

2.2. Quadriwave Lateral Shearing Interferometry
(QLSI)

The quantitative phase microscopy technique I used in this thesis is a cross-grating
(CG) phase microscopy, i.e., based on the use of a 2D-grating positioned at a milli-
metric distance from a camera. We used a CG microscopy called Quadriwave Lateral
Shearing Interferometry (QLSI) as it involves a diffraction grating creating 4 waves
interfering with each other on the camera sensor. CG phase microscopies, including
QLSI, was invented by J. Primot in the 90s [66, 67]. QLSI was patented in 2000 to be
commercially used by the Phasics SA company but not for microscopy applications.
QLSI was initially designed for laser beam characterisation. Later, its application was
extended for x-ray imaging [68], lens metrology, adaptive optics characterisation. But
QLSI technique was first implemented in an optical microscope in 2009 for imag-
ing living cells [62] by Serge Monneret (a member of the same group at the Institut
Fresnel) in collaboration with Phasics. In the context of bioimaging, more applica-
tions followed using QLSI, such as imaging of cellular organelles[69, 70], dry biomass
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Figure 2.4.: Protocol for temperature shaping at the microscale using an SLM. (a)
Desired temperature distribution. (b) Required heat source density. (c) Required
laser power intensity distribution. (d) Calculated SLM phase pattern required
to produce the intensity map at the sample plane, computed using the iterative
Gerchberg-Saxton algorithm (e) Experimental temperature distribution, in agree-
ment with (a), heat source density in agreement with (b) and laser beam intensity,
in agreement with (c). (e) and (f) were measured by QLSI. Reproduced from Ref.
[65].
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measurements[71], nanolocalization[72], superresolution microscopy[73], etc. QLSI
has also been used in the field of nanophotonics by my supervisor, e.g., for imaging
temperature distribution around metal nanoparticles under laser heating[74, 75], char-
acterizing metasurfaces[76], single nanoparticles[77] and 2D-materials[78]. Figure 2.5
shows examples of QLSI images from above mentioned references, namely living cells,
wavefront distortion from local temperature gradient in water, molybdenum disulfide
flake, single nano particle, a metasurface.

Figure 2.5.: Examples of QLSI in imaging living cell, temperature gradient, molybde-
num disulfide layer, nanoparticle and metasurface. Reproduced from Ref. [61].

2.2.1. Working principle of QLSI
2.2.1.1. Formation of interferograms

A QLSI wavefront analyzer is composed of a 2D diffraction grating and a regular cam-
era (CCD or CMOS)separated by around 1 mm (Figure 2.6(a)). This QLSI diffraction
grating consists of a chessboard pattern of transparent squares applying 0 and π phase
shifts on the transmitted light, as represented in Figure 2.6(b). The squares are de-
fined by opaque vertical and horizontal lines. It is not always possible to place the
diffraction grating 1 mm in front of the camera sensor due to presence of vacuum
protective chamber in front of the sensor against water condensation and crystal-
lization while cooling down the sensor. In these cases, the grating can be imaged at
the right position through a relay lens system, i.e., a 4- f optical configuration (Figure
2.6(c)). However, it also introduces chromaticity as the wavefront sensing process be-
comes wavelength dependent because of the usage of optical lenses with unavoidable
wavelength-dependence of their focal length.

The zero order of the grating is cancelled out because of destructive interference
from 0 to π chessboard pattern. Mainly the first diffraction orders remain after the
grating (4 of them, in x, −x, y , −y directions). The grating splits the incoming image
into 4 replicas that propagate along these four 1st diffraction orders of the grating, over
1 mm (Figure 2.7(a)). These 4 images are slightly shifted compared with each other
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Figure 2.6.: Schematic of QLSI sensor. (a) Chessboard grating(CHG) is placed couple
of mm from camera sensor. (b) Illustration of a modified Hartmann mask (MHM)
mimicking a chessboard pattern. It introduces 0- π phase shift in the incoming
beam. (c) Relay lens configuration for CHG grating placed at 4- f configuration
from the camera sensor. This QLSI model is wavelength dependent because of
the lenses. Reproduced from Ref. [61].
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on the camera sensor where they interfere. In Figure 2.7(a), the size of the diffraction
grating has been reduced to 6×6 = 36 unit cells for the sake of clarity, but in practice
there are more than 300x300 unit cells to cover the full size of the camera sensor. The
interference produces an array of bright dots that mimic the geometrical shadow of
the diffraction grating. This apparent diffraction-less propagation comes from the
0−π phase alternation by a QLSI grating. A strange idea to grasp at first, which is
illustrated in Figure 2.7(b,c). Here, the difference of light propagation between the
grating and the camera sensor for gratings with no phase alteration (indicated by
0−0) and 0−π phase alternation (indicated by 0−π) is showed. These calculations
were made only on a single unit cell of the chessboard. In Figure 2.7(b), a complex
interference pattern is obtained for a unit cell having no 0−π alteration. However,
in Figure 2.7(c), for unit cell with 0- π alteration, the interferences totally disappear
in z direction and the transmitted light beam resembles a simple geometric shadow
behind opaque object, invariant by translation along z.

Figure 2.7.: Principle of QLSI technique. (a) 3D representation of interference for-
mation visualized using a 6×6 = 36 unit cell chessboard grating (CHG) placed
1 mm from camera sensor. The CHG creates 4 replicas of the wavefront, each
pair in the opposite sides in x and y directions and propagating along the four 1st

diffraction orders of the grating. They interfere to create a fringe pattern, copying
the geometrical shadow of the grating. Modeling of light pattern in z axis for (b)
no chessboard grating pattern and (c) 0−π grating pattern.
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2.2.1.2. OPD and Intensity retrieval process

As discussed in the previous section, the raw data from the camera sensor is called an
interferogram. Figure 2.8(a) shows an interferogram image of 2 µm polystyrene bead
recorded using QLSI. This interferogram can be processed to retrieve both intensity
(Figure 2.8(b)) and wavefront profiles (Figure 2.8(c)) of a light beam. Let us consider
an object with refractive index n in a surrounding medium with refractive index n0

which is being imaged using QLSI microscopy (Figure 2.8(d) ). QLSI measures the
wavefront distortion created by this object, or equivalently the optical path difference
(OPD) that reads

δℓ= (n −n0)h(x, y) (2.4)

where h(x, y) is the 2D topography of the object or equivalently the thickness map.
For a non-uniform material, Eq. (2.4) is expressed as integration of δn = n(x, y, z)−n0

over the thickness of the object

δℓ(x, y) =
∫ h(x,y)

0
δn(x, y, z)dz (2.5)

The optical thickness obtained in this process can be directly used to measure the
phase profile of the light φ(x, y) defined by

φ(x, y) = 2π

λ0
δℓ(x, y) (2.6)

Note that in QLSI, what is primarily measured is the wavefront profile and it does
not require the knowledge of the wavelength. This QPM is achromatic and can be
used with a broadband illumination. However, the computation of the phase profile
requires the knowledge of λ. One usually speaks about phase images instead of OPD
image, because QLSI is a QPM, but this is an inappropriate shortcut.

Algorithm In this section, we explain how OPD and intensity information can be
retrieved from QLSI interferograms. The interferogram in Figure 2.8(a) looks like the
grating shadow is superimposed on the intensity image of Figure 2.8(b). The schematic
of OPD and intensity retrieval is illustrated in Figure 2.9, with the same example of
2 µm dielectric bead. The first step is to calculate the Fourier transform of intensity
image I , which is

Î =F (I ) (2.7)

The discrete Fourier transform (DFT) of interferogram in Figure 2.9 reveals that there
are 4 Fourier spots in addition to the central spot. These spots are related to the fringe
pattern and has embedded information about the wavefront profile. The positions
of these spots are at two different directions from the central spot, these directions
being in the direction of x ′ and y ′ are at a tilted angle θ compared with the x and y
axes. This is because the grating is tilted by this angle and so, the branches of four star
shaped Fourier spots of 1st and zero diffraction orders do not interfere with each other.
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Figure 2.8.: (a) Interferogram, (b) intensity and (c) optical thickness/wavefront profile
of a 2 µm polystyrene bead measured by QLSI. (d) Schematic of the wavefront dis-
tortion δℓ(x, y) faced by an object of different refractive index e.g., metasurfaces.
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2. Experimental methods – 2.3. Temperature microscopy using QLSI

Also, we notice that in the DFT image the surrounding spots are at 1/3rd distance of
the size of the whole image from central spot. This is because the fringe periodicity
(Λ/2 where Λ is the grating periodicity) is three times the pixel size.

From this stage the process branches towards two parallel directions, one towards
computing the OPD image and another towards the computation of the intensity
image. We first describe the process to retrieve OPD images.

In this step, demodulation from the Fourier spots in the DFT image is performed
to reveal the wavefront information. We consider two peripheral spots that are at an
angle of 90◦ from each other. As the diagonal spots in DFT image are exact complex
conjugate, they contain the same information and it would redundant to process these
spots. Both selected spots are cropped with a disc of radius R. R is a radius which is
not too big to contain information from surrounding spots, but cannot be too small to
avoid cropping too many high spatial frequencies and affect spatial resolution. The
cropped spots are centered in Fourier space (images H1 and H2 in Figure 2.9) and the
argument of the inverse Fourier transform of these two images gives the wavefront
gradients along the two directions x ′ and y ′. We then need to rotate these wavefront
profiles at an angle −θ to retrieve wavefront gradients in original x and y directions.
This step gives us local wavefront maps ∇xW and ∇yW as shown in Figure 2.9. The last
step is to integrate these two vectorial gradients to compute the scalar 2D wavefront
profile, W = δℓ. Figure 2.9 displays the final 2D wavefront profile reconstruction from
a 2µm PS bead.

In my thesis, I mostly used a home-made algorithm to retrieve OPD images because
the software (PHAST) provided by the Phasics company undersamples the images and
is limits the acquisition to 12-bit (while the camera allows 16-bit), which drastically
affects the signal-to-noise ratio.

Not only the OPD image can be calculated, but also the intensity images, the in-
formation of which is contained in the central Fourier spot. Using the same crop
zone of radius R, we end up with an image of the zeroth order in Fourier space, H0.
Calculating inverse-Fourier transform of H0 reveals the intensity image, T . As there
was no need to shift the central spot in Fourier space, the intensity image is much
simpler to retrieve and already a real-number image.

In practice, in a microscope there are lots of imperfections, dust on the optical
elements, etc, that make the incoming wavefront not perfectly flat and uniform. In
order to get rid of these imperfections, another interferogram is taken out of the area
of interest, which is also processed using the above-mentioned algorithm to retrieve
the so-called reference OPD image. This reference image is subtracted to any acquired
OPD images to get nicely defined OPD characterization of the sample.

2.3. Temperature microscopy using QLSI
Imaging temperature at the microscale is not a trivial task. The first high-spatial-
resolution thermal microscopy technique was called SThM (scanning thermal micro-
scope), introduced in the 80s, which used an AFM tip as a nanoscale thermocouple.
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But this technique is invasive for probing temperature of small objects like nanopar-
ticles and living cells because of the vicinity of a bulky AFM tip. One had to wait till
2009 for a non-invasive method of temperature imaging around nanosources of heat
and it was based on using fluorescent molecules dispersed in a liquid surrounding
heat sources [79]. This technique utilized an intrinsic property of fluorophores as
fluorescence (F) is a temperature (T) dependent property ( F ∝ 1/T ). This technique
used a confocal microscope to measure fluorescence and mapped temperature with a
diffraction-limited resolution, which gave a calibration curve between fluorescence
and temperature before any measurement. Several techniques followed this develop-
ment which mapped temperature around nanoprobes using fluorescence intensity,
polarization, life time, correlation, spectrum, etc. Although fluorescence based tem-
perature measurements are less invasive than SThM, these techniques remain not
label-free. In addition, in complex media such as living cells, fluorescence depends
on other parameters such as pH, ionicity, refractive index, etc, besides temperature.
Thus, artefacts can appear in temperature measurements. This considerations call for
a labelfree temperature microscopy technique which is simple and artefact free.

2.3.1. Basic principle of temperature microscopy using QLSI
When light interacts with a scattering medium, it excites the electrons of the medium.
The excited electrons interfere with the incoming light wave, causing a dephasing and
decreased phase velocity of the light. The higher the electron density of the medium,
the stronger the interaction is between light and electrons. When the temperature of a
medium increases, the electron density decreases and in turns, the refractive index, n,
also decreases according to n = c/v . Here, c is the velocity of light in vacuum and v
is the velocity of light in the medium. As our QLSI sensors can detect the change in
refractive index of the sample, they can be used to map temperature induced refractive
index variation of the medium. In 2012, Baffou et al. demonstrated that temperature
gradients in liquid at microscale can be measured by detecting local temperature
induced refractive index change in a medium using a QLSI microscope [75]. The
authors called this temperature imaging using quadriwave shearing interferometry
(TIQSI). The local temperature gradient was created by illuminating a carpet of gold
nanoparticles at their resonance wavelength using a laser beam as illustrated in Figure
2.10(a). The sample was created by confining water with two glass coverslips in z
direction within height h. Local heating of the nanoparticles creates a temperature
gradient in the surrounding liquid. When illumination beam of the microscope passes
through the liquid, the wavefront of the light experiences a refractive index induced
distortion, comparable with a thermal lensing effect as seen from Figure 2.10(b). The
wavefront profile is mapped using QLSI and microscale temperature map is retrieved
from it using a homemade algorithm. In other words, this technique bridged between
thermoplasmonics and QLSI wavefront sensing technology and established a new
label-free temperature microscopy technique.
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Figure 2.10.: Principle behind temperature mapping using QLSI. (a) Representation of
gold nanoparticles deposited on a coverglass, immersed in water and irradiated
using a laser beam at their resonance wavelength. Local temperature increase
will induced refractive index variation in the liquid. (b) Illumination beam experi-
ences a thermal lensing effect, caused by refractive index change in the medium.
This distortion of wavefront is mapped using QLSI for calculating temperature
increase.

2.3.2. Relation between Refractive index and temperature
A variation in refractive index δn in surrounding medium created by nano heat sources
can be expressed as a function of temperature variationδT using the coefficient dn/dT

δn = dn

dT
δT (2.8)

This linear relation is valid for small temperature increase such as 20◦C for water.
For larger temperature variation, this dependency can be expressed using Taylor’s
expression

n(T ) =
M∑

j=0
b j T j (2.9)

where T is in ◦C and b j are empirical parameters. Deriving Eq. (2.9) up to M=4 is
enough for expressing total refractive index of a material with temperature of the range
[0,100]◦C. Figure 2.11 shows dependence of refractive index of water with temperature
up to 240◦C [39].

For water at λ= 598 nm a fit of refractive index measurements from [80] gives us the
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Figure 2.11.: Dependence of refractive index of water with temperature. [39]

following empirical coefficients:

b0 = 1.3345

b1 = −5.3865×10−6 ◦C−1

b2 = −2.0985×10−6 ◦C−2

b3 = 6.8405×10−9 ◦C−3

b4 = −1.25×10−11 ◦C−4

By doing a simple differential calculation from Eq. (2.9), δn = n(T )−n(T0) also be-
comes a Taylor’s expression,

δn =
M∑

j=1
β jδT j (2.10)

where δT = T −T0 and T0 is the ambient temperature. Empirical coefficients from Eq.
(2.10) can be retrieved from Eq. (2.9):

β1 = b1 +2b2T0 +3b3T 2
0 +4b4T 3

0

β2 = b2 +3b3T0 +6b4T 2
0

β3 = b3 +4b4T0

β4 = b4
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2.3.3. Algorithm to compute HSD and temperature
Algorithm in the linear regime

Below 20◦C of temperature increase, the n(T ) relation can be considered as linear,
δn =β1δT . It makes the equations linear and algorithm to retrieve heat source density
and temperature simplified.

To calculate relation between wavefront profile or optical thickness and temper-
ature, we first consider a point-like source of heat at the solid-liquid interface. The
temperature profile T (r ) at a distance r in the surrounding liquid from heat source is
related to heat power absorbed P0 by the point source according to

T (r ) = T0 + P0

4πκr
= T0 + P̄0

r
(2.11)

T (r ) = T0 + P̄0GT (r ) (2.12)

where κ is the thermal conductivity of the medium (0.6 W/m/K for water), P̄0 = P0
4πκ is

the normalized power and GT (r ) = 1/r is the thermal Green’s function. During QLSI
imaging, the subtraction of the reference image without heating from the image with
heating gives the OPD δℓ(x, y) in the medium due to thermal-induced refractive index
variation δn of the liquid thickness h. Hence, OPD becomes,

δℓ(x, y) =
∫ h

0
δn(x, y, z)dz =

∫ h

0
β1δT (x, y, z)dz (2.13)

The OPD profile in radial coordinate (ρ, z) , δℓ(ρ) can be expressed with the help of
Green’s function for phase distribution Gl (ρ) =β1 sinh−1(h/ρ), since the heat source
is a Dirac distribution [75].

δℓ(ρ) = P̄0Gl (ρ) (2.14)

For non-uniform heat source characterized by delivered heat power density p(x, y) =
4πκp̄(x, y), the OPD and temperature distribution can be expressed as convolutions
of p̄ with their respective Green’s functions:

δℓ(x, y) = [p̄ ⊗Gl ](x, y) (2.15)

δT (x, y) = [p̄ ⊗GT ](x, y) (2.16)

In Fourier space, Eqs. (2.15) and (2.16) become

δ̃l (k) = ˜̄p(k)G̃l (k) (2.17)

δ̃T (k) = ˜̄p(k)G̃T (k) (2.18)

where f̃ represents the Fourier transform of f . The Fourier transform of an experimen-
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tal OPD image, δℓ(x, y) is fed into Eq. (2.17) to the calculate heat source distribution
in the Fourier space. An inverse Fourier transform generates the heat source density
image. To avoid divergence in this step due to low signal-to-noise ratio in OPD images,
a Tikhonov regularization method is used, which consists of taking into account a
non-zero empirical parameter, α, while computing ˜̄p(k). This added factor is chosen
in such a way that it is not too small for the processed OPD image to become very noisy
and not large enough for it to avoid damping HSD map. In Fourier space, corrected
˜̄p(k) can give temperature distributions according to Eq. (2.18). We can compute 2D

temperature map followed by a inverse Fourier transform.
Figure 2.12 represents results obtained for homogeneous distribution of gold nanopar-

ticles (SEM image, Figure 2.12(a)) from recorded OPD image (Figure 2.12(b))[75]. The
sample consists of spherical gold nanoparticles, diameter=30 ± 3 nm and separated
by p = 100 ±10 nm. Heat was generated by a laser beam at 532 nm wavelength at
the resonance wavelength of gold NPs. The heat source density was computed using
Tikonov deconvolution algorithm and shown in Figure 2.12(c). Finally, the end result
2D temperature map is presented in Figure 2.12(d).

The above explained algorithm works for temperature increase of 20◦C or less. For
applications where a larger temperature increase is expected, an iterative non-linear
deconvolution algorithm is used.

Figure 2.12.: Results obtained using TIQSI algorithm[75]. (a) SEM image of uniform
distribution of spherical gold nanoparticles with diameter 30±3 nm and separated
by 100±10 nm. (b) OPD image obtained using QLSI technique after heating gold
nanoparticles with a laser at λ= 532 nm. (c) Heat source density computed using
Tikonov’s linear deconvolution method. (d) Temperature map calculated from
HSD image and thermal Green’s function.
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Algorithm in non-linear regime

When temperature increase in more that 20◦C, we need to estimate the phase green
function in non-linear regime. The algorithm in non-linear regime is illustrated in
Figure 2.13. To begin with, an OPD image δℓ0(x, y) of localized heating is recorded. A
3D map of the temperature Ti (x, y, z) is calculated from this OPD map using a linear
deconvolution. The refractive index variation δni (x, y, z) is calculated from Ti (x, y, z)
using Taylor’s expression from Eq. (2.10) until the desire order, e.g., M = 4. It allows a
new OPD map calculation upon integrating along z. The new OPD map OPDi (x, y) is
subtracted from OPD0(x, y) to have residue ϵ(x, y); here i is the number of iteration.
This residue factor represents the error between linear approximation and non-linear
OPD image. Then, a linear deconvolution is performed on the residue and its power
density is added to previous power density. The process is repeated a dozen of times.
Each new 3D temperature gives new residues that become smaller and smaller with
each iteration. A gain g < 1 is introduced to the power density summation to avoid
divergence. The iteration is continued until standard deviation of ϵ(x, y) is less than
1% of the sum of the residue. The output at this step gives the final 3D temperature
map TN (x, y, z).

Figure 2.13.: Block diagram of the algorithm used to calculate temperature increase
map in non-linear regime

2.4. Conclusion
I have introduced in this chapter the optical microscope I developed during my Ph.D.
and the postprocessing algorithms I have used. The experimental approach couples
two different imaging modalities, fluorescence and quantitative phase microscopy, as-
sociated with a substantial amount of image postprocessing, making this set up quite
original and unique. This set up was used for the development of a new metrology
method in microscale thermophoresis in liquids, as detailed in chapter 3.
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3. Soret coefficient measurement
with dual phase-fluorescence
microscopy

This chapter is focused on the study of thermophoresis of carboxylated fluorescence
nanobeads using the dual phase-fluorescence microscopy setup described in chapter
2. The chapter explains the sample preparation, retrieval of microscale tempera-
ture and concentration images and procedures to calculate Soret coefficient over a
large temperature range. We also present results on beads of different diameters and
different illuminations using an SLM. Finally, a section is dedicated for a supplemen-
tary experiment performed for quantifying photobleaching and thermobleaching of
fluorescent beads.

3.1. Background
We have introduced in Chapter 1 various techniques to investigate thermophoresis in
liquid. As a short reminder, there exist refractive index based techniques, e.g., beam
deflection and thermal lensing techniques, which quantify thermophoresis based
on time-scale measurements of temperature and concentration gradients. However,
the beam deflection technique is a very slow because involving a macroscopic sys-
tem. Another refractive index based technique is Forced Rayleigh Scattering, which
measures ST , D and DT of binary mixtures [81], polymer solutions [25], and colloidal
suspensions [26]. However, the setup required a combination of three lasers making
the process experimentally complicated and it requires at least 1%(w/w) solute con-
centration. Fluorescence microscopy introduced by Braun et. al. [27, 28] seems like
the ideal solution to these drawbacks because it applies for extremely small concen-
tration down to pM or fM levels and offers quantitative measurements of temperature
and concentration gradients. However, the temperature probes can undergo ther-
mophoresis themselves, which can give artefacts. Meanwhile, the process can be
highly constrained by photobleaching and thermobleaching which do not allow a
temperature increase of more than a few Kelvins.

In order to overcome these drawbacks of the state of the art, our goal was to come up
with an experimental technique which would be faster, allow mapping of temperature
and concentration gradients quantitatively, investigate lower concentration range,
and image temperature field without any artefacts. The original idea was to map
fluorescence to render concentration, just like Braun’s approach, and using QLSI as
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a label-free, artefact-free tool to map temperature quantitatively at microscale. In
addition, we refined the approach using an SLM to shape the temperature profile in
order to extract ST measurements over a large temperature range from one single
experiment, allowing faster ST (T ) measurements.

3.2. Sample geometry and protocol

3.2.1. Protocol for fabricating gold nanoparticle sample
As discussed in chapter 1, metallic nanoparticles, particularly gold nanoparticles, can
be excellent light absorber. It is also possible to tailor their shape and conformity
to shift their resonance wavelength towards red. We synthesized gold nanoparticles
on standard borosilicate coverglass (thickness ∼130-170 µm) using block copolymer
micellar lithography (BCML) technique for the purpose of heating [82]. This is a
bottom-up wet chemical approach to grow gold nanoparticles homogeneously on
glass substrates. A copolymer composed of hydrophilic head and hydrophobic tail
are mixed with organic solvent Toluene, to form micellar solution. Then, micelles
composed of gold ion core and an organic capsule are synthesized by mixing this
organic micellar solution with HAuCl4. After that, gold micelles are deposited on glass
coverslips (previously cleaned overnight with a 1:3 mixture of Hydrogen per-oxide
and Sulphuric acid) using dip-coating in the gold micellar solution. The deposited
micelles were then reduced by UV-illumination with the presence of a reducing agent,
which resulted in gold seeds on glass. Finally, these gold seeds were grown to potatoid
shapes by reacting with aqueous solution of KAuCl4 and ethanolamine for 16 min.
Figure 3.1(a) shows the quasiperiodic and uniform distribution of non-spherical
gold nanoparticles under SEM, fabricated using BCML. Absorption spectra of this
nanoparticle sample in Figure 3.1(b) confirms that the peak absorbance has been
shifted to approximately 800 nm. Appendix A describes in detail the BCML protocol I
used to fabricate these samples.

3.2.2. Sample geometry and preparation
We studied the thermophoresis of carboxlylated fluorescent beads of 28 nm and 99 nm
diameter (F8888, Thermofisher) with peak excitation at 505 nm and emission at 515
nm. These beads were diluted in pure water at following concentrations to prepare
the solution for experiments.

Diameter Concentration Volume fraction

28 nm 88 nM 0.061%
99 nm 199 pM 0.0061%

Table 3.1.: Final concentration of 28 and 99 nm beads after dilution.
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Figure 3.1.: (a) SEM image (with a 45◦ tilt angle) of potatoid shaped structure of gold
nanoparticles prepared by BCML method. (b) Absorption spectra of the BCML
sample.

A 7 µl drop of solution was sandwiched between two BCML gold nanoparticle
coverslips of diameter 18 mm and 25 mm. 15 µm polystyrene beads (8.2 fM) were also
added in the solution to be used as spacer to achieve a controlled liquid thickness h.
In practice, the liquid thickness was found around 18 µm. The schematic of the sample
geometry is illustrated in Figure 3.2(a). The liquid thickness, h, was measured making
the focus of the microscope successively on both coverslip using a piezo translation
stage (pifoc), and measuring the z offset δz between the two of them. The actual
thickness h was obtained by applying the correction factor due to refractive index
change between liquid-glass interfaces, h = nliquid

nair
δz, at room temperature without

laser heating.
The coverglasses were treated within an air-plasma chamber for 5 min at 0.6 mbar

pressure to increase the hydrophilicity of the glass surfaces. This treatment promotes
even spreading of fluid drop upon contact with glass surface and a thin liquid layer. As
we are investigating microscale thermophoresis, it is crucial that we don’t experience
convection process and a very thin liquid layer of sub-20 µm ensures that. A thin
layer also ensures a uniform temperature profile along vertical direction, making T
dependent only on the radial coordinate in x y plane in the fluid with a good approxi-
mation. This sandwich structure was mounted in a AttoFluor metallic cell chamber
(Thermofisher). To avoid evaporation, the top of the AttoFluor chamber was covered
by a 25-mm coverslip and sealed with a paste that polymerizes once mixed (Picodent).

Upon laser heating of both gold nanoparticle samples, the resulting temperature
gradient initiates thermophoresis of nanobeads, creating a concentration gradient.
The schematic of temperature gradient and concentration gradient in this sample
geometry are illustrated in Figure 3.2(b) and Figure 3.2(c) respectively. The schematics
show an example for a collimated beam passing through the sample.
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Figure 3.2.: (a) Schematic of the sample. Sandwiched thin liquid layer of 18 µm was
created by two gold nanoparticle coated coverslips. (b) Schematic of the tempera-
ture gradient resulting from laser heating of gold nanoparticles. (c) Schematic of
the concentration gradient resulting from laser heating of gold nanoparticles.

3.2.3. Temperature profile along z

Using two gold nanoparticle samples facing each other (Figure 3.2(a)), heating is
generated not only from the floor but also from the ceiling, leading to a more uniform
temperature along z. This way, the temperature field can be considered as only
dependent on x and y (2D temperature distribution) with a good approximation.
When only one single coverslip is coated with gold nanoparticles and is covered by an
infinitely thick liquid layer, for a uniform and circular laser beam with radius R, the
temperature profile along z direction reads [83],

T (z) = q0

κ
(
√

R2 + z2 − z) (3.1)

where q0 is the heat power density (power per unit area), and κ is the thermal con-
ductivity of the liquid. We performed simulations for temperature profile along the
direction of the beam propagation through multilayer systems. Figure 3.3 compares
temperature profile along z direction between the case where 100% energy is absorbed
by bottom gold nanoparticle sample and the case where energy is equally absorbed by
both gold nanoparticle samples. But more realistic situation is where top AuNP layer
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absorbs less energy because laser intensity has been reduced by the bottom AuNP
layer. The case where AuNP layer has 70% transmittance is plotted (absorption of 30%
from Figure 3.1(b)), still characterized by accepted temperature non-uniformity.
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Figure 3.3.: 3D, axial symmetry Green’s function simulation of temperature profile
along z direction for three cases; 100% (only bottom interface is absorbant), 70%
(bottom interface absorbs 30% of the laser intensity and top interface is heated
by remaining 70% of the intensity), 50% (both coverslips generate the same heat
power).

3.3. Temperature imaging using QLSI
As discussed in chapter 2, SLM has been used in our setup to shape the intensity
pattern of the laser beam on the sample. This way, the temperature profile can be
shaped to our desired pattern. We chose to set a linear temperature gradient over
the field of view of the microscope, which enables straightforward determination of
ST (T ) over a large temperature range from single image acquisition. So, we shaped
the laser beam to achieve a perfect linear temperature gradient over a rectangular
area and the laser intensity profile on the sample is shown in Figure 3.4(a). Heating
the carpet of gold nanoparticles with this spatially modulated laser beam gives rise to
refractive index (RI) variation in the medium, δn. Just like the temperature field, δn is
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also considered uniform over z direction and can be considered only dependent on
the x y plane. QLSI technique measures the wavefront distortion of the illumination
beam due to this refractive index variation as a 2D map of optical path difference
(OPD) δℓ(x, y), and it is related to refractive index variation according to following
relation,

δℓ(x, y) = [n(x, y)−n0]×h (3.2)

where n(x, y) is the refractive index map of the liquid upon heating considered as
independent of z just like T , n0 is the refractive index of liquid at ambient temperature
T0, and h is the height of the liquid. Figure 3.4(b) shows OPD map, δℓ(x, y) due
to heating induced by spatially modulated laser beam. The refractive index of the
medium can be directly mapped using

n(x, y) = δℓ(x, y)/h +n0 (3.3)
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Figure 3.4.: (a)Intensity profile of the laser beam at the sample plane shaped by SLM.
(b) Wavefront distortion recorded by QLSI wavefront sensor due to liquid heating
by laser beam of image (a) and its subsequent RI variation, (c) Map of the temper-
ature increase, calculated from image (b)

For any liquid under heating, refractive indices can be expressed as a function
of temperature T . This relation can be linear or non-linear based on temperature
increase Below 20 K of temperature increase, n(T ) can be considered as linear. For
water, the dataset of n(T ) is known from literature. In the case of other liquids, n(T )
can also be measured with QLSI technique , with a micro-vessel containing the liquid
(see Chapter 4 and Ref. [1]). Datasets for water has been taken from Schiebener et
al.[84] at λ= 632nm, as shown in Figure 3.5(a). This data has been fitted using :

n(T ) = b0 +b1T +b2T 2 +b3T 3 +b4T 4 (3.4)
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where fitting coefficients are

b0 = 1.3331

b1 =−5.0797×10−6 ◦C−1

b2 =−2.5667×10−6 ◦C−2

b3 = 1.702×10−8 ◦C−3

b4 =−6.8182×10−11 ◦C−4

As n(T ) is a monotonic function, it can be numerically inverted to get T (n). The
inverse function T = γ(n) can be determined by interpolation, or by using polynomial
as below:

T = γ(n) = K0 +K1δn +K2δn2 +K3δn3 +K4δn4 (3.5)

where δn = n −1.33 and the fitting coefficients are,

K0 = 38.058◦C

K1 =−7063.9◦C

K2 =−4.768×106 ◦C

K3 =−8.8786×107 ◦C

K4 =−9.8824×109 ◦C

The inverse function T (n) for n(T ) of water at 632 nm is depicted in Figure 3.5(b).
Using the calibration function of Eq. (3.5), we can calculate the T map, T (x, y) from
RI map, n(x, y) derived from Eq. (3.3) as shown here,

T (x, y) = γ(n(x, y)) = γ(δℓ(x, y)/h +n0) (3.6)

An offset needs to be subtracted from the raw OPD image prior to the calculation of
temperature map, because the offset of the raw OPD images is arbitrary. We define
the offset so that the maximum OPD value at the flat region in the image outside
the temperature gradient is zero. This assumption is fine as long at the temperature
increase remains located at the center of the image. Ideally, the furthest corners
of the OPD image should be flat as temperature gradient is not strong enough to
induce a refractive index change in these regions. So, subtracting an average of
maximum OPD values from the raw OPD image accurately represents the δℓ(x, y)
map for corresponding n(x, y) map. The processed image for temperature increase,
δT (x, y) = T (x, y)−T0, using this method is shown is Figure 3.4(c). The temperature
profile is shaped like linear gradient over a rectangular region. This procedure is
simplified compared with the one introduced in Chap. 2 (TIQSI) thanks to the use of a
very thin liquid layer implying a non-dependence of the temperature profile over z.
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Figure 3.5.: (a)Refractive index of water as a function of the temperature for a wave-
length of λ= 632 nm, at ambient pressure. Data taken from Ref. [84]. (b) Inverse
of the previous graph, which plots the temperature as a function of the refractive
index. This line shape is used to convert the measure refractive index map into a
temperature map.

3.4. Concentration imaging using fluorescence
microscopy

The temperature gradient initiates a mass flow, i.e., concentration gradient which
is mapped using fluorescence microscopy. Camera background image without any
illumination is recorded to be subtracted from fluorescence images. This offset is
around 111 counts in our case. The general relation between fluorescence F and
concentration c can be written as follows

F =α(T )I0c (3.7)

where I0 is the excitation light intensity and α(T ) is a parameter that depends on the
collection efficiency of the microscope and the brightness of the fluorescent molecule.
Because the fluorescence brightness is temperature dependent, α is temperature
dependent. Let us define F0 the fluorescence intensity image recorded at ambient
temperature T0. F0(x, y) is related to molecular concentration c0 of the liquid accord-
ing to Eq. (3.7). C0 is uniform because liquid is at ambient temperature. We can
write,

F0(x, y) =α(T0)I0(x, y)c0 (3.8)

Here, I0 has spatial dependency because, in practice, the excitation light is never
completely uniform over the wide field of view. Upon laser heating, the fluorescence
image F becomes

F (x, y) =α(T (x, y))I0(x, y)c(x, y) (3.9)
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After dividing Eq. (3.9) with Eq. (3.8) we get,

c(x, y)

c0
= α(T (x, y))

αT0

F (x, y)

F0(x, y)
(3.10)

and eventually
c(x, y) = c0ᾱ(T (x, y))F̄ (x, y) (3.11)

where F̄ = F /F0 is the fluorescence image upon heating, normalized by the fluores-
cence image without heating, and ᾱ(T ) =α(T )/α(T0) is the temperature dependent
correction factor of fluorescence brightness. Normalized fluorescence image upon
heating F̄ (x, y) for laser heating of Figure 3.4 is shown in Figure 3.6(a). From this image
we can calculate concentration image (Figure 3.6(b)) by using the general expression
of Eq. (3.11). ᾱ(T ) can be measured experimentally either in a fluorimeter with tem-
perature control, or within the microscope setup provided that it is equipped with a
heating stage. We used the latter option which is described further in Section 3.7.

Eq. (3.11) assumes there is no photobleaching and thermobleaching. However, ᾱ(T )
can be affected by photobleaching and thermobleaching. For fluorescent nanobeads
we used in our experiments, these effects have been characterized (see section 3.7
for details) and found to be negligible. We also opted for fluorescent beads instead of
molecules, because beads are much more stable against these effects.
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retrieval procedure

3.5. ST retrieval procedure

3.5.1. Basic principle
As we know at this point from both temperature and concentration gradient images,
we can compute Soret coefficient at each coordinate of temperature image T (x, y).
Recalling the formulation of ST from Eq. (1.16),

ST (T (x, y)) =−∇ lnc(x, y)

∇T (x, y)
(3.12)

As the T -dependence of ᾱ(T ) is found negligible, concentration is proportional to
fluorescence in our case. But if it was dependent, it would be easily to take it into
account as long as the calibration ᾱ(T ) is known. The following formula allows us to
derive ST (T ) from derivatives of ln F̄ and ∇T .

ST (T (x, y)) =−∇ ln F̄ (x, y)

∇T (x, y)
(3.13)

A division by a vector is not mathematically defined. However, in our case, in the
steady state, both vectors ∇ ln F̄ and ∇T are colinear. Thus, the gradient can be seen
as scalar 1D-derivatives.

In addition, as both fields in numerator and denominator has same spatial coordi-
nates, ST can be calculated pixel-by-pixel on T (x, y) image. In principle, this would
allow construction of ST over the total range of temperature in a single T (x, y) image.
However, image noise can be a hindrance for this process as pixel-by-pixel derivative
of a noisy image can totally make the results more noisy upon division according to
Eq. (3.13). Smoothing is a good approach to get around this problem. We introduced
two smoothing approaches (azimuthal averaging and linear averaging). The first one
works for experiments involving laser beam with rotational symmetry such as Gaus-
sian beams (no SLM used). As temperature and concentration fields have rotational
invariance, an averaging of pixels over azimuthal coordinates gives single 1D profile
of T and lnF to be used in ST = −∇ lnF /∇T . For the case where linear gradient is
applied over rectangular region by heating, we chose a rectangular region R in linear
temperature gradient (Figure 3.4(c)) and corresponding fluorescence field (Figure
3.6(a)). Averaging pixels vertically, i.e., across the width of the rectangular region R

provides horizontal T (x) and F̄ (x) profiles. In both approaches, the derivatives of T (x)
and ln F̄ (x) are taken and divided according to Eq. (3.13) to calculate ST (T ).

Furthermore, we divided the T (x) and ln F̄ (x) profiles into m sections of equal
length. For the experiments shown here, length of each section was 6 µm. The data-
points within each section were fitted using a linear regression model and their slopes
for each section in T (x) and ln F̄ (x) profiles were divided to compute ST (T ). This
process reduces the error in ST (T ) due to any noise-associated large deviation among
the data-points in T (x) and ln F̄ (x) profiles.

The denominator of Eq. (3.13) ∇T can reach zero in both extreme ends of T (x),
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for example, near maximum temperature and minimum temperature region in the
temperature gradient. This would yield uncertainty as it means dividing numerator by
zero. For this reason, T (x) and ln F̄ (x) were only considered to compute ST far from
these pathological areas of the images.

3.5.2. The effect of timescales in measuring ST

Eq. (3.13), used to compute ST is only valid in the steady state. It is of paramount
importance that we verify whether ∇T and ∇ ln F̄ are in the steady state before post-
processing. Three time scales can be considered here, all arising from Eq. (1.10) of
Chap. 1. The first one is the thermal diffusion time scale

τth = L2

Dth
(3.14)

where L is the size of the heating source and Dth is the thermal diffusion coefficient of
the liquid. In Figure 3.4, the size of the heating laser was ∼ 50 µm and Dth is ∼ 10−7

m2s−1 for glass and water, leading to an estimation of the thermal time scale of τth ≈ 10
ms, which is much faster than any measurement performed in our experiment. We
can thus consider the establishment of the temperature profile as instantaneous, and
T in the steady state at any time.

The second time scale sets the time scale for solute molecular diffusion due to a
perturbation over the length L. Solute diffusion timescale reads,

τc = L2

D
(3.15)

where D is the solute diffusion coefficient. According to Stokes-Einstein equation for
28 nm beads its value is∼ 10−11 m2s−1, yielding τc ≈ 1 s. This proves that concentration
gradient takes longer time to reach steady state compared to temperature gradient.
But still significantly lower compared to thermophoresis studies involving millimetric
heat source systems. This is the interest of microscopy and thermoplasmonics for
studying thermophoresis at microscale as it allows much faster measurement of Soret-
coefficient compared to other techniques.

A third timescale also coming into play arises from Eq. (1.10), which is the timescale
τT associated with thermophoretic mobility DT , scaling as L2/〈δT 〉DT = τc /ST 〈δT 〉.
Here, 〈δT 〉 is the typical temperature variation occurring over the distance L, typ-
ically a few 10s of degrees in our experiments. τT can be understood as the time
required for particles to move along a distance L due to thermophoresis. As ST is of
the order of 10−2 K−1, τT is 10 times larger that τc in our studies (a few 10s of seconds,
experimentally).

In order to experimentally quantify the time scales, we extended the laser heating
time up to 11 minutes and recorded fluorescence images. Figure 3.7(a) plots temporal
evolution of average fluorescence intensity over the region R. It is evident from here
that average fluorescence starts dropping immediately after laser heating is turned
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on and follows over few seconds, close to the theoretical estimation of τc . This is
expected because beads are escaping the hotspot thanks to thermophoresis, tempered
by Brownian motion and natural molecular diffusion. But also R area shows a much
slower increase of average fluorescence after 10 seconds until it reaches a plateau
as shown at t = 11 min. This slower increase in signal is due to slower migration of
beads from further regions of the image from the hotspot, over the long time scale
τT . As the temperature gradient is much smaller far from the hotspot, it explains the
slower migration of the solution. This migration of particles populates the area of
interest yielding increase of fluorescence in R area. Fortunately, although we said
one has to wait for the steady state to perform measurements, we don’t have to wait
11 min. At some point this slow fluorescence variation only amount to a uniform
increase of fluorescence over time by a uniform factor, which turns into an offset when
considering the logarithm ln F̄ (x, y), and which disappears when considering the
derivative ∇ ln F̄ (x, y). Figure 3.7(b) confirms this picture and shows that 〈∇x ln F̄ 〉R
reaches steady state value after a few seconds only. We can measure ST at this stage
because both denominator and numerator in Eq. (3.13) has proven to reach a steady
state value.

The main conclusion is that although the concentration gradient didn’t a reach
steady state, strictly speaking quantitative measurements of ST is still possible after
only a few seconds. It proves that our dual phase-fluorescence microscopy is a fast
approach to calculate Soret coefficient, over a large temperature range from single
image acquisition.

3.6. Results with fluorescent beads

3.6.1. Result with 28 nm beads
In this section, we present the results we have obtained with 28 nm beads using a
linear gradient shaped illumination by SLM. We have taken the QLSI and fluorescence
measurements at 3 different laser powers, namely 5.22, 8.25 and 11.7 mW. The OPD
images at 3 different laser powers are shown in Figure 3.8(a-c) along with their corre-
sponding fluorescence images in Figure 3.8(d-f). Note that the OPD image at a laser
power 5.22 mW got deformed at the top right corner for some local instability. But we
don’t take into account the corners of the images during ST calculation, so the results
are not impacted by this. The phase images have been converted to temperature
maps according to the our label free temperature imaging method and the output
temperature maps are displayed in Figure 3.10(a-c). We have found that maximum
temperatures are 31.5, 35.5 and 41.5◦C for laser powers of 5.22, 8.25 and 11.7 mW. The
resulting concentration images in Figure 3.10(d-f) reveal 2 different scenarios. In Fig-
ure 3.10(d), where temperature does not exceed 31.5◦C, we can see an accumulation
of fluorescence in the center of the image. This denotes thermophilic behaviour of the
beads, i.e., a negative Soret effect. At higher temperature in Figure 3.10(e,f), we can
see a region of fluorescence increase surrounding a fluorescence depletion region in
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Figure 3.7.: (a) Temporal evolution of average counts in the temperature gradient
throughout a long experiment. Fluorescence is increasing with time as nanobeads
are accumulating with time. (b) Temporal evolution of d

dx [lnF (x)] in the temper-
ature gradient. It reached steady state after 15 s of laser heating. Also, it shows
same timescale to recover after heating laser is turned off.
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the middle of the image. The beads in the depletion region are showing thermophobic
behavior, i.e., they are escaping the heating region. Far from the heating region where
temperature gradient is smaller, we can see the accumulation of beads. In this case
beads are showing thermophilic behaviour. Recalling the empirical equation that
governs ST over T ,

ST (T ) = S∞
T

[
1−exp

(
T⋆−T

T0

)]
(3.16)

where T⋆ denotes the temperature where ST changes sign, and S∞
T , T0 are constants.

From Figure 3.9 the slope of ST at T = T⋆ is simply ST (T⋆) = S∞
T /T0. So, in Figure

3.10(e), we can see a visual example of empirical law of sign reversal of Soret coefficient
with temperature.

Figure 3.9.: Plot of Eq. (3.16) and meanings of all parameters: S∞
T , T0 and T⋆

Figures 3.10(g-i) plot temperature and concentration profiles for these three cases,
averaged over ∼ 100 horizontal lines or 5.5 µm length in the center of the image. They
are expressed as a function of distance x so that we can calculate ST (x). Here, each
point in x represents a longitudinal coordinate. ST (x) can be easily correlated with
T (x) to get ST (T ). ST (T ) for these three cases is portrayed in Figure 3.11 for three
different temperature ranges and their values show consistency for producing ST

over a large temperature range from 28◦C to 40◦C. These ST values are fitted using
using Eq. (3.16) and is presented by dashed line where the fitting parameters are
T⋆ = 31.5±0.2◦C, T0 = 35±41◦C and S∞

T = 0.09±0.1 K−1. The errorbars in S∞
T and

T0 are relatively large despite the good fit. This is because these fitting parameters
are not ideal. Instead of T0, a well-defined fitting parameter is the slope of ST (T ) at
T = T⋆, which is s⋆T = S∞

T /T0, a more intuitive association of fitting parameters. Then
Eq. (3.16) is recast into,

ST (T ) = S∞
T

[
1−exp

(
s⋆T

T⋆−T

S∞
T

)]
(3.17)

The new set of fitting parameters are T⋆ = 31.5±0.2◦C , s⋆T = 0.00253±0.00021◦K −2,
S∞

T = 0.09±0.1K −1. As we can see that s⋆T has a much smaller error margin compare
to T0. Just like S∞

T , s⋆T can also be a good indicator of magnitude of thermophoresis.
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Figure 3.10.: (a) Temperature image for lowest power Plaser= 5.22 mW, (b) for Plaser=8.25
mW, and (c) for Plaser= 11.7 mW, processed from QLSI image of Figure 3.8(a-
c). (d) Concentration image for Plaser= 5.22 mW, (e) for Plaser=8.25 mW, and (f)
for Plaser= 11.7 mW, computed using Eq. (3.11). (g) Concentration profile of
image (d) averaged over 33 horizontal lines, represented by black curve and
corresponding temperature profile from image (a), represented by orange curve.
(h) Concentration profile of image (e) averaged over 105 horizontal lines and
corresponding temperature profile from image (b). (i) Concentration profile of
image (f) averaged over 105 horizontal lines and corresponding temperature
profile from image (c).

3.6.2. Results with 99 nm beads
In addition with 28 nm beads, several sets of experiments were conducted with 99 nM
beads (505/515 yellow-green fluorescence beads, F8888,Thermofischer) with linear
gradient shaped illumination. Measurements were taken at varying laser powers in
the same way for 28 nm beads. However, because the volume of a 99 nm bead is
significantly larger than that of a 28 nm bead, the solution was prepared at much lower
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Figure 3.11.: Three series of Soret coefficients, calculated from 3 measurements at 3
different laser powers 5.22mW, 8.25 mW and 11.7mW for 28nm beads. The dashed
line represents a fit using Eq. (3.16)

concentration, e.g., 0.199 nM of 99 nm bead solution compared to 88 nM of 28 nm
bead solution used previously. We report here results with 3 laser powers, namely
12 mW, 16.2 mW and 20.6 mW. OPD, normalized fluorescence F̄ and temperature
maps at these laser powers are shown in Figure 3.12. The linear profiles of T (x) and
F̄ (x) are also shown for corresponding laser powers in Figure 3.12 (d,h,l). It is evident
from Figure 3.12(b) that for lowest P laser = 12 mW, we can see a total accumulation of
beads in the hot spot, i.e., beads show total thermophilic behaviour in this case. For
lager power at 16 mW, a depletion region appears in the center of the fluorescence
image surrounded by ring shaped region of increased fluorescence (Figure 3.12(f)).
Here, we can see beads are showing thermophobic (center) and thermophilic (ring)
behavior in the same image, i.e., the evidence of a sign reversal of ST (T ) just like 28-nm
beads. ST values computed from T (x) and F̄ (x) profiles for all three laser powers are
plotted in Figure 3.13. They were fitted using Eq. (3.17) and the fit is represented by
a dashed line. The fitting parameters are T⋆ = 30.9±0.2◦C , s⋆T = 0.0034±0.0006K −2,
S∞

T = 0.5±0.6K −1.

3.6.3. Results with Gaussian illumination
Experiments with 28 nm beads

The use of an SLM to shape the temperature profile makes the measurements more
efficient, the algorithm simpler, and the procedure more elegant, but it is not a require-
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Figure 3.12.: Images from experiments with 99 nm beads under linear gradient illu-
mination. OPD images, fluorescence maps, temperature maps and T (x), F̄ (x)
profiles for Pl aser = 12 mW (a-d), 16.2 mW (e-h) and 20.6 mW (i-l).

ment. Any beam/temperature profile can lead to ST (T ) retrieval, a priori. We have
performed the same experiments with 28 nm and 99 nm beads with a simple Gaussian
or top-hat laser beam. In order to have a Gaussian illumination on the sample plane,
we can use almost the same experimental setup as Figure 2.2. The reflecting surface
of the SLM can be used as a mirror and its closest lens in the 4f configuration can be
removed to focus the beam in the backfocal plane of the objective to have a collimated
Gaussian beam on the sample plane. Figure 3.14 reveals the results obtained using 88
nM 28 nm bead solution using a Gaussian shaped laser beam with a diameter of 50 µm.
P laser = 4 mW contributed to a 6◦C temperature increase (Figure 3.14(c)). The resulting
fluorescence map in Figure 3.14(b) reveals fluorescence increase in the center of the
image or in the hot spot. This proves a complete thermophilic behaviour of the beads,
i.e., a negative Soret effect. When we increase P laser to 7.2 mW, temperature increased
to 31◦C from room temperature (Figure 3.14(f)). This results in a depletion region
in the hot spot of the fluorescence map in Figure 3.14(e), surrounded by a ring of
increased fluorescence. A sign reversal of Soret coefficient is evidenced from this
image. Figures 3.14 (d,h) reveal T (x) (orange curve) and F̄ (x) (black curve) profiles for
P laser = 4 mW and 7.2 mW respectively. The procedure for acquiring temperature and
concentration profiles is different from experiments with a linear gradient. Instead
of averaging along a certain direction in the image, we have to perform an azimuthal
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Figure 3.13.: ST (T ) profiles for 99 nm beads under linear gradient illumination, calcu-
lated from 3 measurements at 3 different laser powers 12 mW, 16.2 mW and 20.6
mW. The dashed line represents a fit using Eq. (3.16)

average. The azimuthal average of temperature reveals Gaussian-like temperature
profiles, instead of a linear ramp for heating with a linear gradient shaped beam.

We plotted the ST values against corresponding temperature for 28 nm beads in
Figure 3.15(a) . These datapoints were fitted with following parameters according to
Eq. (3.17): T⋆ = 26.8±0.07◦C , s⋆T = 0.0046±0.00018K −2, S∞

T = 0.030±0.008K −1.

Experiments with 99 nm beads

We have performed the same experiments for 99 nm beads with Gaussian beam. The
measurements were taken at four different laser powers such as P laser = 6, 9.4, 14.6
and 22 mW and the laser diameter was 13 µm. The resulting OPD, fluorescence and
temperature maps are shown in Figure 3.16. At lowest power P laser = 6 mW, we can see
total thermophilic behaviour from the beads in Figure 3.16(b). The same is observed
when P laser is increased to 9.6 mW in Figure 3.16(e). Temperature did not increase
beyond 28◦C for these two cases (Figure 3.16(c,f)). Then, when we increased laser
power to P laser = 14.6 mW, it led to a maximum temperature of 38◦C (Figure 3.16(i)).
The resulting fluorescence map in Figure 3.16(h) reveals that a fluorescence depletion
region appears in the hot spot surrounded by a ring of increased fluorescence region.
In this case, beads experience both positive and negative thermophoresis. The same
is observed in Figure 3.16(k) for higher temperature increase. ST (T ) is calculated from
azimuthal averaged profiles of fluorescence and temperature for each corresponding
laser powers.

We plotted the ST values against corresponding temperature for 99 nm beads in
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Figure 3.16.: Images from experiments with 99 nm beads under Gaussian illumination.
OPD images, fluorescence and temperature maps for Pl aser = 6 mW (a-c), 9.6 mW
(d-f), 14.6 mW (g-i) and 22 mW (j-l).

Figure 3.15(b) . These data points were fitted with the following parameters defined in
Eq. (3.17): T⋆ = 28.5±0.2◦C , s⋆T = 0.0024±0.0002K −2, S∞

T = 0.051±0.008K −1.

3.6.4. Gradient vs Gaussian illumination
ST (T ) measurements with and without SLM beam shaping give similar results, as
expected, although some dispersion of the results is observed. As a means to better
compare the results, the fitting parameters for ST (T ) are gathered in Table 3.2. The
first origin of this dispersion is the measured data may come from an error on the
temperature estimation. The measured temperature increase is proportional to the
measured liquid thickness h. The error bar on h is around 0.5 µm. Given that h
values are typically 15 µm, one can estimate the error to be around 5%, which cannot
completely explain the dispersion. Another source of dispersion is certainly the
influence of the ionicity of the liquid, which plays a major role. When it is controlled

81



3. Soret coefficient measurement with dual phase-fluorescence microscopy – 3.6.
Results with fluorescent beads

by adding a salt (NaCl for instance), Soret coefficient measurement are known to be
more reproducible. When no salt is added, then the ionicity and the pH of water are
dependent on the source of water and how much time it was let in contact with the
atmosphere and CO2. Future experiments are planned to better investigate the origin
of the dispersion of the results, in particular by measuring ST (T ) as a function of the
ionicity of the solvent.

Diameter s⋆T (K −2) T⋆(◦C ) S∞
T (K −1)

Linear temperature gradient (SLM shaping)

28 nm 0.00253±0.00021 31.5±0.2 0.09±0.1

99 nm 0.0034±0.0006 30.9±0.2 0.5±0.6

Gaussian-like temperature profile

28 nm 0.0046 ± 0.00018 26.8 ± 0.07 0.030 ±0.008
99 nm 0.0024 ± 0.0002 28.5 ± 0.2 0.051 ±0.008

Table 3.2.: Fitting parameters for 28 and 99 nm beads in Eq. (3.17).

3.6.5. Soret coefficient dependence with particle size
We have mentioned previously that s⋆T can also be a good reporter of the magnitude of
thermophoresis. Thus, to compare our results with literature we rather considered
s⋆T . Previously, Putnam reported his findings of ST as a function of temperature for
Polystyrene beads of 34 and 92 nm in pure water [14]. We have compared our results
with author’s findings in Figure 3.17. The measurements reported by Putnam shows
linear variation of Soret coefficient with the radius of the bead, as expected from
theory. We have plotted the slope s⋆T instead of S∞

T and Figure 3.17 shows that it
increases with radius of the bead within the same order of magnitude compared to
Putnam’s findings. Our results deviate slightly from linear relation. To be more precise,
s⋆T values for smaller beads are slightly weaker than Putnam’s values, which has been
also reported by Braun et.al. who even showed a quadratic dependence with particle
size instead of a linear one[13], against what thermophoresis theory states. Braun’s
finding of quadratic dependence was different from the rest of the community but the
sample geometry reported here was confined in a 10 µm liquid layer, similar to our
experiments. However, Jiang et. al. also used thin film thickness of 2 µm and 20 µm and
found out ST was roughly linear with particle size [16]. So the small liquid thickness is
not, a priori, the origin of the singular results observed by Braun’s group. But this study
didn’t use pure water here, whereas we used pure water. One can thus hypothesize that
pH and ionicity of pure water are very sensitive to interaction with the environment,
in particular with CO2. Although we perform the same sample preparation procedure
in all experiments, we do not control the pH of the pure water. These environmental
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reasons can explain the dispersion of thermophoresis coefficients such as T⋆ and s⋆T
among different experiments reported here, as explained in the previous section.
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Figure 3.17.: Comparison of s⋆T measurements, both with linear and Gaussian temper-
ature profiles, for different Polystyrene bead diameters with measurements report
in the literature [14] by Putnam et. al. The dashed line is a linear fit of Putnam’s
data.

3.7. The effect of photobleaching and
thermobleaching

We have used fluorescence intensity to retrieve concentration variation of beads
undergoing thermophoresis. This approach seems natural, however, fluorescence
intensity can also vary due to photobleaching, thermobleaching and fluorescence
dependence on temperature. Photobleaching is generally not problematic in our
methodology to determine ST . This is because as we are using uniform illumination,
photobleaching will occur uniformly over the whole field of view. This uniform decay
by a factor f per unit time leads to a uniform additive function when considering lnc ,
which is cancelled out when considering the gradient ∇ lnc in Eqs. (3.12) and (3.6):
∇ ln

(
f (t )c(r, t )

) = ∇[ln f (t)+ lnc(r, t)] = ∇ ln(c(r, t )). This is why the effect of photo-
bleaching gets cancelled out by taking derivative of logarithm. However, if we probe
temperature with fluorescence as described in other methodologies, the process is
not immune to photobleaching as there is no logarithm in ∇T in Eq. (3.12). This is
one of the benefits of our dual-phase fluorescence microscopy approach. But if pho-
tobleaching is accelerated while increasing temperature, it can yield a non-uniform
α(r, t ) which would ruin the advantage of the logarithm in numerator of ST equation.
In addition, thermobleaching can also be an issue as it doesn’t affect fluorescence
uniformly over the field of view. To minimize thermobleaching, acquisition length
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should be short enough so that α(r, t ) ≈α0. But it can lead to poor signal to noise ratio.
We have to make a trade-off at the expense of photobleaching by increasing the LED
intensity. A certain amount of photobleaching is acceptable which doesn’t affect the
ST measurement as discussed before. In our experiments, both photobleaching and
thermobleaching have been quantified and found insignificant, as detailed below.

Although we have used beads that are supposed to be resilient toward photobleach-
ing and thermal bleaching compared to fluorescent molecules, it is important that
we quantify these effects for our measurement. For this we performed another set of
experiment with 28 nm beads in pure water. To quantify the photobleaching rate as
a function of the temperature, we varied the sample temperature using the VAHeat
system from Interherence GmbH. This is a proprietary temperature control solution in
microscope manufactured by this company. It has a resistive heating element embed-
ded in a 140 µm thick and 18 mm square glass coverslip, allowing precise temperature
control of the liquid, up to 105◦C. The chip features a 5 × 5 mm2 heating area in
the centre. A thermocouple allows fast and precise temperature control inside the
heating area. The whole system also features a substrate holder that is connected
with a control unit. The substrate holder is compatible with any microscope sample
holder. We deposited a thin layer of water containing the fluorescent beads on top of
a VAHEAT chip, covered with another 12-mm circular coverslip. The bead solution
was in a confined geometry similar to Figure 3.2. The top coverslip was also sealed at
the periphery to avoid evaporation. We came up with a confined geometry with 88
nM beads solution in the middle resulting in 44 µm thick liquid layer. We measured
the fluorescence emission from the fluorescent layer using the microscope and the
fluorescence camera.

Figure 3.18(a) quantifies photobleaching effects. The sample was continuously
illuminated with a 470 nm light with an irradiance of 4.4×10−4 µW/µm2. Fluorescence
intensity maps were recorded every 10 seconds under continuous illumination to
record the effect of photobleaching. Heating to 40◦C was successively turned on and
off to monitor the effect of temperature on photobleaching during total acquisition
period of 10 minutes. The photobleaching rates was found around 0.0055% at 21◦C
and 0.011% upon heating at 40◦C. Photobleaching rate was increased two fold during
heating compared to at ambient temperature and it was validated by successive
heating on-off procedure as shown in Figure 3.18(a). Hence, temperature has an
effect on the photobleaching rate, but this rate range remains extremely small, and
negligible in our study, as expected for these beads.

To quantify the effect of thermobleaching only, we have to make sure that pho-
tobleaching do not occur as well. For this purpose, we minimized the quantity of
excitation light during the measurements by sending 2-s long flashes of light only
when acquiring images, every 20 s. Figure 3.18(b) shows the results of this experiment
where heating at 30◦C was turned on for 2.5 minutes and the fluorescence response
was recorded at each 20 seconds. We can see that heating reduces the fluorescence
from ambient temperature by a very tiny fraction and does not decrease the counts
while heating. So, we can conclude that heating doesn’t result in thermobleaching
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Figure 3.18.: (a) Photobleaching of a nanobead solution under continuous illumina-

tion. Fluorescence decay follows a linear trend, which is accelerated upon heating
at 40◦C. (b) Variation of the fluorescence intensity over time, showing a decay of
fluorescence brightness upon heating at 30◦C.

of beads if there is a tolerable range. It only favours photobleaching which is very
negligible. However, in Figure 3.18(b) fluorescence brightness decreased by 0.2%
when temperature was increased by 9◦C. We would also like to mention here that
above T=40◦C, the behaviour of beads were erratic as fluorescence intensity started
increasing in a fast rate. We should expect a similar behaviour as shown in Figure
3.18(b) for 50◦C and 60◦C because fluorescence intensity generally decreases with
temperature. But a rapid fluorescence increase with temperature is very surprising.
We hypothesized that temperature increase beyond 40◦C caused some irreversible
conformational change to the coating of the beads, maybe causing agglomeration. In
any case, we decided not to exceed 40◦C while conducting the experiments.

3.8. Conclusion
In this chapter I discussed the results obtained with the developed optical microscope
introduced in chapter 2, where one imaging path maps temperature gradient using
QLSI and another captures concentration maps using fluorescence. As both detection
modalities are independent and separate from each other, we do not suffer from pos-
sible artefacts in temperature measurement unlike fluorescent probes. The numerical
method to measure the Soret coefficient from temperature and concentration maps
are also introduced. Moreover, a SLM was used to create linear gradient shaped tem-
perature gradient which allows ST (T ) measurement over 10s of degrees of temperature
ranges from single image acquisition. The technique is fast as it is possible to measure
ST after only 10s of seconds. Photobleaching and thermobleaching effects were also
characterized with separate experiments prior to main thermophoresis experiment.

This chapter presents the central work of my Ph.D., which led to a publication in J
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Phys Chem C [85]. Thanks to this dual phase-fluorescence microscopy approach, the
scientific community has a fast, simple method to measure ST of fluorescent particles
over a wider temperature range without any significant drawbacks or artefacts.
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4. Refractive index measurement of
liquids using quantitative phase
microscopy

This chapter is dedicated to the optical methodology that we developed where QLSI is
used to determine the refractive index n of a liquid and its variation with temperature
T . Such a study was conducted because the knowledge of dn/dT for specific liquids
was a prerequisite to conduct the experiments detailed in Chap. 5. The technique is
based on QLSI to measure of the wavefront distortion of a light beam passing through
micro-cavities etched on a glass coverslip containing the liquid of interest and monitor
its variation over a large range of temperatures. Compared with a previous imple-
mentation reported in the literature, we improved the approach by implementing
a fast microscope heating stage, heating at much higher temperatures, optimizing
the algorithm and comparing the cases of laser-ablated micro-craters and nanoholes
etched using focused ion-beam.

4.1. Monneret’s principle of refractive index
measurement using QLSI

The refractive index n of a material depends on several parameters. In particular,
for liquids, not only the wavelength is an important parameter to consider, but also
the temperature, the pressure, and the solute concentration. Various techniques
exist for measuring refractive indices as a function of various parameters, such as
transmission measurement based techniques [86], interferometric measurements
using famously known Michelson, Fabry-Perot, Mach-Zehnder interferometry [87, 88,
89, 90], refractometer with temperature control [91, 92], refraction based methods
using microlenses [93] or with wavelength tunable dye lasers [94].

In 2019, S. Monneret, another researcher at the Mosaic group of the Institut Fresnel,
designed a method to measure the temperature induced refractive index variations
of liquids as a function of temperature, based on QLSI measurements [1]. Simple
images acquired from a uniform liquid layer cannot be used, because QLSI is only
sensitive to wavefront gradients: a variation of the refractive index of a uniform liquid
layer would not change the transmitted wavefront. For this reason, the idea was to
etch micro-craters on a substrate (using pulsed laser ablation) and fill them with
the liquid of interest (Figure 4.1). In such a system, the wavefront distortion of a
light beam created by the crater becomes dependent on the refractive index of the
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liquid filling the crater. To vary the temperature of the liquid layer, the authors used
a microscope fully embedded in a heated chamber, originally designed to maintain
the microscope at 37◦C for live cell imaging. The temperature could be varied from
room temperature to 50◦C. In more detail, micrometric craters were etched on a 1-

Silica substrate prepared

by CO
2 
 laser ablation

Silica 

Coverglass

Glass

Liquid

Spacer

Effective field of view
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X
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d(x)

2 R

(b)

(a)

Figure 4.1.: (a) Global schematic of the sample with laser processed glass substrate
containing a crater on top. (b) Field of view of the area imaged by QLSI.

mm thick silica substrate using CO2 pulsed laser ablation (collaboration with Laurent
Gallais, another researcher from the Institut Fresnel). Then, the samples suited for
microscopy observation were prepared by putting a liquid drop between the silica
substrate and a glass coverslip as shown in Figure 4.1. A silicon spacer was used to
seal the periphery of the substrates to create a 9 mm diameter, 1 mm thick reservoir to
prevent liquid evaporation. The sample was mounted in a commercial microscope,
with a 10× objective, and imaged using a Phasics QLSI wavefront sensor (Sid4Bio
camera, 300×400 px resolution for the OPD images). The wavefront profile W (x, y)
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after crossing the crater reads

W (x, y) =(nliquid(T )−nsilica(T ))d(x, y)+Wbeam (4.1)

where nmat is the refractive index of the material mat, d(x, y) is the depth profile of
the crater and Wbeam is the wavefront profile of the incoming light beam.

In QLSI, a reference image Wref is always acquired, next to the field of view to the
crater. Subtracting this reference image from the actual image with crater cancels
the wavefront profile of the light beam and gives the optical path difference (OPD)
distribution δ:

δℓ(x, y,T ) =W (x, y)−Wref

=d(x, y)× (nliquid(T )−nsilica(T )) (4.2)

The measurement principle relies on the assumption that there is no expansion of
the silica with the temperature, so that d(x, y) doesn’t vary with temperature. The
coefficient of thermal expansion of fused silica is α = 5×10−7K −1 and the limit of
measurable OPD is 0.5 nm by Phasics QLSI sensors, meaning that, for a 40 K rise in
temperature, crater depth needs to be more than 25 µm for a measurable detection in
the expansion of fused silica. This is why measured OPD in this technique does not
contain any information about OPD due to thermal expansion of the substrate, only
due to temperature induced refractive index variation of the liquid.

In Equation (4.2), there are still two unknown quantities, nliquid(T ) and the d(x, y)
topography. To get rid of the d profile, the essential part of the procedure consists of
primarily measuring the OPD with air instead of liquid at room temperature:

δℓair(x, y,T0) = d(x, y)× (nair(T0)−nsilica(T0)) (4.3)

Using the refractive indices nsilica = 1.4571 and nair = 1.0003, we get the topography of
the vessel d(x, y), which can be injected in Eq. (4.2) to end up with an equation with
only one unknown: nliquid(T ):

nliquid(T ) = δℓ(x, y,T )

δℓair(x, y,T0)
× (nair −nsilica)+nsilica (4.4)

Note the x and y dependence on the left-hand side while there is no such dependence
on the right-hand side. This is because δℓair and δℓ(T ) are supposed to be propor-
tional to each other, because both proportional to d . In practice, though, the authors
chose to only consider the central part C of the crater to perform the measurement:

nliquid(T ) = 〈δℓ(x, y,T )〉C
〈δℓair(x, y,T0)〉C

× (nair −nsilica)+nsilica (4.5)

.
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4.2. Refinement of the technique
Our first aim at the beginning of an investigation that will be presented in Chapter 5
was to simply use this technique to measure dn/dT and dn/dc of various solutions.
However, we realized that both the hardware and data processing of the technique,
as presented above, could be further improved to get more precise metrological mea-
surements, in such a way that it constitutes now a full chapter of the manuscript.

4.2.1. Experimental refinement
At the beginning, I was using the Monneret’s method to measure temperature depen-
dence of refractive index of glucose solutions for my thermophoresis experiments (see
Chapter 5) as it is necessary to know dn/dT of the solution to calculate the tempera-
ture distribution by QLSI. For this purpose, I used the original setup of S. Monneret,
capable of varying the temperature of the liquid, by varying the temperature of the
microscope. However, due to the large size of the system, the data acquisition was very
time consuming. Starting in the morning, I had to continue the experiment way past
evening to finish recording the QLSI images at each 5◦C temperature increase until
T= 50◦C to construct the n(T ) profile over the whole temperature range. I had to redo
the same experiment for other concentrations of Glucose to determine concentration
dependent refractive index of the liquid for thermophoresis experiments.

We decided to abandon this approach and this microscope, and we purchased a
heating stage (VAHeat, Interherence GmbH) aimed at heating only the liquid using
smart substrates with integrated heating to perform much faster measurements. We
already described this system in the previous chapter, when explaining how we quanti-
fied temperature induced variation of fluorescence of beads. Because the system only
involves the heating of a thin liquid layer of a few 10s of µm thick, the heating process
is very fast and it takes only a few seconds for the temperature inside the liquid to
reach the steady state. The VAHeat stage also allows temperature increase up to 105◦C,
while the setup of S. Monneret was limited to 50◦C. This is how we improved the setup.
We also improved the image data analysis, as explained hereinafter.

In addition to this new sample, we could also benefit from another microscope
of the laboratory endowed with a light source that consists of a plasma laser-driven
light source (EQ-99X, Energetiq Technologies) combined with a monochromator
(Hyperchromator, Mountain Photonics GmbH) (Figure 4.2(a)). The monochromator
allows a variation of wavelength over the visible range with a minimum bandwidth
of 6 nm and a few mW of power, ideal for QLSI microscopy. The optical fiber from
the monochromator was fed into a Köhler configuration using a parabolic mirror
to illuminate the sample with uniform illumination. We have used a wavelength of
λ=625 nm to probe the sample. As refractive index is wavelength dependent, it is
always desired to probe the refractive index of the sample at a certain fixed wavelength.
A monochromator with minimal bandwidth of 6 nm would ensure better probing
of refractive indices at certain wavelength compared to a LED where the tail of its
spectrum can be distributed over larger spectrum.
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We also used the last product of the Phasics company, the sC8 camera (based on a
Zyla camera from Andor), giving much better quality OPD images compared with the
Sid4Bio camera (based on a Retiga camera from Qimaging) used by S. Monneret.
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Figure 4.2.: Experimental setup for QLSI based refractive index measurement tech-
nique. (a) Schematic of the QLSI microscope. A monochromator associated with
a Köhler configuration illuminates the sample. The beam passing through the
sample is imaged by a QLSI sensor composed of a chessboard grating (also called
a modified Hartmann grating) and a sCMOS sensor. (b) Zoom in on the sample
part of the microscope. A thin liquid layer was sandwiched by two glass substrates.
The top layer is a borosilicate (BK7) coverglass of 8 mm diameter and 160 µm
thickness containing the crater created by CO2 laser ablation and the bottom layer
is VAHeat smart substrate with embedded heating elements; dimension 18 x 18
mm square shaped and 160 µm thick. The outer periphery of the circular BK7
coverglass was sealed with Picodent glue to avoid evaporation of the liquid.

Light passing through the sample was collected using an objective lens, typically
a 40x air objective (Olympus, NA 0.6) due to the requirement of a large field of view
to image the full craters. A Sid4-sC8 (Phasics SA) was used for QLSI measurements.
Prior to any measurement, a reference image was taken close to the field of view of
the crater.
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4.2.2. Sample containing micro-crater
The schematic of the sample is illustrated in Figure 4.2(b). Instead of millimeter scale
thick silica substrates used by Monneret et al., we used 160 µm thick borosilicate (BK7)
coverglass with a diameter of 8 mm for laser ablation. In order to fit the top layer within
the 18×18 mm square VAHeat substrates in the bottom, we needed a circular substrate
with diameter between 8-11 mm as the contacts between the heating elements and
VAHeat controller occupy few millimeters of the smart substrate. Because we couldn’t
find silica coverglasses of that dimension, we used BK7 coverglass with 8 mm diameter
for laser ablation process. Silica is known to withstand CO2 laser ablation [95], but we
were not sure about BK7. At the end, in collaboration with Laurent Gallais (Institut
Fresnel), we were successful to create micro-vessels on BK7 substrates with a good
dimension. Experiments have been conducted with a 10.6 µm CO2 laser at 83W power
with a beam width of 400 µm. Pulse duration of the laser was 100 µs. The details of
this CO2 laser ablation process is explained by Cifuentes-Quintal et. al. in Ref. [96].
The 3D profile of a crater is presented in Figure 4.3. The crater profile was measured
using optical profilometry (Zygo Newview) and was found to be around 14 µm deep
and 160 µm in diameter (98 micron FWHM).

0

14.7µm
Diameter =160 µm

Figure 4.3.: 3D view of the crater by optical profilometry using Zygo Newview. Courtesy
of Laurent Gallais, Institut Fresnel.

To prepare the sample, a 7 µl drop of liquid was sandwiched between the top
BK7 substrate with crater and the bottom VAHeat substrate with integrated heating,
yielding a liquid thickness of around 100 µm. Note that the VAHeat substrate is also
made of BK7 glass. A drop of solution was put between the coverslip, filling the crater.
The periphery of the smaller top substrate was covered with Picodent glue to prevent
evaporation of liquid. The sample was connected with the VAHeat controller and
mounted in the microscope setup (Figure 4.2(a)).

4.2.3. QLSI measurement and characterization of
micro-craters

Craters filled with water or let in air are imaged by QLSI. Figure 4.4(a) shows the OPD
image of the crater in air and Figure 4.4(b) shows the OPD image when the crater is
filled with water at 21◦C, imaged by QLSI. The magnitude of OPD decreased 2.5 fold
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Figure 4.4.: (a) OPD image of the crater in air at 21◦C measured using QLSI. (b) OPD
image of the crater with water at 21◦C. (c) 2D depth profile of the crater calculated
using Eq. (4.3) from image (a). (d) Vertical crosscut profile of the crater.

when the crater was filled with water. We can use these images to calculate the 2D
depth profile of the crater according to Eq. (4.3), but in our case we used the refractive
index of BK7 glass (1.5183) instead of silica. The 2D profile of d(x, y) is shown in Figure
4.4(c). The transverse profile of the crater is shown in Figure 4.4(d). The depth of the
crater is ∼ 12 µm with a full width at half maximum ∼ 98 µm, fully consistent with the
measurement presented in Figure 4.3.

In order to measure the refractive index of a liquid as a function of temperature, we
acquired OPD images upon varying the temperature from room temperature to 70◦C
by a step of 5◦C. Figure 4.5 plots the radial profiles (azimuthal averaged) of the OPD
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maps for different temperatures. A minute increase of the craters depth is observed
upon heating, due to the decay of refractive index of the liquid. The aim is to optimally
quantify this variation.
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Figure 4.5.: OPD radial profiles of the crater filled with water for temperature ranging
from 20 to 70◦C.

4.3. Refined algorithm to compute refractive
indices from QLSI images

Monneret et al. only considered the OPD values at the center of the crater to perform
the measurements (see Eq. (4.3)). At first glance, such an approach does not look
optimized because only a small fraction of the crater is exploited and a lot of pixels of
the image containing information are discarded. We decided to investigate in more
detail how the OPD image of the crater could be further processed to improve the
signal to noise ratio and dispersion of the measurements.

For each temperature, around 10 OPD images, δℓ(x, y,T ), have been acquired. Each
measurement was done with a new reference image.

Our first intuition was to measure the variations of the full optical volume of the
crater, but, for a reason we don’t fully understand (see conclusion section for a discus-
sion), this approach did not significantly improve the measurements. Thus, we opted
for a refined strategy.
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Figure 4.6.: (a) Normalized optical volumes of the crater as a function of the tem-
perature, using the parameters of Monneret et al. (b) Standard deviation of the
measurements of (a). (c) Normalized optical volumes of the crater as a function
of the temperature, using the optimized parameters. (d) Standard deviation of the
measurements of (c).

Our measurements were first processed according to the Monneret’s procedure
explained in the previous section (Eq. (4.3)) that we recall here:

nliquid(T ) = 〈δℓ(x, y,T )〉C
〈δℓair(x, y,T0)〉C

× (nair −nglass)+nglass

Here , C is a circular area with radius rmax. rmax is the radius of integration of this
circular area C at the center of the crater on which the OPD is averaged. Note that the

95



4. Refractive index measurement of liquids using quantitative phase microscopy – 4.3.
Refined algorithm to compute refractive indices from QLSI images

ratio 〈δℓliquid(T )/δℓair〉C (rmax) also equals the ratio of the optical volumes OV calcu-
lated over the disc C (rmax), leading to another manner to understand this expression
of n(T ):

nliquid(T ) = OV(rmax,T )

OVair(rmax,T0)
× (nair −nglass)+nglass (4.6)

where OV(rmax,T ) is the optical volume calculated by integrating the OPD image at
the temperature T over the disc C (rmax).

The measurements are displayed in Figure 4.6. Figure 4.6a displays the coefficient
〈δℓliquid(T )/δℓair〉C (rmax) involved to compute n(T ) in Eq. (4.3), that is the OPD aver-
aged over the center of the crater, normalized by the OPD averaged over the center
measured without liquid (in air).

The dispersion of the measurements is quite large despite the caution used to
perform each measurement in the exact same way, and despite the interferometry
nature of the measurements. This dispersion, consistent with the measurements
reported in Ref. [1], was our starting point that we tried to optimize by defining three
parameters, represented in Figure 4.7:

• The maximum integration radius rmax.

• r0 and dr , which define a ring, centered with the craters, of radius r0 and thick-
ness 2dr . An average value of the OPD is calculated over this ring, and subtracted
from the whole image. This procedure enables the adjustment of the offset of
OPD image that is always arbitrary (OPD images, obtained from integration of
OPD gradients using QLSI, are always defined up to a constant).
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Best configuration of the three parameters, optimizing the dispersion of the
measurements.
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temperature from various studies. Blue dots is our work, red line is the theoretical
profile from [97] and black circles are from Monneret et al. [1].

Our work consisted in varying these three parameters to find the best association.
The figure of merit of the optimization procedure was the dispersion of the results at
each temperature. Using the Monneret’s procedure, the dispersion was around 10−3

(i.e., 0.1%, see Figure 4.6b). This value looks small, but on the order of magnitude of
the variations to be measured for water as a function of the temperature, as observed
in Figure 4.6a.

After a procedure of manual optimization of the three parameters, we managed to
find a set of parameters that led to a much smaller dispersion of the results, charac-
terized by a standard deviation of the order of 0.14×10−3 (i.e., 0.02%), i.e. a factor
of 7 better. The set of parameters was (rmax,r0,dr ) = (99,180,17) px. A visualisation
of these parameters if displayed in Figure 4.7b, and the results are plotted in Figure
4.6c,d.

Then, this optical volume ratio is fed into Eq. 4.6 to calculate the refractive index
of the liquid at various temperatures. We considered nglass for BK7 to be 1.5183 and
nair = 1.0003. The data is plotted in Figure 4.8 and compared with the findings of
Monneret et al. [1] and theoretical approximation from n(λ,T ) model of Bashkatov et
al. [97]. Our values are in well agreement with both literature and Monneret’s work.
Our error margin in much lower compared to that of Monneret et al. The standard
deviation between refractive index values at each temperature is plotted in Figure
4.6(d) which is extremely good averaging at ∼ 0.15×10−3.
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4.4. Discussion
Let us try to give some meaning to these optimizing parameters. First, r0 does not
lie outside the crater, but rather at the boundary, on the bump location. We believe
that it tends to make the values within the crater larger leading to a larger signal to
noise ratio, hence the better dispersion of the results. Then, rmax is optimized at 99 px,
which is way below r0. A smaller value reduces the number of pixels involved in the
calculation of the signal. Thus, we can understand the loss of measurement precision
if rmax decays. However, it is harder to understand why increasing rmax above 99 px is
also detrimental. One can postulate that values above 99 px are small, so they don’t
contribute much to the calculated optical volume. However, the noise is still being
integrated with the same amplitude, and over an area that grows as r 2. A trade-off
may be the origin of this optimized integration radius, not too small, but still smaller
than r0.
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Figure 4.9.: (a) Comparison between OPD profiles of water and air, offsetted at r0 =
180±17 px. (b) Ratio of the OPD profiles OPDwater(r )/OPD ai r (r ) for various
temperatures (increasing from blue to red).

Another feature that we don’t understand yet is the ratio of the OPD profile between
water and air. This ratio seems to depend on the choice of rmax and r0. Indeed, by
comparing Figures 4.6a and 4.6c, one can see that the range of values are different,
which should not be the case if the OPD profiles were exactly proportional to the
physical topography of the hole d(x, y). Figure 4.9b plots the ratio of the OPD in-water
profiles with the OPD in-air profile, and indeed, the ratio is not perfectly constant. A
slight variation is observed, maybe due to refraction of light along the slopes of the
craters. But these variations remain small and cannot fully explain this observation.
Further work is needed to entirely understand what is actually measured. For the
time being, to compensate for this slight variation of the optical volume ratio, we
adjust the refractive index of the glass substrate, that we don’t precisely know anyway,
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to make sure that n(T0) matches the expected value. Moreover, what is important
in the measurements presented in the next chapter is essentially the slope of n(T ).
Hence, any error on the offset of n(T ) won’t be detrimental for our measurements on
thermophoresis.

4.5. Experimental results with various liquids

4.5.1. dn/dT measurements of water, glucose, ethanol, FC-70
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Figure 4.10.: Refractive index of water vs temperature and its fit using quadratic equa-
tion (4.7).

Figure 4.10 recalls the refractive index values measured by QLSI as a function of
the temperature, as explained in the previous section. The data points are here fitted
using the following quadratic equation,

n(T ) = k0 +k1T +k2T 2 (4.7)

where T is the absolute temperature in ◦C and k0, k1 [◦C−1], k2 [◦C−2] are fitting
coefficients. A first order derivative of Eq. (4.7) gives us the expression of dn/dT :

dn

dT
= k1 +2k2T (4.8)

The fitting parameters in Figure 4.10 are k0 = 1.3341±6×10−5, k1 =−6.0278×10−5±
2.86×10−6 and k2 =−1.2221×10−6 ±3.12×10−8. Monneret et. al. used a linear as-
sumption of n(T ) for fitting whereas, it is better expressed in quadratic form in large
temperature range. At T=18◦C, we find dn/dT =−1.04×10−4 ◦C which agrees with
the reported value by the authors (−1.03×10−4 ◦C) [1]. So, our technique also mea-
sures the dn/dT coefficients of refractive index, but we express the data-points with a
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quadratic function to have a better accuracy, and also because we measured it over a
wider temperature range. We also measured the temperature dependent refractive
index of aqueous solution of D-Glucose at different concentrations - 10%w/w and
20%w/w. Both solutions were loaded into the sample and temperature was varied
from 21◦C to 70◦C during the experiments. The resulting refractive indices are plot-
ted against temperature in Figure 4.11(a) and (b) for 10%w/w and 20%w/w glucose
solutions respectively. The values agree well with the literature values [91]. The dat-
apoints are fitted with Eq. (4.7). Fitting parameters for Glucose 10% (w/w) solution
in Figure 4.11(a) were k0 = 1.3504±7.5×10−5, k1 =−7.2112×10−5 ±3.58×10−6 and
k2 = −1.307×10−6 ±3.92×10−8. Similarly, fitting parameters for Glucose 20%w/w
solution in Figure 4.11(b) were k0 = 1.3667±9.1×10−5, k1 =−9.3799×10−5±4.36×10−6

and k2 =−9.5729×10−7 ±4.77×10−8. dn/dT values at 20◦C calculated using Eq. (4.8)
are −1.24×10−4 ◦C and −1.32×10−4 ◦C for 10%w/w and 20%w/w Glucose solutions
respectively. The authors in [91] also reported these values in the order of magnitude
of 10−4.

Figure 4.12(a,b) reports further results with ethanol and FluorinertTM FC-70 respec-
tively. Ethanol boils at 70◦C, so we limited our measurements below 70◦C. FluorinertTM

FC-70 is a non-conductive, thermally and chemically stable liquid that offers a high
boiling point (215◦C). This liquid is ideal for use in many heat transfer applications
in fluids. It has a high viscosity of 12 cSt, i.e., 12 times more than that of water. We
measured the refractive index of FC-70 up to 105◦C, the limit of the VAHeat stage.
High boiling point of this liquid makes it a suitable candidate for refractive index
measurement at higher temperature. We investigated this polymer in collaboration
with another research group (Emmanuelle Marie and Lucas Sixdenier, ENS Paris,
UMR8640) who needed dn/dT values to achieve temperature measurements in this
polymer using TIQSI (see Section 2.3.1).

As we see from Figure 4.12(a,b), refractive indices of both ethanol and FC-70 have
linear relation with temperature. So, the data points were fitted with a linear function,
n(T ) = a + bT . The fitting parameters for ethanol are a = 1.3704± 8.7× 10−5 and
b = −4.61× 10−4 ± 1.83× 10−6, where its dn/dT is −4.61× 10−4 ◦C. For FC-70, the
fitting parameters are a = 1.3067± 4.56× 10−5 and b = −3.46× 10−4 ± 6.49× 10−7,
yielding a dn/dT of −3.46×10−4 ◦C. This proves the efficiency of our technique to
perform systematic and simple measurements of dn/dT coefficients of various liquids.
Calculation of dn/dT values are crucial for measuring temperature at the microscale
using QLSI technique.
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Figure 4.11.: Refractive index of (a) glucose 10%w/w and (b) glucose 20%w/w vs
temperature and their fit using quadratic equation (4.7).
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Figure 4.12.: Refractive index of (a) ethanol and (b) Fluorinert FC-70 liquid vs tempera-
ture and their fit using linear equation n(T ) = a +bT .
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4.5.2. dn/dc measurement of Glucose
The method presented in this chapter, for the time being only devoted to measure
dn/dT , can also be used to measure any refractive index dependence, such as dn/dC ,
dn/dw or dn/dλ, where C , w and λ are solute concentration, mass fraction of a
mixture and optical wavelength for instance.

A research axis of my Ph.D. (see next chapter 5) was intended to show that QLSI
could be used to map concentration gradients (not only temperature gradients). For
this purpose, the knowledge of dn/dC is required, for the case of glucose.

Measurement of n(C ,T ) have been performed over a large set of temperatures
and for 3 concentration C = 0, 0.1 and 0.2 (w/w). We know from the literature [91]
that refractive indices of glucose increases linearly with concentration. Thus, to get
values of n for intermediate values of C , one can use a linear interpolation method to
interpolate refractive indices between c = 0 to 0.2 (w/w) at a fixed temperature. From
c = 0 (i.e. pure water), to 0.1 (10% Glucose) and finally to 0.2 (20% Glucose), refractive
index was calculated for each 0.01 or 1% wt/wt increment of Glucose solution. The
interpolated refractive index is plotted against concentration (w/w) for 21◦ to 70◦ in
Figure 4.13(a). The slopes of each temperature plot gives dn/dc at corresponding
temperature and are plotted in Figure 4.13(b). Tan et al., reported that dn/dc decreases
with increasing temperature from 20◦ to 45◦ and its magnitude is between 1.5 ×10—3

and 1.6 ×10—3 kg/kg.100 [91]. We also found a decreasing linear dependence of dn/dC
with temperature from 21◦ to 70◦ with same magnitude. Measuring concentration
coefficient of refractive index was important for concentration microscopy using QLSI,
a topic described in the next chapter.

4.6. FIB milled microhole array for refractive index
measurement

As an attempt to further improve the precision of refractive index measurements using
QLSI, we tested other crater geometries, and in particular smaller craters. Indeed, we
believe that the next limitation to the precision of the measurements comes for the
low frequency noise of the OPD images, a common problem is QLSI that is difficult
to handle when the object under study covers almost the whole field of view. The
idea was thus to test microholes. This time, we did not use laser ablation, but rather
focused ion beam lithography, as explained in the next section.

Fabrication of microholes
The microholes were drilled into 160 µm thick Borosilicate (BK7) coverglass using a
focused ion beam (FIB). The sample was fabricated in the FIB facility, Institut Fresnel
by Jérôme Wenger’s group. First, a thin carbon layer was deposited on a BK7 cover-
glass of 12 mm diameter using a carbon coater (108carbon/A, Cressington Scientific
Instruments). Carbon coating was performed to make the glass substrate conductive
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Figure 4.13.: Refractive index of glucose plotted against its concentration (w/w) from
c = 0 to c = 0.2 at different temperatures. The data points are result of interpo-
lation between refractive index measurements of water, 10% glucose and 20%
glucose. (b) dn/dC of glucose with temperature for glucose. It decreases with
temperature as expressed by the linear fit.

for milling microholes inside. Then, it was milled through the carbon layer to the
glass substrate by a focused ion beam (FEI dual beam DB235 Strata) using Gallium
ion source with a 30 kV acceleration voltage and ion current of 1 nA. Microholes with
diameters from 1 to 5 µm and depths from 300 nm to 1.5 µm were achieved. Finally,
to remove the carbon layer we used O2 plasma under 1 mbar pressure twice for the
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duration of 10 minutes. This process allowed the carbon to react with O2 in the plasma
chamber to evaporate completely.

The microhole array were imaged under a electron microscope. SEM image with
a tilt angle of 52◦ is shown in Figure 4.14. The image was marked with 1-5 on top
and A-E on the right to index the microholes. From left to right, the number of each
column (1 - 5) represents the diameter of the microhole in µm. From top to bottom,
microhole depth is increasing according to ascending alphabetical order from A-E.
The depths were 300 nm (row A), 600 nm (row B), 900 nm (row C), 1200 nm (row D)
and 1500 nm (row E) approximately. So, A1 is the smallest hole with smallest depth
and E5 in the largest hole with highest depth.
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Figure 4.14.: 52◦ Tilted view of microhole array under scanning electron microscope.
1-5 and A-E indexing in top and right of the image helps us to identify a specific
microhole. 1-5 also indicate their corresponding diameter in µm. The depths are
also in the ascending alphabetical order from A-E starting from 300 nm for top
row of microholes to 1500 nm in the bottom row.
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4.7. dn/dT measurements with microholes

4.7.1. QLSI imaging of microholes with liquid and air
The experimental approach is identical to the case of micro-raters. The sample was
prepared by sandwiching 7 µl drop of water between the microhole sample on top
and and VAHeat substrate on bottom, the same way it was described in Figure 4.2(b).
Water occupied the microholes creating micro-vessels inside the microholes. The
outer periphery was glued using Picodent glue to seal the liquid against evaporation.
Illumination wavelength out of the monochromator was λ = 625 nm. A 60× air
objective (Olympus, 0.6 NA) was used to collect the light passing through sample in
Figure 4.2(a) to be imaged by QLSI. In this case, the QLSI wavefront sensor consisted
involved a Zyla camera and a relay-lens system (SID4-Element, Phasics SA) with a
sCMOS camera (Zyala 5.5, Andor). The sample was exposed during 200 ms for one
image acquisition and 30 images were averaged to construct the final OPD image. A
reference image was taken close to the field of view of the microhole array by moving
the sample stage simultaneously in x and y direction during the total acquisition time
(200 ms exposure time × 30 images) to achieve a flat background. This process was
repeated before every image acquisition with microholes and subtracted from the
microhole image. For calculating refractive index and characterizing the microholes,
it was necessary to replace water with air and record the reference OPD image. Figure
4.15 shows phase images of microholes filled with water (a) and air (b). In Figure 4.15
(a), we can see that the magnitude of OPD value is increasing from the rows A to E.
This is because the depth of the microholes are increasing, which ,in turns, increases
the magnitude of OPD value inside the microholes. However, in Figure 4.15(b), one
can see that for in rows D and E, OPD values are abnormal inside the microholes.
This is because in row C, the phase jump created by the micro-hole exceeds π. And a
further increase in depth dampens the phase angle from 2π→ 0. This is why, in row C,
the microholes seems to be over-saturated and in next rows, they decrease completely
to the lowest. So, we have to consider only rows A and B when we are computing
refractive indices from Figures 4.15(a,b).

4.7.2. Calculation of optical volume in microholes
Just like with micro-craters, the numerical approach consists in measuring optical
volumes. However, in the case of micro-holes, the full optical volume is measured
using:

OV(R) =
∫ 2π

0

∫ R

0
δℓ(r,θ)r dr dθ (4.9)

where R is the radius of integration. But Eq. (4.9) is not the final form of optical volume
as we have to consider the background of the phase image. Note that the phase images
in Figure 4.15 have lowest value inside the microholes and largest value in the outside
whereas the values should be flat or zero outside the microholes. In order to find the
background of the OPD image, we consider another slightly bigger circle with radius
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Figure 4.15.: Microhole array imaged by QLSI. Optical thickness distribution for mi-
croholes (a) filled with water and (b) in air. 1-5 and A-E are used for indexing the
microholes.
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R +∆ as shown in Figure 4.16(a). Background, B(R) is calculated by integrating along
r ,θ and then, averaged over the area A of the ring as below,

B(R) = 1

A

∫ 2π

0

∫ R+∆

R
δℓ(r,θ)r dr dθ (4.10)

Subtracting this background value from the OPD image before integration using Eq.
(4.9) gives the accurate optical volume:

OV(R) =
∫ 2π

0

∫ R

0
[δℓ(r,θ)−B(R)]r dr dθ (4.11)

The integration radius R remains to be determined. For this purpose, R is increased
to find optical volume for increasing radial coordinate r = 1,2,3,4, ...,rmax , where
rmax is the maximum radius up to which we want to compute the optical volume of
the microhole. It is to be noted that rmax shouldn’t be too large, so that it does not
interfere with neighbouring microholes. Figure 4.16(b) shows the profile of the optical
volume as a function of increasing integration radius. Near the C(0,0), the optical
volume is close to zero because [δℓ(r,θ)−B(R)] is close to zero inside the microhole.
But as we increase the integration radius R, [δℓ(r,θ)−B(R)] starts to become more
negative because the value of B(R) is also increasing. This continues until one reaches
the outer region of the microhole where OPD is flat, making [δℓ(r,θ)−B(R)] constant
in Figure 4.16(b) (here for R ≥ 30). The average optical volume beyond this integration
radius is the optical volume of the microhole which is negative because microholes
are craved in flat glass substrate, i.e., they have a negative optical volume. It is not
to be confused with physical volume which is always positive. In this example, the
optical volume of microhole A5 filled with air is ∼−2.5 µm3.

4.7.3. Effect of focus in measurements of OV and RI
Using my optical microscope, the focus can be adjusted ina reproducible way with
a precision smaller than 1 µm in z. Hence, the optical volumes measured on large
objects such as the micro-craters when fully independent of the focus. However, for
nanoholes, their image remains highly dependent on small variations of the focus, so
that this feature requires attention.

In order to check the effect of focus in the measurement of optical volume, we used
a Piezoelectric stage (E-664, PI) to vary the sample height in z direction. Microhole
array (top) and a coverglass (bottom) samples were used to trap a 7 µl drop of water
to create a thin liquid layer. The sample was focused at the microhole interface; we
call it z = 0 or nominal focus. The OPD recorded by QLSI is shown in Figure 4.17(c).
The focus was varied using a Piezo controller to 1.5 µm and 3 µm below the z = 0
position. OPD images of the microhole array at z =−3 µm and z =−1.5 µm are shown
in Figure 4.17(a) and (b) respectively. We assigned negative sign in z values here as
their position is below z = 0. That’s why we also assign positive sign when we moved
to 1.5 µm and 3 µm above the z = 0 position. Figures 4.17(d) and (e) represent OPD
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Figure 4.16.: (a) Illustration of optical volume calculation process. White circle repre-
sents integration area with radius R. Background B(R) is calculated in the gray
annular area surrounding the integration area. R increases until [δℓ(r,θ)−B(R)]
becomes constant in Eq. (4.11). (b) Optical volume (µm3) as a function of integra-
tion radius R (pixels). Optical volume is measured from the flat region beyond the
microhole (R ≥ 30).
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images of a microhole array at z =+1.5 µm and z =+3 µm respectively. We can already
see the defocusing effect on the images.

As we have seen in Figure 4.15(b), OPD values of microholes filled with air in row C
are at the very limit of maximum phase gradient. So, we should consider only rows
A and B for calculation of refractive index. That is why we also considered optical
volumes of only rows A and B in this measurement. Optical volumes of the microholes
are calculated at z =−3,−1.5,0,+1.5,+3 µm and they are plotted against the z values
in Figure 4.18(a-e) respectively for microholes A5, A4, A3, A2 and A1 and in Figure
4.19(a-e) respectively for microholes B5, B4, B3, B2 and B1. We can see from all these
graphs that the optical volume decreases with changing the focus from z = −3 to
z =+3 µm except for the smallest and least deep hole A5 (Figure4.18(e)). As just a 1 µm
user error in focus can induce such change is optical volume, focus variations, even
temperature induced, can affect the refractive index measurements significantly. So, it
is of utmost important to record images in the same nominal focus for both water and
air, and upon varying the parameter of interest (e.g., T , C or λ).
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Figure 4.17.: OPD images of microholes filled with water at different z positions: (a) 3
µm below nominal focus, (b) 1.5 µm below nominal focus , (c) nominal focus, (d)
1.5 µm above nominal focus and (e) 3 µm above nominal focus.
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Figure 4.18.: Optical volume (OV) of microholes (a) A5, (b) A4, (c) A3, (d) A2 and (e) A1
at different z positions in focus.
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Figure 4.19.: Optical volume (OV) of microholes (a) B5, (b) B4, (c) B3, (d) B2 and (e) B1
at different z positions in focus.
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4.8. Results: Temperature dependent refractive
index of water

This section is dedicated to the actual measurements of the temperature-dependent re-
fractive indices measurements of water using microholes. Temperature was increased
from 22.2◦C to 80◦C using VAHeat stage with a temperature step of 5◦C between 30◦C
and 80◦C . We have noticed that at higher temperature focus varies beyond 1 µm and
it was necessary to re-focus in each temperature step. We focused on a small piece of
dust near the microhole array with manually moving the translation stage with an user
error margin of <1 µm. Multiple phase images were recorded at each temperature step
with liquid and at room temperature with air. OVl i q and OVair were calculated inside
microholes A5, A4, A3, A2, B5, B4, B3 and B2 using technique described in subsection
4.7.2. Then they are used in Eq. (4.6) to get n(T ).

The resulting refractive index are plotted against corresponding temperature in
Figure 4.20(a-h) for microholes A5, A4, A3, A2, B5, B4, B3 and B2 respectively. We can
see from the graphs that the results are incomprehensible for most of the microholes.
Figure 4.20(f) is the most acceptable result out of this 8 microholes as it is close to
measured refractive index of water using micro-craters. But still the error margins
are worse compared to micro-craters in this measurement. The effect of de-focus
is not relevant to explain the discrepancy between refractive index values measured
in different microholes because they are computed from single images. The effect
of de-focus should shift all the refractive index curves by same margin. It does not
explain why we can have acceptable result in microhole B4, where such a drastic
change in refractive index value in microhole A3.

The reason why we couldn’t get results from microholes is possibly related to the
very small size, on the order of the wavelength. For craters, a surface integral of OPD
of the craters would yield the actual optical volume, which is equal to the volumetric
integral of the refractive index as below,Ï

s
δℓ(x, y)d xd y =

Ñ
v

[n(x, y, z)−n0]h(x, y)dxdydz (4.12)

where h(x, y) is the height of the liquid including the depth profile of the crater. How-
ever, for very small objects or holes, electric field of light reacts differently compared
to bigger object like crater. It can be compared with resonance effect of gold nanopar-
ticles upon interaction with light. Due to electric field in light, equal and opposite
charge can accumulate around the micro-holes, which can affect the optical proper-
ties, and even create resonance at some wavelength even with a dielectic material (Mie
resonances). So, the OPD of microholes cannot simply give us the accurate refractive
index as δℓ(x, y) ̸= (n −n0)×h(x, y) for this case. This makes Eq. (4.12) invalid for
microholes. This is why different microholes are yielding different refractive index val-
ues and simply with QLSI technique we cannot quantify this problem with refractive
index measurements in very small holes. Ideally, we should consider a micro-vessel
array which is bigger than our microholes (∼ 20µm in diameter) but etched with a fast
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lithographic technique e.g., UV lithography compared to slower FIB milling, in order
to solve possible low spatial frequency noise from crater profile.

4.9. Conclusion
In this chapter, I showed that I improved an existing QLSI based refractive index
measurement technique with much lower experiment time and lower error margin.
Using VAHeat stage we can make this process much faster compared to the previous
technique, and by improving the algorithm, we could make it 7 times more accurate.
We discussed the procedure to calculate optical volume of micro-vessels and how it
was used to process refractive index. Several liquids were investigated to measure their
refractive index properties with temperature and the data remain in good agreement
with the literature. dn/dT and dn/dc of Glucose were measured, which is essential
for the study thermophoresis of glucose described in next chapter. Finally, microhole
array created by FIB-milling was investigated as a means to further improve the
measurements, but this strategy did not prove efficient.

If we can characterize a liquid’s refractive index dependence with temperature using
this method, same measurements can be used for temperature mapping in a tem-
perature gradient resulting from nanosources of heat, e.g., nanoparticles absorbing
its resonance wavelength. The crater micro-vessel measurement technique has the
potential to become a temperature sensing technique, which indicates that future
work in this field is promising.

Although the micro-craters could give very precise n(T ) measurements, we believe
that they do not constitute the optimized geometry and some more optimization
could be done with this technique to achieve even better n(T ) measurements, to make
this association of QLSI/VAHeat stage a powerful metrology tool.
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Figure 4.20.: Temperature dependent refractive index of water measured at different
micro-holes.
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microscopy

Study of thermophoresis of biomolecules have been performed using fluorescence
based techniques in the community [27, 28], and during my thesis (see Chapter 3).
In addition to the possible artefacts due to erroneous temperature measurements
from fluorescent probes and photobleaching effects, it is also not always possible
to label molecules with fluorescent markers. In this chapter, we will discuss a com-
plete label-free approach to quantify thermophoresis, where we replace fluorescence
measurements to map concentration with QLSI measurements. This work is still in
progress and further studies on biomolecules, e.g., amino acids, peptides, etc. are
required to conclude about the effectiveness of this method.

5.1. Label-free approach to study thermophoresis

5.1.1. Background
Molecular thermophoresis is not only sensitive to the charge and the size of the
molecules, but also to the molecule-solvent interface. This feature makes thermophore-
sis a unique tool to probe minute conformation changes during biomolecular inter-
actions. NanoTemper GmbH has already commercialized this technique allowing
researchers to investigate the binding rates of biomolecular interactions [32, 29].
Their technique uses fluorescence based measurement of concentration gradient of
molecules of interest inside glass capillaries. However, thermophoretic coefficient
measurement at high temperature is not always possible using fluorescence based
techniques because of the photobleaching and thermobleaching effect. The fluores-
cence based technique used for NanoTemper’s device can be traced back to Braun et
al. [27] who talked about limitation of photobleaching and thermobleaching in their
methods. We also evidenced in our work that concentration mapping is affected by
temperature induced unrecoverable conformational changes in fluorophores beyond
40◦C [85]. In order to probe thermophoresis at high temperature, known as superther-
mophoresis we needed a technique which can perform label-free measurement of
concentration field at higher temperature. It has been shown that water surrounding
gold nanoparticles deposited on a glass substrate can remain liquid up to 220◦C [98].
This is possible because normal boiling point of water at 100◦C does not occur in a
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microscale system because it lacks nucleation points in the medium, compared to
microscopic scratches or roughness acting as nucleation points in macroscale system.
Using a glass coverslip as a substrate ensure the absence of microscale roughness.
So, we had the potential to investigate thermophoresis at high temperature provided
that we can develop an experimental technique to prove microscale concentration
gradient which is not based on fluorescence detection. As QLSI technique is based
on quantitatively measure refractive index change in the medium, it should be able
to detect refractive index variation ∆n due to concentration changes, given that ∆n
is large enough to induce a refractive index change above the detection limit of QLSI
sensors (OPD∼0.5 nm).

Throughout human history carbohydrates have always been our main source of en-
ergy. The building blocks of all carbohydrates are sugar molecules. Monnosaccharides
are the most basic structure of carbohydrates. Numerous studies have been done to
investigate Soret effect of sugar molecules [99, 100, 101, 102]. In order to demonstrate
our label-free technique, we have chosen binary mixture of D-glucose and water as a
textbook case to investigate. The availability of existing data of Soret coefficients of
D-glucose on literature also makes them excellent candidate to investigate.

5.1.2. Principle of label-free concentration microscopy
Concentration gradient in a liquid creates a refractive index gradient, similar to the fact
that a temperature gradient creates a refractive index gradient. When a beam passes
through this zone of refractive index gradient induced by concentration gradient, its
wavefront will also get distorted as illustrated in the schematic of Figure 5.1(a). A
QLSI wavefront sensor quantitatively maps this wavefront distortion as shown by an
example in Figure 5.1(b). However, wavefront distortion due to both temperature
and concentration gradient would be superimposed with this approach, as they are
measured at the same time using the wavefront sensor and give the same kind of
readout (the OPD). But to our advantage, they occur at much different timescales.
Diffusion by thermophoresis is one or two order of magnitude slower than thermal
diffusion. This will also affect the wavefront profile at QLSI sensor, as explained in the
schematic of Figure 5.1(c). At a short timescale after the heating leaser is switched on,
the OPD is expected to be affected by the temperature gradient only. And at longer
time scales, gradient of concentration appears and add up to the OPD. Figure 5.1(d)
gives an idea of temporal evolution of wavefront distortion where δlT is the wavefront
distortion due to temperature gradient and δlC due to concentration gradient. We can
get δlT from the fist OPD image after laser turned on and δlC from the first OPD image
after laser turned off. Once we distinguish wavefront distortion due concentration
gradient, calculation of concentration distribution is simply

δlC = δC
dn

dC
h (5.1)

where δC is the concentration change distribution in the image and h is the liquid
thickness. We already measured dn/dC of glucose in Chapter 4 using QLSI mea-
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surement in craters. In order to characterize Soret coefficient of any liquid using this
label-free technique, we need to measure its dn/dC coefficient using the methodology
described in Chapter 4.
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Figure 5.1.: Principle of label-free concentration microscopy. (a) Schematic of the
wavefront distortion due to concentration gradient in liquid, created by tempera-
ture gradient due to laser heating. (b) A QLSI wavefront distortion profile or OPD
image resulting from temperature gradient and concentration gradient. (c) The
superimposed temperature and concentration contributions from OPD image
can be separated based on timescale. Temperature gradient sets in almost instan-
taneously, however wavefront distortion due to concentration gradient adds up
with time. (d) Temporal evolution of δlT and δlC .

We could also anticipate the sensitivity of the QLSI technique to detect concen-
tration variations, because in the beam deflection and thermal lensing techniques
(see section 1.4), both temperature and concentration gradient produce a deflection
of a beam in the same order of magnitude, provided the concentration of the solute
is on the order of 1%w/w. In all aqueous solutions, concentration coefficients of
refractive index dn/dC are on the order of 10−3 where c is the concentration of the
solute in mass fraction (in kg/kg × 100) [91]. In typical experiments with microscale
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thermophoresis solute, mass fractions used are in the order of c = 1%wt[10] and they
undergo a variation of few 10% upon heating a few kelvins [28]. For a 10% variation
of concentration, refractive index variation is δn ∼ 10−4 for above mentioned dn/dC
magnitude. As we are working with liquid heights of around 18 µm in the context
of microscale thermophoresis, OPD due to 10% variation is in the order of ∼ 1.8 µm.
This is above the detection limit of QLSI sensors which can easily measure OPD of
0.5 nm. This supports the feasibility of the technique that it would allow us to probe
concentration variation of 10% or less.

5.2. Experimental setup

Optical microscope
An schematic of the experimental setup including microscope is described in Figure
5.2(a). The microscope is almost similar to experimental setup described in Chapter 3
except the fluorescence imaging part. A Köhler illumination was configured at λ= 625
nm to illuminate the sample with an uniform illumination pattern. A laser beam
of wavelength λ = 532 nm (Verdi G, 10W) is focused in the back focal plane of an
objective (Olympus 40x, NA 0.6, air) to have a collimated beam out the objective on
the sample. Wavefront distortion of the illumination beam due to temperature and
concentration gradient induced by laser-heating of gold nanoparticles are recorded
quantitatively by QLSI. In this study, we used a QLSI device made of a relay-lens placed
between the diffraction grating (also called the modified Hartman grating, MHG) and
a sCMOS sensor (Phantom Miro 120). We used Phantom ultrafast camera capable of
recording at 700 interferograms/second because of the necessity of capturing faster
dynamics of molecular diffusion. The interferograms were processed later to compute
the phase images. This label-free technique eliminates the necessity of multiple
detectors for temperature and concentration gradients as they are being mapped in
the same optical axis by a single detector.

Sample preparation
A schematic of the sample is illustrated in Figure 5.2(b). Same sandwiched geometry
with liquid containing solutes (here molecules of glucose) was created as of dual-phase
fluorescence microscopy sample. However, an extra step is necessary here to make
the Au nanoparticle layer absorbing green laser. I shifted the absorbance of the gold
nanoparticles prepared and grown with the BCML protocol to ∼ 530 nm by heating
the Au deposited glass substrates inside a muffle furnace (Nabertherm GmbH). At first,
the temperature inside the furnace was increased from room temperature to 450◦C
over 25 minutes and then kept at constant high temperature for 10 more minutes.
This procedure turns the NIR absorbing gray colored samples to pink and shifted
their absorbance to green because of the reshaping of the gold nanoparticles into
spheres. Binary mixture of D-glucose solution was prepared at a concentration of
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Figure 5.2.: (a) Schematic of the optical microscope. Laser beam of λ=532nm is used
to heat gold nanoparticle sample from below. QLSI technique maps the wavefront
distortion of 625nm illumination beam due to temperature and concentration
gradient. Because of the faster dynamics of glucose solutes, an ultrafast sCMOS
camera is used with grating and re-imaging system. (b) Schematic of the sam-
ple. Au nanoparticle deposited glass coverslips are used to create 18 µm thick
sandwiched layer of liquid. Laser beam creates temperature gradient, resulting in
depletion of molecules from the center.
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c = 10%w/w. A 10 µL drop of this solution was trapped using two gold nanoparticle
coverslips to make a thin layer of 18 µm. Prior to the liquid contact, the nanoparticle
sides of the coverslips were treated with air plasma for 5 minutes at 0.6 mbar to make
them hydrophilic and favour an even spreading of the liquid upon contact. The outer
periphery was sealed using Picodent adhesive to prevent evaporation.

5.3. Procedure to calculate temperature and
concentration

5.3.1. Isolating δlT and δlC

Before retrieving microscale temperature and concentration maps, we needed to
isolate δlT and δlC images from the recorded wavefront distortion profiles (OPD
images). Figure 5.3(a) plots the magnitude of the OPD depletion in the images as a
function of time. The magnitude of the depletion is estimated, on this graph, by the
coefficient a of a fit using a parabolic profile y = ar 2 + c. When laser is turned on,
the temperature gradient appears instantaneously (in microseconds), followed by
the effect of the concentration gradient within a slower timescale (few milliseconds).
The ultrafast camera we used could only acquire a movie for a few seconds at the
highest frame rate, and then it needs to save the images from the RAM to storage
immediately after acquisition, which takes a few minutes. So, we could not register a
full sequence of laser on-off within a single movie, and we rather focus on the laser
on-to-off event, as in Figure 5.3(a). We started recording OPD images in this steady
state before laser is turned off at t = t1 and OPD images are recorded afterward. Three
images acquired at three different times t1, t2 and t3 are of particular importance. t1 is
the time before the laser is switched off, where the OPD map results from both the
concentration and temperature gradients. t2 is the time just after the laser is turned
off, where the signal results only from the concentration gradient, as the temperature
gradient disappears instantaneously. t3 is the time at the end of the sequence where
the OPD image is back to normal (flat). From a combination of these three OPD images
acquired at these three times, one can retrieve the two OPDs maps corresponding
to the concentration gradient and to the temperature gradient. The OPD image δlC

due to the concentration gradient is obtained by subtracting the OPD images at times
t2 and t3, while the OPD image δlT due to the temperature gradient is obtained by
subtracting the OPD images at times t1 and t2. Examples of such OPD images are
displayed in Figure 5.3b,c. These OPD images were used to compute the microscale T
and c maps.

5.3.2. Computation of T and C map
In Chapter 2 we discussed in details how we can compute heat source density and
temperature map from OPD images using thermal Green’s function (TIQSI method,
[75]). We used the non-linear algorithm to calculate the temperature map from δlT .
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Figure 5.3.: Separation of δlT and δlC . (a) Temporal evolution of parabolic fit coeffi-
cient of OPD profiles. At t = t2, the drop indicates OPD image due to concentration
(b) Wavefront distortion due to temperature gradient and (c) Wavefront distortion
due to concentration gradient after timescale based separation.
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Figure 5.3(a) shows a δlT map due to temperature gradient created by a laser beam
with a diameter of ∼ 50 µm delivering 70.8 mW power on the sample. The heat source
density profile and temperature map computed using TIQSI are shown in Figure 5.4(a)
and (b) respectively.

26.3 55.4
Temperature (°C)

0 1500
HSD (µW/µm2)

(a) (b)

10 µm

Figure 5.4.: (a) Heat source density computed using non-linear process to compute
HSD from QLSI image. [75] (b) Corresponding temperature map retrieved using
the process described in 2.3.3.

In order to compute concentration variation map δc , we feed δlC from Figure 5.3(b)
into equation (5.1) and the resulting map is shown in Figure 5.5(a). As the offset on the
OPD maps is arbitrary, we cannot directly convert the OPD into a concentration map.
We need to subtract an offset from it to have the correct map. But simply subtracting
the maximum is not accurate because the c profile does not reach c∞ on the corners
of the image. We can do some theory to find the offset at infinity. We need to find an
equation that governs concentration profile outside the heat source. We know from
the theory of thermophoresis in Chapter 1, at steady state when molecular flux is zero,

DT c(r )∇T +D∇c(r ) = 0 (5.2)

where r is the radial coordinate. When r is outside the heat source, we can substitute
T (r ) ∝ 1/r in Eq. (5.2) to derive C (r ),

C (r ) =αr 2∇C (r ) (5.3)

where α is a constant. Eq. (5.3) is reorganized and integrated,∫ ∇C (r )

C (r )
dr =

∫
1

αr 2
dr (5.4)
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which finally gives an expression for c(r ) which reads

c(r ) = exp

{
− 2

αr

}
.exp

{
β
}

(5.5)

where β is the integration constant. Thus, we have the theoretical expression of
concentration profile outside the heat source. This derivation assumes D and DT are
not temperature temperature, which is valid only for weak temperature variations.

The radial profile outside the heat source in Figure 5.5(b) (r > 150) is fitted with
Eq. (5.5) (red curve). The fitting parameters are α = 0.01756±5.82×10−5 and β =
0.28515±0.00159. When r =∞, eβ gives the offset which is 0.75 % w/w. Subtracting
this offset value gives the correct c concentration map (Figure 5.5(c,d)).
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Figure 5.5.: (a) Concentration variation map calculated from δlC using Eq. (5.1) with-
out considering the proper offset value. (b) Radial profile (black curve) of image
(a) fitted with Eq. (5.5) in data range r= 150 to ∞ (red curve). (c) Offset subtracted
accurate concentration profile (d) Final concentration map. Concentration re-
duced to ∼ 9.3 % w/w.
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5.4. Sensitivity of the technique
The sensitivity of this label-free technique to quantify thermophoresis relies on QLSI
to detect concentration gradients. We have shown that it is possible to observe glucose
concentration variations from c∞ = 10%w/w down to ∼9.3%w/w (Figure5.5(c). We
have found that detection limit of QLSI technique gets lower as we decrease the solute
concentration. As QLSI maps concentration gradient by measuring refractive index
gradient, smaller concentration gradient results in smaller refractive index gradient
which is difficult to detect by QLSI sensor due to lower signal to noise ratio. We
have performed the same experiments as in Figure 5.3(a) using glucose solution of
5%w/w and 1%w/w. The bump of the wavefront distortion profile in OPD images
were fitted with same parabolic function y = ax2 + c and the temporal evolution of
coefficient a is plotted in Figure 5.6(a) and (b) for 5% (w/w) and 1% (w/w) respectively.
In Figure 5.6(a), we can see that we can still resolve the decay of concentration gradient,
i.e., optical path difference due to concentration gradient can be mapped by QLSI.
However, despite using an ultrafast camera with high framerate of 300 Hz, for 1%
(w/w) in Figure 5.6(a) decay of concentration gradient cannot be well resolved above
the noise level. We can hardly detect any concentration gradient from OPD images as
the optical path difference due to concentration gradient is in the same order of the
noise. This experiment determines the current sensitivity of our label-free technique
that we can go down to 5%w/w in solute concentration. This label-free technique
we introduce here is a proof of concept technique and further works need to done to
increase the sensitivity of the technique to match that of the TDFRS technique.

5.5. Soret coefficient measurement of Glucose
10%w/w

Let us recall the expression of the Soret coefficient for an axisymmetric system with
radial distance r from the center,

ST (r ) =−∇ lnc(r )

∇T (r )
(5.6)

We calculate the radially averaged temperature profile T (r ) from temperature map
in Figure 5.4(b). T (r ) is displayed in Figure 5.7(a). Figure 5.7(b) represents radially
averaged concentration profile c(r ). Note it is not necessary to find the good offset
for c(r ) using the process described in 5.3.2 to compute ST . This is because in the
denominator of Eq. (5.6), ∇ lnc cancels any offset for c. So, what only matters for the
ST calculation is the radial profile of c calculated from the raw OPD image. We selected
a section in the middle of the profiles (r = 121−180) where the T and C slopes are
large and almost linear. Eq. (5.6) is applied to T (r ) and c(r ) curves but only between
r = 121−180 to find ST (r ). ST (r ) and T (r ) can be easily correlated to express ST (T ) as
shown in Figure 5.7(c) (red curve). A lot of fluctuations in data can be observed. To
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Figure 5.6.: Demonstration of the sensitivity of label-free technique. Temporal evo-
lution of parabolic fitting coefficient a of OPD image for (a) 5% w/w and (b) 1 %
w/w Glucose solution. We can see that the decay in a for 5% w/w whereas, it can
not be resolved in the case of 1% w/w.
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better estimate the ST values in this range, we fitted the T (r ) and c(r ) with a 3rd order
polynomial equation before calculating ST (r ). This time we can see in Figure 5.7(c) a
smooth linear relation of Soret coefficient with temperature (black curve). We have
measured that Soret coefficient increases from 5×10−2K −1 to 7×10−2K −1 between
34◦C and 40◦C.

We compared our data with similar studies done on glucose in the literature. These
studies were performed on glucose solutions with solute concentration of 1% (w/w)
[101, 102] and 20% (w/w) and more [100]. In all reported cases, Soret coefficient
of glucose are around one order of magnitude lower than our finding. For 1%w/w
glucose, Soret coefficient increases from ∼ 3×10−3K −1 to 5×10−3K −1 between 30◦C
and 40◦C [101]. Soret coefficient decreases with increasing weight fraction of solutes
and it remains between ∼ 2×10−3K −1 to 3×10−3K −1, between 30◦C and 40◦C for
20% glucose [100]. The Soret coefficient in our experiment should be in the range of
<5×10−3K −1 whereas we are getting one order of magnitude more in values.

This part of the thesis couldn’t be finished and is still in progress. This technique
is still in the early stage of development. We need to understand where the devia-
tion is coming from. Perhaps, some other effect is happening at the microscale, in
addition to thermophoresis, which we do not know at this moment. The idea behind
using QLSI technique to detect minute variation of concentration for thermophoresis
study is ambitious and requires further trials with other systems. For example, we
can investigate binary mixtures of liquids at various weight fractions and compare
the consistency of our results with literature. Further investigations with other sugar
molecules would give us an idea behind our previous results with glucose. In this
chapter, I have described our hypothesis to label-free measurement of Soret coeffi-
cient and showed a proof-of-principle experiment with data which might be more
comprehensible after further investigation.

5.6. Conclusion
We discussed in this chapter a complete label-free technique to measure Soret coeffi-
cient of molecules in liquids, and mixtures. Unlike chapter 3, concentration gradient
is mapped here with QLSI, instead of fluorescence. Temperature and concentration
data are superimposed in QLSI image but separated due to different timescales. We
showed results with 10% w/w glucose solution and however found that ST is one order
of magnitude larger than in the literature. This technique is still in the early stage
of development and further works need to be done to test this technique in various
aqueous environments, e.g., binary mixtures and solutions. This chapter acts as a
proof of concept for our label-free thermophoresis measurement technique.
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Figure 5.7.: Radial profile of (a) temperature map and (b) concentration map for
experiments with 10% w/w glucose with a laser beam of ∼50µm diameter and
70.8 mW power. (c) Soret coefficient calculated between r = 121 to 180 px in T (r )
and C (r ). Red dots represents ST from raw data, black curve represents ST from
polynomial fits of T (r ) and C (r ).
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Conclusion

The goal of my thesis was to primarily use quantitative phase microscopy (QPM) to
characterize microscale thermophoresis in liquid with the help of plasmonic heat-
ing. I succeeded in developing a technique that could measure the Soret coefficient
temperature-dependence ST (T ) over a wide temperature range from a single mea-
surement, a new concept in thermophoresis studies.

The original idea of the project, after developing the technique, was to use it for a
large variety of systems and to answer pending question in the community. However,
on the way, we found other application of QLSI in fluid environments that deserved
attention and we decided to consider them. In particular, we realize that QLSI could
be used to accurately, and simply measure refractive indices of liquids and their
dependence with temperature, solute concentration or wavelength. We achieved a
better precision by a factor of 7 compared with the state of the art by optimizing the
setup and the algorithm.

Also, QLSI was never used to map microscale concentration gradients and we be-
lieve it would be a nice opportunity to investigate this modality in the context of this
thesis. Although this task was successful, it has been hard to apply it efficiently for
the metrology of thermophoresis for a glucose/water liquid mixture. The order of
magnitude of the measured Soret coefficient are one order of magnitude too large.
Further investigation is required to understand the origin of the discrepancy, high-
lighting once a again the complexity of water as a solvent, and issues that can happen
as soon as a confined geometry is used.

My thesis eventually led to the demonstration that QLSI represents a powerful tool to
study liquids at the microscale, their physical processes and their optical properties. It
also strengthen the bridge between thermophoresis and plasmonics already initiated
in the research community and which has been gaining keen interest over the past
decade.

Chapter 3 is dedicated to optical metrology technique developed by me to charac-
terize Soret coefficients of particles in liquid. The drawbacks of existing techniques
gave me the motivation to develop a technique free from artefacts which allows faster,
elegant and quantitative measurements of fields associated with microscale ther-
mophoresis. I described how concentration gradient is mapped with fluorescence
microscopy in parallel with temperature gradient using QLSI technique. A set of Soret
data over a wide temperature range is calculated within a few tens of seconds of ac-
quisition time. In addition, dual microscopy technique gets rid of possible artefacts
from using two fluorescent probes- one for measuring temperature and another for
concentration. I also solved the problem of high solute concentration requirement
is refractive index based techniques e.g., only 0.06% volume of solutes is required
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compared to 1-2% in existing techniques. The method is further sophisticated by
shifting the resonance frequency of gold nanoparticles to near infrared and beam
shaping to achieve perfect temperature linear gradient throughout the fluid layer. My
method doesn’t suffer from significant limitations except that fluorescence-based
technique suffers from thermobleaching above 40◦C.

QLSI techniques can characterize liquids based on refractive index variation with
temperature and concentration. In our QLIS based temperature sensing method,
prior information of dn/dT is necessary for any unknown systems. For example,
one researcher was measuring microscale temperature gradients in Fluorinert liquid
(FC-70) using QLSI and dn/dT of this liquid is unknown. We can use QLSI technique
to measure refractive index response of a liquid with temperature change, i.e., dn/dT .
I aimed to improve the original method [1] by using VAHeat substrates which offers
faster uniform microscale heating in liquid, compared to the original method which
used to heat the bulk microscope. VAHeat smart substrates also offer temperature
increase to 105◦C which unlocks a whole new regime of temperature compared to the
original method. The technique has potential to become a temperature sensor based
on refractive index measurement in nano/ microscale heating applications.

The only limitation of my dual microscopy technique lies in the fact that ther-
mobleaching can happen for fluorophores in a high temperature. The use of a label-
free temperature microscopy does not limit the measurable temperature range [98].
To quantify thermophoresis in high temperature we developed label-free concentra-
tion microscopy using QLSI technique. In Chapter 5, I discussed the procedure to
retrieve temperature and concentration data from a movie of wavefront profiles. A
textbook case of Glucose solute (10% w/w) was discussed. This work was a proof of
concept experiment of the feasibility of a complete label-free metrology of molecu-
lar thermophoresis based on QPM. Although the magnitude of the Soret coefficient
was different from literature, further investigation with other binary solutions and
mixtures can improve the technique.

My thesis focuses on establishing QLSI as a ideal technique for quantification of
photothermal phenomenon called microscale thermophoresis and liquid characteri-
zation. The future potential can be in the field of protein thermophoresis as soon as
we improve the label-free metrology technique. We can use microscale thermophore-
sis and QLSI measurements to investigate minute changes of protein conformation
as a function of temperature, prior to protein unfolding. The first steps in protein
unfolding usually involve minute changes in the protein structure, such as an increase
of the water molecule fraction, hardly measurable using conventional techniques.
The label-free technique can be used when labelling is not possible, or for studies on
temperature dependence, or for studies at high temperature.
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A. Protocol for Block Copolymer
Micellar Lithography (BCML)
technique to prepare gold
nanoparticle samples

This appendix describes the protocol I have used to create gold nanoparticle samples
using BCML.

A.1. Cleaning of glass substrates
Glass coverslips of 25 mm and 18 mm diameter are submerged in a beaker containing
Piranha mixture. This mixture is prepared by slowly adding 75 ml H2SO4 to 25 ml
H2O2. The coverslips are kept at least for 2 hours, preferably overnight if possible in
Piranha liquid under fume hood. Then the samples are taken out by using Teflon
tweezers, as they are resistive to harsh Piranha liquid and cleaned vigorously with
distilled water at least 5-6 times.

A.2. Preparation of Micellar solution
In this stage copolymer 1056/495 with hydrophilic head and hydrophobic tail is dis-
solved in toluene to create Micellar solution. 40 mg of polymer is taken using a glass
or plastic spatula in a small glass vial and then 10 ml anhydrous toluene is added,
i.e., density of 4mg/ml. The vial is placed on a magnetic agitator and stirred with a
magnetic bead at room temperature for at least 30 minutes to dissolve the polymer
crystals in toluene. As toluene reacts with plastic, it is necessary to close the glass vial
cap with aluminium foil.

A.3. Preparation of Gold-Micellar solution
In this stage Chloroauric acid HAuCl4 is added to micellar solution. The mass of
HAuCl4 to be added is calculated using the following formula

mH AuC l4 =
mpol ymer × l f ×NP2V P ×MH AuC l4

Mpol ymer
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Here, mH AuC l4 is the mass of Chloroauric acid.
mpol ymer is the mass of the copolymer taken in A.2 e.g., 40 mg.
l f is called loading factor which is number of gold atoms in one chain of the polymer.
A factor of 0.5 gives gold nanospheres and 0.75 creates nanoshells.
NP2V P is the number of chains in polymer.
MH AuC l4 =339.785 g/mol, the molecular weight of the Chloroauric acid.
Mpol ymer = 162 × 103 g/mol, the molecular weight of the polymer.

So, the required mass of HAuCl4 is,

mH AuC l4 =
40mg ×0.75×495×340

162000
=32mg

32 mg HAuCl4 is taken with a glass spatula in micellar solution prepared in A.2 and
agitated the same way for at least 30 minutes. Thus, Au-micellar solution with gold
ion core and organic shell is prepared.

The solution is filtered through a syringe filter with 450 nm pores to get rid of any
possible agglomerates of gold salt. Then, the solution is diluted a larger beaker with 10
ml anhydrous toluene to double the volume for next step- dip coating. The solution
can be reused up to 3 weeks for dipcoating glass surfaces and needs to be kept in
sealed vial in room temperature.

A.4. Dipcoating
A glass substrate prepared in A.1 is clipped by the edge in the crocodile tooth of a
dipcoater. Dipcoating solution prepared in A.3 in taken in a 25 ml beaker and placed on
the surface of the dipcoater. The glass coverslip is slowly inserted vertically downwards
inside the solution, kept for few seconds and withdrawn the same way. The dipcoater
allows automated programming of the procedure e.g., up to which height the sample
should come down inside the beaker, the speed of insertion and withdrawal etc. After
dipcoating the sample was removed from the holder and dried with compressed air
of the excess dipcoating solution. The process is repeated from as many samples we
want.

It is important that the crocodile tooth doesn’t touch the solution and the glass
substrate doesn’t touch the bottom of the beaker to avoid breakage. During the
process we should avoid touching the surface of the table to avoid inducing vibration
in the dipcoater.
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A.5. Preparation of liquids for reduction
KAuCl4 solution (S1)

This solution is prepared by taking KAuCl4 in distilled water at 1 mg/ml density and
agitated for few 10s of seconds. This solute dissolves fast in water.

Ethanolamine solution (S2)

120 µl of Ethanolamine (reduction agent) is pipetted in 10 ml of distilled water and
agitated well using a vortex mixer.

Solution for UV reduction (S3)

In a small tube, 1ml of S1 and 100 µl of S2 is taken and mixed using vortex mixture.
This mixture is kept in 4◦C for at least 2 hours before it is ready to be used in UV
reduction process.

All 3 solutions are long lasting and can be used until they are finished. S1 and S2
can be kept in room temperature, but S3 needs to be preserved in 4◦C.

A.6. Reduction under UV
For reduction of gold ions by UV exposure we used solution S3 where growth of the
gold nanoarticles happen at the same time with reduction of gold ions. The water in
S3 helps create a radical in the presence of UV which permits the reduction of only
gold.

A small drop of solution S3 is placed on dipcoated sample. Drop volume is 3.2µl
for 18 mm coverslips and 4.5µl for 25 mm ones. Then quartz coverglass is placed on
top to create a thin liquid layer by capillary force. Quartz is transparent to UV light,
so it is essential to use quartz on top under UV light. It is necessary that no bubble
forms while creating the sandwiched layer because no gold nanoparticle will form in
the bubble section. The sample is exposed to UV for 4 minutes and placed on a petri
dish containing water. Water automatically separates the coverslips in few minutes
and it is not advised to force the separation to avoid breakage. Samples were dried
and now we have gold nanoparticle attached to the glass substrate.

A.7. Growth of nanoparticles
Final step is to grow the nanoparticles prepared from UV reduction to potatoid shape.
Growth solution is prepared by adding 9 ml water, 1 ml solution S1 and 100µl solution
S2 together in a beaker. Gold nanoparticle sample is placed in the bottom of the
beaker faced up. The beaker is placed on a shaker to shake for 6 min in circular motion.
After then, beaker was placed at rest for 10 minutes. By this time we would see the
sample getting darker as the nanoparticle is growing. Typically a dark gray sample
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indicates that the absorbance has been shifted to 800 nm. Finally, the samples are
cleaned on the non-reduced side with an optical paper and they are ready to use.
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B. Résumé éntendu de la thèse de
doctorat

Les gradients de température à l’échelle microscopique peuvent régir de nombreux
phénomènes singuliers qui nous sont invisibles dans la vie quotidienne et ne peu-
vent être dévoilés sans l’aide d’outils de microscopie avancés. Par exemple, lorsque
des molécules ou des particules dans un liquide subissent un gradient de tempéra-
ture, elles ont tendance à se déplacer le long de ce gradient. Ce processus est connu
sous le nom de thermophorèse, qui ne doit pas être confondu avec la convection
thermo-induite. Dans la thermophorèse, seules les molécules/particules se déplacent,
tandis que le fluide reste statique. Découverte au XIXe siècle, la thermophorèse à
petite échelle a suscité l’intérêt du monde de la recherche au cours des deux dernières
décennies en raison de son potentiel dans le domaine de la bioanalyse et de la plas-
monique. Cependant, une échelle spatiale réduite signifie que l’on a besoin de méth-
odes non invasives sophistiquées pour cartographier quantitativement les champs
microscopiques pertinents (température et concentration) qui peuvent dévoiler la
physique derrière la thermophorèse. Ma thèse s’inscrit dans ce contexte.

B.1. Thermophorèse : Théorie, méthodologie et
applications

L’effet Ludwig-Soret, ou plus simplement l’effet Soret ou thermophorèse, est le flux
massique de particules, molécules, colloïdes dans un fluide lorsqu’il est soumis à un
gradient de température, même lorsque le fluide reste statique (il exclut la convection
fluide induite par la chaleur). La thermophorèse et la diffusion de Fick sont toutes
deux en compétition et le flux total de solutés dans un gradient de température ∇T
s’écrit

J =−D∇c − cDT∇T (B.1)

où D [m2·s−1] est le coefficient de diffusion, DT [m2·s−1·K−1] est le coefficient de
diffusion thermique et c [m−3] est la concentration du soluté. En régime permanent,
la condition de flux nul dans l’équation (B.1) définit le coefficient de Soret comme
suit,

ST =− ∇c

c∇T
=−∇ lnc

∇T
(B.2)

où ST = DT /D est le coefficient Soret qui traduit l’ampleur de la thermophorèse et
qui est compris entre 10−3 et 10−1 K-1. Le coefficient Soret est généralement positif,
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ce qui signifie que les solutés migrent des régions chaudes vers les régions froides.
Cependant, il peut être négatif dans certains systèmes à certaines températures, ce
qui signifie que les solutés peuvent aller vers le chaud. La dépendance en température
du coefficient de Soret de la plupart des solutions aqueuses de biomolécules peut être
comprise par une équation empirique proposée par Iacopini et Piazza pour le régime
dilué [7]. Cette équation empirique est la suivante

ST (T ) = S∞
T

[
1−exp

{
T ∗−T

T0

}]
(B.3)

où S∞
T représente la valeur de saturation de ST , T ∗ est la température à laquelle il

change de signe et T 0 définit la force des effets de la température. Nous pouvons
visualiser cette loi empirique dans la Figure B.1

Figure B.1.: Tracé de l’équation (B.3) et signification de tous les paramètres : S∞
T , T0 et

T⋆

La très faible diffusivité thermique DT des particules dans les liquides rend la
thermophorèse très lente. Cela est dû au fait que DT intervient directement dans
l’échelle de temps τ= L2/δT DT plus longue pour atteindre l’état d’équilibre, ce qui
rend la thermophorèse dans les liquides difficile à étudier (δT est la variation typique
de température sur la distance L). Une solution à ce problème est de diminuer la
taille spatiale du système, typiquement en dessous de 100 µm. C’est pourquoi dans
toute technique expérimentale, il y a toujours le souci de réduire la taille du système,
parfois jusqu’au champ de vision d’un microscope. Le confinement du gradient
de température à l’échelle micrométrique donne naissance à un nouveau domaine
appelé la thermophorèse à l’échelle micrométrique dans les liquides (MTL). Quatre
principales méthodes expérimentales ont été utilisées pour sonder la thermophorèse
des solutés, à savoir une technique de déviation de faisceau [18, 19], une technique
de lentille thermique [21, 23], la diffusion Rayleigh forcée [2] et une microscopie de
fluorescence [27, 28].

Cependant, toutes ces techniques présentent des inconvénients majeurs. Par ex-
emple, dans la technique de déviation du faisceau, le gradient de température est
macroscopique, ce qui fait que la thermophorèse est très lente (typiquement, des
milliers de secondes pour atteindre l’état d’équilibre). Dans les techniques de dévia-
tion de faisceau et de lentille thermique, seules les échelles de temps des gradients
de température et de concentration sont mesurées, mais elles ne donnent aucune
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mesure quantitative de ces propriétés. La technique de diffusion Rayleigh forcée
nécessite une concentration de soluté d’au moins 1% en poids. Parmi ces quatre
méthodes, la microscopie à fluorescence est la seule technique qui ne repose pas
sur les variations de l’indice de réfraction. Elle offre une mesure quantitative des
champs microscopiques (gradients de température et de concentration), mais souffre
en même temps d’artefacts inhérents. Dans cette technique, on utilise des sondes flu-
orescentes secondaires qui permettent de mesurer la température en fonction de leur
fluorescence. Mais ces fluorophores peuvent eux-mêmes subir une thermophorèse,
ce qui signifie que la variation de leur intensité de fluorescence peut résulter de
l’accumulation ou de l’appauvrissement des fluorophores, et non de la température.
Le photoblanchiment et le thermoblanchiment peuvent également influencer les
mesures, limitant l’augmentation de la température viable à quelques K seulement
dans ces mesures.

Il existe une application commerciale de la thermophorèse, liée aux sciences de la
vie et à l’étude de l’affinité biomoléculaire, développée par Nanotemper GmbH[29].
Lorsqu’une molécule se lie à une autre, ses propriétés de thermophorèse peuvent
être modifiées. Cette idée a conduit à l’invention d’une technique permettant de
sonder les interactions et les affinités biomoléculaires. NanoTemper GmbH utilise
ce principe pour étudier les taux de liaison des réactions du type A +B → AB , par
exemple les réactions d’affinité antigène-anticorps, les interactions protéine-protéine,
les interactions ADN-ADN, etc. La thermophorèse de A est sensiblement différente
de la thermophorèse de AB en raison du changement de taille, de charge et d’énergie
de solvatation. Nanotemper utilise une technique basée sur la microscopie à flu-
orescence pour quantifier la constante de dissociation de ces types d’interactions
biomoléculaires en utilisant la thermophorèse à micro-échelle. En plus de la bioanal-
yse, l’étude de la stabilité des protéines peut également être réalisée à l’aide de leur
appareil : [35, 36].

B.2. Thermophorèse dans le contexte de la
thermoplasmonique

Le champ électrique oscillant du faisceau lumineux qui frappe un métal provoque
l’oscillation des électrons dans la bande de conduction. Les plasmons sont le quan-
tum de cette oscillation, comme les photons dans le cas de la lumière. Les plasmons
de surface et localisés ont suscité l’intérêt de la communauté des chercheurs, les
plasmons de surface pour la biodétection et les plasmons localisés pour une grande
variété d’applications, ce qui a donné naissance au domaine de la nanoplasmonique.
Lorsqu’un plasmon est excité par la lumière, le mouvement oscillatoire associé des
électrons libres dans le métal génère de la chaleur. C’est la base de la thermoplas-
monique et cet effet peut être nuisible ou bénéfique, selon l’application. Dans tous
les cas, il doit être quantifié, et c’est pourquoi le domaine de la thermoplasmonique
est si important aujourd’hui pour toute activité de recherche en plasmonique. Elle
s’est révélée être un excellent outil pour créer des gradients de température à l’échelle
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microscopique dans le cadre d’études de thermophorèse. Dans ma thèse, j’ai utilisé
des nanoparticules d’or (plasmons localisés) sous illumination laser pour créer des
gradients de température à l’échelle microscopique.

Les résonances plasmoniques localisées des nanoparticules d’or se produisent dans
le domaine du visible et du proche infrarouge. Par exemple, pour une nanoparticule
d’or sphérique de 50 nm de diamètre dans l’eau, sa section transversale d’absorption
est la plus élevée autour de 530 nm [39]. Il est également possible de décaler la
longueur d’onde de résonance en modifiant la taille ou, mieux, la forme de la nanopar-
ticule. Plus les nanoparticules sont grosses, plus la section d’absorption est élevée et
légèrement décalée vers le rouge. La longueur d’onde de résonance peut être encore
plus décalée vers le rouge et fortement améliorée en modifiant le rapport d’aspect de
la nanoparticule d’or, de 532 nm pour les nano-sphères à l’infrarouge proche pour les
nano-bâtonnets par exemple [39].

Le confinement de l’absorbance de l’échantillon dans le domaine infrarouge permet
à l’échantillon de rester transparent dans le domaine visible, ce qui facilite toute car-
actérisation optique ultérieure du système, par exemple par fluorescence. C’est là que
réside l’un des principaux intérêts de l’utilisation de nanoparticules plasmoniques
par rapport au noir de carbone par exemple. De plus, l’or en tant que matériau plas-
monique est préféré pour de nombreuses applications car il ne s’oxyde pas et présente
une résonance plasmonique dans le domaine du visible et du proche infrarouge, alors
que les autres métaux présentent plutôt une résonance plasmonique dans l’UV.

La thermophorèse a été de plus en plus discutée dans le contexte de la plasmonique,
qu’elle soit souhaitée ou inattendue. Par exemple, dans les expériences de piégeage
optique à l’aide de nano-ouvertures métalliques [42], de diffusion Raman améliorée
en surface (SERS) [43], d’impression optique [44] et de détection plasmonique [45,
46], la thermophorèse a été mise en évidence et considérée comme ayant un impact
important sur les mesures.

Dans d’autres études, la thermophorèse induite par chauffage assisté plasmonique
était la cible principale et a conduit au développement de quelques applications en
thermoplasmonique, par exemple, le piégeage et le guidage de nanoobjets [49, 50], le
piégeage de macromolécules, par ex, des brins d’ADN à l’intérieur de nanostructures
[51], la nanofabrication plasmonique [54, 55] et l’utilisation de nanoparticules de
Janus [47, 48].

Mon objectif en doctorat est de développer une méthode de microscopie bien
équipée pour lever les limites de l’état de l’art de la thermophorèse, assistée par
la création de gradients microscopiques en utilisant le chauffage plasmonique de
nanoparticules d’or.

B.3. Interférométrie de cisaillement latéral par
quadri-ondes (QLSI)

J’ai utilisé une technique de microscopie à phase quantitative (QPM) pour imager
le gradient de température à l’échelle microscopique. Il s’agit d’une microscopie de
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phase à réseau croisé (CG), c’est-à-dire basée sur l’utilisation d’un réseau 2D posi-
tionné à une distance millimétrique d’une caméra. J’ai utilisé une microscopie CG
appelée QLSI (Quadriwave Lateral Shearing Interferometry), qui elle implique un
réseau de diffraction créant 4 ondes interférant entre elles sur le capteur de la caméra.
Les microscopies de phase CG, y compris QLSI, ont été inventées par J. Primot dans
les années 90 [66, 67]. La QLSI a été breveté en 2000 pour être utilisée commerciale-
ment par la société Phasics SA mais pas pour des applications en microscopie. La
technique QLSI a été mise en œuvre pour la première fois dans un microscope optique
en 2009 pour l’imagerie de cellules vivantes [62]. Dans le contexte de la bioimagerie,
d’autres applications ont suivi en utilisant QLSI, comme l’imagerie des organelles
cellulaires [69, 70], les mesures de biomasse sèche [71], la nanolocalisation [72], la
microscopie à superrésolution [73], etc. QLSI a également été utilisé dans le domaine
de la nanophotonique pour l’imagerie de la distribution de température autour de
nanoparticules métalliques sous chauffage laser[74, 75], la caractérisation de métasur-
faces[76], de nanoparticules uniques[77] et de matériaux 2D[78]. La figure B.2 montre
des exemples d’images QLSI provenant des références mentionnées ci-dessus, à savoir
des cellules vivantes, une distorsion du front d’onde due à un gradient de température
local dans l’eau, un flocon de bisulfure de molybdène, une nanoparticule unique, une
métasurface.

Figure B.2.: Exemples de QLSI dans l’imagerie de cellules vivantes, gradient de tem-
pérature, couche de bisulfure de molybdène, nanoparticule et métasurface. Re-
produit de Ref. [61].

L’imagerie de la température à l’échelle microscopique n’est pas une tâche triviale.
Elle était réalisée de manière invasive avant l’introduction de la cartographie de
température basée sur la fluorescence [79]. Cependant, la fluorescence peut dépendre
d’autres paramètres tels que le pH, l’ionicité, l’indice de réfraction, etc, en plus de
la température. Il faut donc trouver une technique de microscopie à température
sans laboratoire, simple et sans artefact. En 2012, Baffou et al. ont démontré que
des gradients de température dans un liquide à l’échelle microscopique peuvent
être mesurés en détectant le changement local d’indice de réfraction induit par la
température dans un milieu à l’aide d’un microscope QLSI [75]. Des gradients de
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température locaux ont été créés en illuminant un tapis de nanoparticules d’or à
leur longueur d’onde de résonance à l’aide d’un faisceau laser, comme illustré sur la
figure B.3(a). L’échantillon a été créé en confinant l’eau avec deux lamelles de verre
dans la direction z sur une hauteur h. Le chauffage local des nanoparticules crée un
gradient de température dans le liquide environnant. Lorsque le faisceau d’éclairage
du microscope traverse le liquide, le front d’onde de la lumière subit une distorsion
induite par l’indice de réfraction, comparable à un effet de lentille thermique comme
le montre la figure B.3(b). Le profil du front d’onde est cartographié à l’aide de la TIQSI
et la carte de température à micro-échelle en est extraite à l’aide d’un algorithme
maison. En d’autres termes, cette technique fait le lien entre la thermoplasmonique
et la technologie de détection du front d’onde QLSI et établit une nouvelle technique
de microscopie thermique sans étiquette.

Figure B.3.: Principe de la cartographie de température par QLSI. (a) Représenta-
tion de nanoparticules d’or déposées sur un verre de protection, immergées
dans l’eau et irradiées par un faisceau laser à leur longueur d’onde de résonance.
L’augmentation locale de la température induit une variation de l’indice de réfrac-
tion dans le liquide. (b) Le faisceau d’illumination subit un effet de lentille ther-
mique, causé par la variation de l’indice de réfraction dans le milieu. Cette distor-
sion du front d’onde est cartographiée par QLSI pour calculer l’augmentation de
température.

B.4. Microscopie duale fluorescence-phase
Cette section décrit le microscope optique home-made que j’ai construit pour étudier
à l’échelle microscopique la thermophorèse de molécules et de particules dans un
liquide. Le microscope est couplé à un laser de forte puissance pour chauffer les
nanoparticules d’or et présente deux modalités de microscopie : la microscopie à
fluorescence à grand champ et la microscopie de phase quantitative. Un schéma de la
configuration optique est illustré par la figure B.4(a). La fluorescence de l’échantillon a
été excitée à partir du haut de l’échantillon, à l’aide d’une LED à 470 nm et recueillie à
l’aide d’une caméra sCMOS. La microscopie à phase quantitative (QPM) a été réalisée
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à l’aide d’un éclairage LED à 625 nm et d’une caméra d’interférométrie à cisaillement
latéral quadri-onde (QLSI). L’image enregistrée (appelée interférogramme) a été traitée
pour retrouver quantitativement la distorsion du front d’onde optique causée par
l’échantillon.

Un laser Titanium:Sapphire à longueur d’onde ajustable, réglée à λ=789 nm, a été
utilisé pour chauffer l’échantillon à l’échelle microscopique. Avant d’entrer dans
l’objectif du microscope, le faisceau laser a été remodelé à l’aide d’un modulateur
spatial de lumière (SLM), agissant sur le profil spatial de phase du laser. Un laser
collimaté envoyé par l’ouverture arrière d’un objectif produit normalement un point
focalisé limité par la diffraction au niveau du plan imagé. Cependant, en modifiant
le profil de phase du laser à l’ouverture arrière de l’objectif, il est possible de créer
n’importe quel profil d’intensité lumineuse au niveau du plan imagé. Le profil de
phase à appliquer peut être calculé à l’aide d’un algorithme de Gerchberg-Saxton [64,
65]. Le SLM facilite les mesures et l’algorithme de récupération de ST en créant un
profil de température linéaire. Cependant, le SLM peut également être remplacé par
un miroir, ce qui donne un profil de température de type gaussien, à partir duquel les
mesures peuvent également être effectuées.

Nous nous sommes concentrés sur l’étude de la thermophorèse de nanobilles
fluorescentes carboxylées de 28 et 99 nm (jaune-vert (505/515) FluoSpheres, Ther-
mofisher) dans de l’eau pure, diluées à une concentration de c∞=88 nM et 0,199 nM
respectivement. Une goutte de 7 µm de solution a été pressée entre deux lamelles de
verre circulaires (18 et 25 mm de diamètre), afin d’obtenir une épaisseur de liquide
h d’environ 18 µm (Figure B.4(b)). Cette faible épaisseur de couche est destinée à
éviter la convection du fluide, et assure un profil de température uniforme le long
de la direction verticale, rendant T dépendant uniquement de la coordonnée radiale
dans le fluide. Le schéma du gradient de température et de concentration résultant
dans cette géométrie est présenté dans la figure B.4(c) et (d) respectivement.

B.5. Résultats : Coefficient de Soret des billes
fluorescentes

Dans cette section, nous présentons les résultats que nous avons obtenus avec des
billes de 28 nm en utilisant une illumination en forme de gradient linéaire par SLM.
Nous avons effectué les mesures de QLSI et de fluorescence à 3 puissances laser dif-
férentes, à savoir 5, 22, 8, 25 et 11,7 mW. Les images de phase ont été converties en
cartes de température selon notre méthode d’imagerie de température sans étiquette
et les cartes de température de sortie sont affichées dans la Figure B.5(a-c). Nous
avons constaté que les températures maximales sont de 31, 5, 35, 5 et 41,5◦C pour des
puissances laser de 5, 22, 8, 25 et 11, 7 mW. Les images de fluorescence correspon-
dantes ont été converties en images de concentration. Les images de concentration
de la figure B.5(d-f) révèlent 2 scénarios différents. Dans la figure B.5(d), où la tem-
pérature ne dépasse pas 31,5◦C, on peut voir une accumulation de fluorescence au
centre de l’image. Cela dénote un comportement thermophile des billes, c’est-à-dire
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Figure B.4.: (a) Schéma du microscope. DBS : séparateur de faisceau dichroïque. D
: diaphragme. F : filtre. (b) Schéma de l’échantillon. Des nanoparticules d’or
déposées sur des verres de recouvrement sont utilisées pour créer une géométrie
en sandwich. (c) Schéma du gradient de température résultant du chauffage laser
des nanoparticules d’or. (d) Schéma du gradient de concentration résultant du
gradient de température.
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un effet Soret négatif. À une température plus élevée, dans la figure B.5(e,f), nous
pouvons voir une région d’augmentation de la fluorescence entourant une région
d’appauvrissement de la fluorescence au centre de l’image. Les billes de la région
d’appauvrissement présentent un comportement thermophobe, c’est-à-dire qu’elles
fuient la région de chauffage. Loin de la région de chauffage où le gradient de tempéra-
ture est plus faible, nous pouvons voir l’accumulation de billes. Dans ce cas, les billes
ont un comportement thermophile. Les profils unidimensionnels de concentration et
de température de ces images sont représentés sur la figure B.5(g-f). Le coefficient
de Soret est calculé à partir de ces courbes en utilisant l’Eq. (B.2) et représenté sur la
figure B.6. Ces points de données s’accordent parfaitement avec l’équation (B.3) avec
T ∗ étant 31.5◦C. Nous avons réalisé les mêmes expériences sur des billes de 28-nm
et 99-nm avec un faisceau laser modulé spatialement et un simple faisceau gaussien,
prouvant ainsi la polyvalence de notre technique. Cette section présente le travail
central de mon doctorat, qui a abouti à une publication dans J Phys Chem C .

B.6. Mesure de l’indice de réfraction des liquides
par QLSI

Comme le QLSI détecte la variation de l’indice de réfraction dans un liquide, il peut
également être utilisé pour mesurer l’indice de réfraction en fonction de la tempéra-
ture, à savoir dn/dT pour une large gamme de liquides [1]. Cette étude est nécessaire
car la connaissance de dn/dT pour des liquides spécifiques était une condition préal-
able à la réalisation des expériences détaillées dans B.7. La technique est basée sur la
QLSI pour mesurer la distorsion du front d’onde d’un faisceau lumineux traversant
des micro-cavités gravées sur une lamelle de verre contenant le liquide en question
(Figure B.7(b)) et suivre sa variation sur une large gamme de températures. Par rapport
à une implémentation précédente rapportée dans la littérature, nous avons amélioré
l’approche en implémentant une platine de chauffage rapide pour microscope, en
chauffant à des températures beaucoup plus élevées et en optimisant l’algorithme.
La figure B.7(c) compare nos résultats avec la littérature [1] et la théorie [97] pour
l’indice de réfraction de l’eau. J’ai également démontré que cette technique permet
de mesurer la dépendance de l’indice de réfraction à la concentration, comme dn/dC .
La figure B.7(d) montre dn/dC de la solution de D-Gluocose sur une large gamme de
température.

B.7. Thermophorèse du glucose étudiée par
microscopie QLSI sans marquage

L’étude de la thermophorèse des biomolécules a été réalisée à l’aide de techniques
basées sur la fluorescence dans la communauté [27, 28], et pendant ma thèse (section
B.5). Outre les artefacts possibles dus aux mesures erronées de la température par
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Figure B.5.: Image de température pour la puissance la plus faible (a) Plaser= 5,22 mW,
(b) 8,25 mW, et (c) 11,7 mW, traitée à partir des images QLSI. (d-f) Images de
concentration correspondantes à différentes puissances laser. (g-f) Profils de
concentration et de température unidimensionnels correspondants à différentes
puissances laser.
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les sondes fluorescentes et aux effets de photoblanchiment, il n’est pas toujours
possible de marquer les molécules avec des marqueurs fluorescents. En outre, les
mesures de thermophorèse à haute température peuvent ne pas être possibles en
raison du thermoblanchiment des fluorophores. C’est pourquoi nous présentons
une approche complète sans marqueur pour quantifier la thermophorèse, où nous
remplaçons les mesures de fluorescence pour cartographier la concentration par des
mesures QLSI. Comme le gradient de température, le gradient de concentration peut
également provoquer une variation de l’indice de réfraction dans le liquide, qui peut
être cartographiée à l’aide de la technique QLSI. Ici, les images QLSI contiennent des
informations superposées des gradients de température et de concentration et nous
pouvons les isoler car ces champs se produisent sur des échelles de temps différentes
(Figure B.8(a)). Les OPD dues aux gradients de température et de concentration sont
représentées sur les figures B.8(b) et (c) respectivement. L’image de température est
récupérée en utilisant la technique TIQSI mentionnée dans la section B.3. L’image
de concentration est calculée à partir de l’image OPD correspondante en utilisant
les valeurs dn/dC obtenues dans la section B.6 et elle est affichée pour 10% w/w de
glucose dans la figure B.8(e). Ce travail est toujours en cours et d’autres études sur les
biomolécules, par exemple les acides aminés, les peptides, etc. sont nécessaires pour
conclure sur l’efficacité a de cette méthode.

Figure B.8.: (a) Différentes échelles de temps des gradients de température et de
concentration pour 10% w/w de glucose. (b) Image OPD due au gradient de
température et (c) gradient de concentration isolé de (a). (d) Carte de température
et (e) carte de concentration calculée à l’aide de la technique sans marquage.

B.8. Conclusion et perspectives d’avenir
Ma thèse vise à établir le QLSI comme une technique idéale pour la quantification du
phénomène photothermique appelé thermophorèse à micro-échelle et la caractérisa-
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tion des liquides. Le potentiel futur peut être dans le domaine de la thermophorèse
des protéines dès que nous aurons amélioré la technique de métrologie sans étiquette.
Nous pouvons utiliser la thermophorèse à la micro-échelle et les mesures QLSI pour
étudier les changements infimes de la conformation des protéines en fonction de
la température, avant leur dépliage. Les premières étapes du dépliage des protéines
impliquent généralement des changements infimes dans la structure de la protéine,
comme une augmentation de la fraction de molécules d’eau, difficilement mesurable
à l’aide des techniques conventionnelles. La technique sans marquage peut être util-
isée lorsque le marquage n’est pas possible, ou pour des études sur la dépendance à la
température, ou pour des études à haute température.
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