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Résumé en francais

Cette these s’inscrit dans les domaines de la microfluidique et de la bio-nanotechnologie.
Elle vise le développement de méthodes pour extraire des informations sur 'état
chimique et biologique d’un échantillon donné. Elle concerne I'étude du comportement
de nanoparticules métalliques individuelles soumises a des champs électriques, a I’échelle
microscopique, caractérisées par spectroscopie optique. L’objectif ultime serait de
construire un systeme permettant la détection de tres faibles quantités de biomarqueurs
en solution dans un systéme microfluidique.

La science et les avancées technologiques ont permis de faconner et d’étudier des
matériaux a 1’échelle nanométrique. A cette échelle de nouvelles propriétés électriques, 1]
optiques|2] et catalytiques[3] apparaissent en comparaison aux matériaux bruts. Les
techniques de synthese et de caractérisation de nanoparticules améliorent les connais-
sances et ouvrent la voie vers des applications dans des domaines divers comme la
médecine (produits de contraste, ciblage de cellules cancereuse),[4] les systemes nano-
électromécanique, [5] ou bien encore les technologies de commmunication (nanoparticules
pour écran OLED).[6]

Les nanoparticules individuelles peuvent étre utilisées comme des briques de base
pour la construction de structures plus grandes et complexes possédant des propriétés
spécifiques. Les possibilités sont quasi infinies suivant I’organisation des particules
en deux ou trois dimensions, ouvrant la porte a de multiples applications. Pour cela,

il est important de contrdler la manipulation de la particule unique afin de créer et



manipuler & son tour un ensemble consistant de plusieurs particules. Les approches

pour arriver a cet objectif peuvent étre classifiées en deux catégories.

La premiere catégorie concerne la manipulation "active' de nanoparticules individu-
elles, utilisant des champs de force externes comme par exemple le piegeage optique,[7]
magnetique,[8] ou électrique. En particulier, les champs électriques permettent des
manipulations tres diversifiées dépendantes du champ appliqué. Des champs électriques
continus (appliqués a des particules chargées) ou des champs alternatifs (appliqués &
des particules neutres) conduisent a différents phénomenes. Cela permet la création de
force d’électrophorese et de diélectrophorese utiles a la manipulation des nanoparticules.
La diélectrophorese génére le mouvement des nanoparticules polarisable par I'utilisation
d’un gardient de champ électrique. Pour illustrer cela, il peut étre cité les travaux
permettant de déposer des particules en couches atteignant une épaisseur du diametre
de la particule unique par nanoxerography.[9] Mais aussi, la création de nanofils formés
par des particules,[10] ou des dépdts multi-couches complexes.[11] Ou bien encore, de la
rotation controlée de nanoparticules en milieu liquide.[12] Ces effets ne sont présents que

si le champ externe est actifs: ces effets peuvent donc étre considérés comme réversibles.

La deuxieme catégorie d’organisation de nanoparticules est de former des assem-
blages complexes de nanoparticules controlés par auto-assemblage.[13, 14] La reconnais-
sance biomoléculaire est un outil puissant pour I'auto-assemblage et permet de former
des assemblages stables. Certaines particules possédent la particularité d’étre fonction-
nalisées en surface par des molécules biologiques. Cela permet leur auto-assemblage
par reconnaissance biomoléculaire. Dans ce cas, le défi est de construire des structures
bien définies ayant des propriétés supplémentaires comparées a la particule unique.

Ceci nécessite de bien caractériser les objets formés en solution avec des techniques
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simples.

Dans ce cas la spectroscopie couplée a la microfluidique pourra s’avérer tres utile
pour étudier les nanoparticules d’or en solution dans la fenétre optique de 'UV-visible-

NIR.[15]

Cette these est orientée vers ’analyse et la détection par microscopie optique et
spectroscopie de nanoparticules en systéme microfluidique sous I'influence du champ
électrique. Un systéme electromicrofluidique est adapté a un microscope inversé.
Deux techniques de suivi de particules ont été développées, la videomicroscopie par
champ sombre et la spectroscopie d’extinction. Le suivi du piegeage de particules d’or

est alors réalisé pour des tailles inférieures a 200 nm dans un champ électrique alternatif.

L’état de ’art sur les principaux points utilisés dans ce travail est décrit dans le chapitre
2. La littérature sur les micro- et nano systémes est extrément riche. J’ai choisi de
me limiter aux points essentiels, et de viser notamment les travaux menés sur les

nanoparticules d’or.

Le chapitre 3 introduit la caractérisation de nanoparticules d’or de formes variées
par spectroscopie optique.[2, 15, 16] La spectroscopie optique (extinction et diffusion
de lumiere) a d’abord servi a étudier la stabilité des suspensions colloidales dans dif-
férentes solutions tampon. Additionnellement, la spectroscopie par photoluminescence
a été utilisé pour étudier 'interaction biotine-streptavidine-terbium a la surface de
nanoparticules d’or. Il en a été deduit que les biomolécules a la surface interagissent

entre elles mais cette intéraction ne conduit pas a la création d’assemblages complexes
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avec plusieurs nanoparticules d’or.

Le chapitre 4 décrit la création et la reproductibilité de fabrication d’un systeme
électro-microfluidique installé sur un microscope optique inversé. Le systeme permet
la mesure d’analytes en solution via différentes voies d’illumination (champ sombre
ou champ clair) et différents moyens de détection (videomicroscopie, spectroscopie).
Ce systeme est de permet I'application d’un champ électrique alternatif non uniforme
dans un canal microfluidique pour étudier la force diélectrophorétique appliquée a des

nanoparticules en solution aqueuse.

Le chapitre 5 décrit I'utilisation du systeme électro microfluidique pour 'analyse
de la diélectrophorese de nanoparticules par videomicroscopie en champ sombre. La
réponse diélectrophorétique des nanoparticules d’or soumises a un champ électrique non
uniforme est analysée. Ces particules sont piégées au niveau des électrodes lorsqu’un
champ électrique est appliquées. Le systeme a été préalablement validé par 1’étude des
réponses en fonction des fréquences du champ appliqué des nanoparticules de latex.
Celles-ci bien connues dans la littérature.[17] Une simulation décrivant le mouvement
Brownian et la capture par diélectrophorese a été développé pour étre comparée aux
données expérimentales pour des particules de taille comprise entre 80 nm et 150 nm.
Cependant, cette méthode est limitée a des particules ayant des sections efficaces de

diffusion assez importantes pour pouvoir étre détectées.

Le chapitre 6 une autre méthode combinant la diélectrophorese et la spectroscopie
d’extinction optique dans un microcanal. Grace a cette méthode nous pouvons analyser
la diélectrophorese de particules d’or de plus petites tailles (jusqu’a 40 nm). Cette

technique a été comparée et valide le résultat du chapitre 5. Une solution contenant
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un mélange de particules d’or de 40 nm et de 80 nm a aussi été étudiée. Cela a
permis de démontrer qu’il est possible via cette méthode de différencier deux entités
mélangées dans une solution grace a la modulation en concentration des deux entités

par diélectrophorese.

Les principaux résultats de ce travail donnent des informations sur le comportement
de nanoparticules d’or sous I'influence de forces diélectrophorétiques.

Dans un premier temps, une étude spectroscopique de la stabilité de nanoparticules
d’or fonctionnalisées en surface par des molécules de biotine dans différentes solutions
tampon a été menée. Cela dans le but d’étudier I'intéraction de ces particules avec
des molécules de streptavidine liées a des atomes de terbium. Cela dans le but de
déterminer ou non de leur auto-assemblage par intéractions inter-moléculaire. Il a été
constaté uniquement un greffage en surface des streptavidines sur les nanoparticules
d’or.

Suite a cela la fabrication d'un systeme permettant 'application de champs élec-
triques en microcanal a été réalisée, démontrant une bonne reproductibilité notamment
les étapes de microfabrication.

La videomicroscopie par champ sombre a été ensuite utilisée pour mettre en évidence
la linéraité de la susceptibilité diélectrophorétique des nanoparticules d’or (> 80nm)
en fonction de leur diametre.

Enfin la spectroscopie en microcanal a permis d’étudier cette méme susceptibilité
pour des particules inférieures a 80 nm de diametre. L’utilisation de cette technique
pour permettre la décomposition de solutions complexes grace a la diélectrophorese a

été aussi démontrée.
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Chapter 1

Introduction

Progress in science and technology has provided the tools to shape and to study
materials at the nanometric scale. At this level, new electrical,[1] catalytic[3] and
optical[2] properties are discovered compared to bulk materials. The synthesis and
characterisation of nanoparticles makes it possible to enrich the knowledge and po-
tential applications in a myriad of specialised fields, including medicine (contrast
agents, targeting of cancerous cells)[4] nano-electromechanical systems (NEMS),[5] and
communication technologies (nanoparticles for OLED screens).[6]

Recently, a new system called "programmable atom equivalent" has been proposed.
Within this system, nanoparticles are considered to be like atoms and can be organised
in a periodic table according to composition, shape and dimensions.[18] These objects
can be used as building blocks to assimilate into larger structures which exhibit unique
properties. Due to the quasi-infinite possibilities for organisation in either two or three

dimensions, there are many possibilities for applications.[19-21]

The controlled manipulation of single particles for creating increasingly complex

entities is still a challenge. Methods for achieving this goal can be divided into two
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different approaches.

The first approach is the "active" manipulation of individual nanoparticles using
external fields such as optical trapping|7], a magnetic field or[8] electric fields.[22, 23]
Particular electric fields offer varying possibilities depending on their types. Continuous
electric fields (applied to charged particles) or alternating electric fields (applied
to neutral particles) have different effects on nanoparticles properties. This allows
the creation of electrophoresis and dielectrophoresis forces which are useful for the
manipulation of small nanoparticle assemblies. An example of this is the precise
deposition of a single layer of particles.[9] It is also possible to create nano-electronic
structures ("nanowires"),[10] or complex multi-layered deposits,[11] as well as the
monitored rotation of nanoparticles in solution.[12] With this first approach, external
perturbations are applied with time limits. This is a key element on the resultant
product realised. Furthermore, these changes can be reversible, depending on the
external forces. Here, the challenge is to understand the physical phenomena underlying
these forces.

The second route, using self-assembly, allows more complex assemblies of several
nanoparticles to be created in a controlled and designed manner. Bio-molecular recog-
nition is an example of self-assembly and is a useful tool which ensures the stability of
assemblies. Some particles have the advantage of being easily functionalised on their
surface by biological molecules (e.g. streptavidin, biotin or DNA). This allows their
self-assembly by bio-molecular recognition.[13, 14] Another potential application which
has been developed by active manipulation of nanoparticles includes the fluorescence
quenching of a fluorophore link to the surface of gold particles.[24] Other methods
are based on the use of the bulk materials properties, for example, magnetic hydrogel

particles for the observation and manipulation of micro-assemblies.[25] With these
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methods, assemblies are mostly non reversible. In this case, the challenge is to build
well defined structures showing extra properties compared to single objects. Allowing

the discrimination of entities in solution with simple technical characterisations.

Understanding and manipulating these assembly mechanisms may give rise to new
applications. To do this, the development of specific systems and analytical methods to
measure physical and chemical properties are required. Parallel to particle manipulation
and synthesis of particle assemblies, detection and characterisation techniques should
be developed. Spectroscopic measurements are very useful for the characterisation of
gold nanoparticles. Solutions containing assemblies can be characterised using their

optical properties in the UV-visible-NIR region of the electromagnetic spectra.[15]

This thesis is in the domains of microfluidics and bio-nanotechnology. The aim is
to develop methods for extracting information on the chemical and biological state
of microfluidic samples (e.g. the presence of biomarkers) by analysing the behaviour
of individual metallic nanoparticles injected into the sample. These particles are

characterised by their optical signal and their response to the microscale electric field.

This thesis can be split in three different parts of study. The first part is the
interaction of gold nanoparticles with biomolecules and the second is the assembly
of particles using bio-recognition. Both parts give information on colloidal stability
and on bio-interactions. The third (and largest part) part is the study of samples
in a microfluidic channel using an electric field to manipulate particles. This part
gives information on the susceptibility of metallic nanoparticles to be controlled by an
electric field. This part develops a specific analysis method, using spectroscopy in a

microfluidic system and videomicroscopy using dark field illumination. The ultimate
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goal is to develop a microfluidic system coupled with micro-electrodes, in which analytes
can be detected in minimal quantities of sample bio-assay using gold nanoparticles

functionalised with biomolecules may be realised in this manner. (see Figure 1.1)

electrode

fluid
channel

bioassembly electrode
modulates
optical response assemblies captured
by E-field

Figure. 1.1 Example of potential biosensing scheme that may be realised using
knowledge developed in this thesis.

This chapter is followed by six additional chapters.

Chapter 2 describes the scientific background and main principles used for this
work.

Chapter 3 introduces the characterisation of different shapes of gold nanoparticles
using spectroscopic techniques such as extinction, light scattering and photolumines-
cence. Furthermore, these techniques were employed to study the biotin-streptavidin
biomolecules interaction on the surface of gold nanoparticles.

Chapter 4 describes an electromicrofluidic system installed on an inverted optical
microscope. The main goal of this system was to explore the dielectrophoretic forces
for nanoparticles.

Chapter 5 investigates the use of the set-up described in Chapter 4 to analyse
the response of gold nanoparticles subjected to dielectrophoretic forces. This system

was first validated using spherical latex particles whose DEP response is known. A
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physical model describing Brownian motion and DEP was developed to analyse the
experimental data for dielectrophoresis on sub-200 nm particles.

Chapter 6 introduces the combination of dielectrophoresis and optical spectro-
scopic analysis of particles in a microfluidic channel. This leads to a new powerful
analytic method for analysis of more complex systems containing several sizes of gold
nanoparticles.

A summary of the results obtained in this thesis and suggestions for future work

are described in Chapter 7.







Chapter 2

Nanoparticles and microfluidics

This chapter summarises the current applications of nanoparticles in microfluidic
systems, particularly potential ways to manipulate and organise these small particles
with high precision. First we will revisit nanoparticles, and the specific properties
and potential applications they offer compared to bulk materials. One purpose of this
thesis is to understand the behaviour of nanoparticles in liquid medium, in order to
find a way to capture them and to measure their optical properties at the same time.
This yields analytical information on the structure of nanoparticles, their state and
their liquid environment. It also provides opportunities to use these nanoparticles as
"colloidal sensors" which can recognise and quantify analytes in small liquid samples.

This may have application in in vitro medical diagnostics.

2.1 Micro- and nanoparticles

Particles with sizes in the 10 nm ... 10 um range have been produced and can be
created at will by chemical or physical processes. Their sizes are comparable to the
sizes of biomolecular entities such as proteins and viruses. (see Figure 2.2) They show

particular optical,[26] electrical,[27] and catalytic properties.[28-30] On one hand, they
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offer opportunities for the development of materials for applications. On the other
hand, micro- and nano particles might (in certain cases) constitute a serious danger for
human health and the natural environment, as illustrated by the unfortunately famous
example of plastic degradation to small particles (microplastics and nanoplastics)

dispersed in the oceans and seas.[31]

#
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Figure. 2.1 Scale of nanoparticles compared to biological entities and objects of our
scale scope.

2.1.1 The structure of nanoparticles

The synthesis of small particles is now a mature field; many shapes and sizes are now
accessible.[32-36] In most cases, however, the particles are spherical. This is explained
by physical explanations: the spherical shape minimises the surface energy. Synthetic
approaches can be divided into two categories "bottom-up' (from atoms and seeds to
the particle) or "top-down" (from the bulk material to the particle).

There is a large variety of synthetic methods as a function of the particle type. For
instance, polystyrene nanoparticles are synthesised by emulsion polymerisation,[37]
emulsifier free polymerisation,[38] and dispersion polymerization.|[39]

Chemical precipitation methods are used to synthesise particles such as cadmium

sulfide (CdS) in aqueous solution.[40]
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Redox reactions are used to synthesise particles such as gold nanoparticles. The
most famous examples are the Brust-Schiffrin,[41] the adapted Turkevich method,[42]
and the seeded growth method.[43]

This illustrates that there is a large variety of different nanoparticles and synthesis
methods as a function of the composition, size and shape of particles.[44] (see Figure

2.2)

Shape

Figure. 2.2 Schemes of particles organised as bulk materials, size and shape.

The system in the Figure 2.2 describes classification particles for cores composed of
one material. It is possible to make more elaborate particles, named "core-shell" particles.
These are a class of particles which contain a core and a shell. The core particles
are synthesised first and the shell is then formed on the core particle via different
methods, depending on the type of core and shell materials and their morphologies. [45]
Core—shell particles are usually synthesized by a two-step or multi-step process.

The core and the shell can be different materials or the same materials with different
structures. Figure 2.3 resumes the schematic representation of core shell particles

structures. The core may be a single sphere (Figure 2.3 a)) or an aggregate of several
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small spheres (Figure 2.3 b)). The shell structure can be a continuous single atomic
layer or can contain multiple shells. (Figure 2.3 ¢))[46-48] It can also be an attachment
of smaller spheres onto a big core sphere. (Figure 2.3 d))[49] Both the core and the
shell can be non-porous solid or have desirable porous structures. The size of the core
particle, the shell thickness and the porosity in the shell are tuned to suit different

types of chromatographic applications.[50]

a)Ib)IC)ld) II
Figure. 2.3 Schematic representation of different types of core—shell particles. The
core and the shell are illustrated in different colours.

These complex structures display phenomena such as photonic up-conversion,[51]
or can be biodegradable and have the possibility to deliver medically active molecules

inside the human body.[52]

Particles have high volume/surface ratio showing an interesting feature. They
present, the possibility of being coated with molecules following different interactions
(covalent, ionic, Van der Waals). The surface of gold nanoparticles in water is considered
to be of negative charge due to the charges of AuCl; ions. Similarly, citrates can
contribute to a negative surface charge when synthesised using, other methodologies.[53]
The surfaces of gold nanoparticles can be coated with different types of ligands such as
amines, carboxylic acids, phosphines or thiols. Specific exchange mechanisms give the
possibility to replace ligands at the surface of particles without deterioration of the
sample. The structure of the molecular coating of nanoparticles can be schematised as

in Figure 2.4.

10
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Gold nanoparticle
Figure. 2.4 Schematic of a gold nanoparticle and its molecular coating on the surface,

in this case lipoic acid molecules.

Thiol ligands are often used in combination with gold nanoparticles because of the

affinity of the thiol group to gold, offering a good stability of particles in solution.[54-56]

2.1.2 Classification of nanoparticles according to the electri-

cal properties of their core material

Nanoparticles can be organised as a function of the electrical properties of their core
materials. they are organised in three categories: insulating particles, semi-conducting
particles and conducting particles. Figure 2.5 illustrates the band structures of these

different types of materials.

11
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Energy of electrons
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[ I G e
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Figure. 2.5 Schemes of the valence band (Ej) and the conduction band for an insulator,
semi-conductor and conductor. The Fermi level (Er) is represented with a dotted line,
this last is highly dependent on the temperature. Eg is the band gap energy between
the valence band and the conduction band.

Insulating materials have a low dielectric permittivity and conductivity: they do
not display electronic transition in the optical spectrum, and are not intrinsically pho-
toluminescent. Examples of insulator nanoparticles are polystyrene latex spheres,[57]
PMMA nanospheres,[58] and inorganic materials such as silica (Si02).[59] These par-
ticles may be made luminescent by doping them with luminescent centres,[60] or by
adding fluorescent dyes.[61]

Semi-conducting materials are based on crystalline insulating materials (such as sili-
con), to which impurities are added in a controlled manner ("doping"). Semiconductors
doped with donor impurities (excess in electrons) are called n-type, while those doped
with acceptor impurities (deficit in electrons) are known as p-type. Often used, semi-
conducting nanoparticles (also called "quantum dots") can have varied compositions
and properties.[62] Semi-conducting particles, are most famous for their photolumines-
cence. An example of these are quantum dots of CdSe that show a variability of the
electronic band gap (E¢g) as a function of the particle size. By decreasing the size of

the particle, the band gap increases, which induces a blue-shift in the photoluminescent

12
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spectra.[63] These particles can be detected at very low concentration in liquid.[64]
Other types of semiconductor particles (e.g. TiOs or ZnO) is solar-to-chemical energy

conversion.[65-67]

Conducting materials have high dielectric permittivities and conductivities. Con-
ductor nanoparticles and more precisely metallic nanoparticles show interesting optical
properties, due to specific resonance in their interaction with an electromagnetic wave.

The work in this thesis mainly focuses on nanoparticles with a golden core. We

will discuss the electromagnetic properties below.

2.1.3 Interactions with light

In the case of metallic nanoparticles (e.g. gold), the conduction electrons oscillate
due to the interaction with an electromagnetic field (light). At a specific frequency,
this resonance is called the plasmon resonance. This gives rise to optical effects: light

scattering and light absorption. (see Figure 2.6)

incoming ==Y vy transmitted light
light % (extinction)

/\ dissipation
of absorbed energy
(photothermal effect)

scattered light
(scattering)

Figure. 2.6 Scheme of a metallic particle illuminating with white light showing the
energy transfer as excitation and scattering light.

Applying energy conservation with respect to the incoming light, extinction is

given as the sum of the light absorption and the light scattering. Extinction and

13
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scattering spectra of gold nanoparticles are characterised by one or multiple bands in
the UV-visible-NIR window. Various optical and spectroscopic measurements can be

done to characterise the physical properties of nanoparticle:

o UV-Vis extinction spectroscopy to measure the extinction cross section as a

function of the wavelength;

o dynamic light scattering (DLS)[68, 69] to measure the size dispersity of the

colloidal suspension;

o resonant light scattering (RLS)[2, 70] spectroscopy to measure the light scattering

cross section as a function of the wavelength.

2.2 Colloidal dispersions

Many nanoparticles can be readily dispersed in a liquid solution, as exemplified by

dispersions of gold nanoparticles in a liquid. (see Figure 2.7)

AuNPs size /

>

Figure. 2.7 Photo of gold nanospheres with different diameters in solution

Having a liquid environment for nanoparticles is common and practical. Particles
are often synthesised directly in a liquid medium. This permits stocking of particles

for a long time while avoiding aggregation into bigger clusters.

14
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2.2.1 Electric double layer

In general, a surface immersed in an aqueous solution carries a net electrical charge
which comes about either through dissociation of the chemical groups on the surface
or by adsorption of ions or molecules from the solution onto the surface. This also
holds for the surface of nanoparticles. As an example, gold nanospheres are negatively
charged by the presence of negative ions on their surface.[71] The negative or positive
charges create an electrostatic potential ®4 surface. When a particle or an electrode
is immersed in an electrolyte, the surface charge is balanced by an equal amount of
opposite charges in the solution near the surface. The net result is that the counter
charge from the solution effectively screens the surface charge so that for a macroscopic
observer the particle and its surrounding solution is electroneutral.

The surface electrostatic potential leads to the attraction of ions of opposite charge
(counterions) from the solution and repulsion of ions with the same charge (co-ions).
Very close to the surface, the counter ions are firmly bound. This very thin layer near
the surface is generally referred to as the Stern layer.[72] Further away from the surface
there is still a higher density of counterions and a lower density of co-ions than the
bulk. This layer is called the diffuse layer. The combination of the Stern layer and
the diffusive layer is called the electric double layer. The electric double layer is the
generally accepted model of the (counter) ion cloud near a charges surface in aqueous

solution.

15
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Figure. 2.8 Double electronic layer representation of a gold nanoparticle in solution

The characteristic thickness of the electric double layer is the Debye length. It is

reciprocally proportional to the square root of the ionic strength.

eRT 1
=/ ith [ == 2 2.1
AD 5F2] wit 5 zi:czzZ ( )

€ = go&, is the dielectric permittivity of water, e is the dielectric permittivity of

free space, and ¢, is the relative permittivity or dielectric constant of water (78.3 at
ambient temperature). F is Faraday’s constant, R is the ideal gas constant. I the
ionic strength, z; is the valence of dissolved ions i, and ¢; is the bulk aqueous molar
concentration of those ions. In aqueous solutions it is typically on the scale of a few
nanometers and the thickness decreases with increasing concentration of electrolyte.[73]

Electrical double layer discussions are now well described and detailed.[74-76]
The double layer plays a fundamental role in defining the electrokinetic behaviour of

sub-micrometre particles, and also in the colloidal stability.

16
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2.2.2 DLVO model

In solution, interactions between particles can be described theoretically by the Der-
jaguin—-Landau—Verwey—Overbeek model (DLVO).[53, 73, 76-79] This theory is em-
ployed to understand the colloidal stability. A plot of potential energy vs interparticle
distance is shown in the Figure 2.9 a). It shows that the energy is minimal for zero in-
terparticle distance: thermodynamically, nanoparticles in liquids should be aggregated.
This is however prevented from happening by an energy barrier which separates the
dispersed and aggregates states of the colloidal solution. Depending on the height of the
barrier (compared to thermal energy kT'), colloidal dispersions are stable, or aggregate
at a certain rate. The barrier depends on the ionic strength (i.e. the concentration
of added salts, or the salinity) of the solution, see Figure 2.9 c) the diameter of the

particles, and the concentration of particles.
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Figure. 2.9 a) Interaction energy of a system composed of two charged particles in
water as a function of the distance between both using the DLVO theory. b) Energy
minima and energetic barrier. ¢) Effect of the ionic strength on the potential curves
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The chemical composition of the aqueous medium in which particles are suspended
is important with respect to the application specifications. In the present thesis,
particles are required to be stable in biological mediums and in aqueous solutions.
Biological media are characterised by a high ionic strength (salinity) and the presence of
a variety of biochemical compounds. To avoid this complexity we choose to work with
nanoparticles dispersed in aqueous solutions of controlled salinity, pH and composition.
Additionally the surface of the nanoparticles may be coated with different kinds of
(bio)functional molecules (bovin serum albumin, streptavidin) for analytical detection

schemes.[80]

2.2.3 Brownian motion

Particles suspended in solution are subjected to a random force. These forces are
the result of collisions with the molecules composing the liquid, and particles move

incessantly as a result of their thermal energy.

\L\ /*\/
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Figure. 2.10 Gravity tends to direct dense particles to the bottom, whereas the
random Brownian forces tend to disperse the particles throughout the entire volume

Robert Brown first observed this random motion in 1827, studying the movement
of pollen in liquid. Einstein published the theory describing Brownian motion in 1905,

giving the distribution in probability of finding a single particle at any point after a

18
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given time. The theory assumes that the impacts of the molecules are statistically
independent and extremely frequent, and also that the molecules are much smaller
than the particle, allowing the fluid to be treated as a continuous medium. Brownian
motion is a stochastic process, 7.e. the random movement of the particle does not
depend on its past. Assuming that the particle starts from a position zy at time t = 0
s, and at some time ¢ later it has moved to position z;. Then, if the displacement of
the particle is averaged over a large number of steps, the average displacement is zero,

i.e. < xy —xg >= 0. However, the root mean square of the displacement, A, is not.

This is

NI

A= <|xt — :c0]2> (2.2)

Einstein gave the value of A as v2Dt per degree of freedom, so that the RMS
displacement is v/6 Dt for movement in three dimensions. Here, D is given the diffusion
coefficient for the particle, by:

RT

D= (2.3)

R is the universal gas constant, N4 the Avogadro number and f is the friction

factor defined for a spherical particle with a radius a as

f =6mna (2.4)

7 is the viscosity of the solution. The viscosity of a fluid is a measure of its resistance
to deformation at a given rate. Perrin (1909) carried out a detailed analysis of particle
trajectories and confirmed the predictions made by Einstein. Moreover, Perrin used

his observations to determine Avogadro’s number N,. (see Figure 2.11)
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Figure. 2.11 Displacement of three particles: using a camera lucida Perrin marked
the successive positions of each particle at regular intervals of time.[81]

2.3 Manipulation of gold particles at microscale

For small particles (smaller than 200 nm), Brownian motion can dominate particle
dynamics. The manipulation of sub-micron particles requires a force sufficient to
overcome the Brownian motion. Trapping can be realised by two distinctive types of
strategies. On one hand, particles can be trapped by applying external perturbations.
These have the advantage of being reversible and of being controllable in time. On the
other hand, it is possible to capture particles using functionalised or modified surfaces,
to which the particles adhere. These methods are generally irreversible. Here, three of

the main strategies for exclusively trapping gold nanoparticles were described.

2.3.1 Surface trap

By using a specific coating on the surface,[82] particles can be made to adhere to the

surface. The layers deposited have a thickness going from one particle to several particles.
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One method for trapping particles at a surface is nanoxerography. Nanoxerography is
developed using an AFM tip to inject electric charges into an electret (e.g. PMMA).
The sample is then submerged into a colloidal suspension. Particles stick to the
surface where charges have been printed. This method offers the possibility to trap
particles with a very high spatial precision.[9, 83] Another method is layer-by-layer
deposition.[84] Methods with multiple steps of layer deposition are used with a coating

of the surface with dendrimers.[85]

2.3.2 Optical trap

The optical trap (also named optical tweezers) offers another method to manipulate
nanoparticles on the microscale. Optical traps[86] require a high power laser beam
focussed by a microscope objective with a high numerical aperture. Optical tweezers
typically use infrared lasers with wavelengths significantly longer than the resonance
wavelength of gold nanoparticles. Particles are trapped towards the region with the
higher electromagnetic field gradient of the focused laser beam. In fact, the high
electromagnetic gradient is localised at the centre of the focus. Trapping of gold
particles (diameter d ~ wavelength \) with diameters of 0.5 - 3 um was restricted
to two-dimensions, [87] because of the high extinction of the particles. Later, three-
dimensional (3D) trapping of 36.2 nm gold nanoparticles was first reported by Svoboda
and Block.[88, 89] Subsequently, the trapping range of the AuNPs was expanded to

span 18 to 254 nm by Hansen and al.[89]

2.3.3 Electric trap

By applying an electric field using microelectrodes, it is also possible to manipulate
nanoparticles. Most commonly used electrokinetic phenomena to manipulate gold

nanospheres are dielectrophoresis and electrophoresis.
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Electrophoresis is often used for the purification of DNA.[90] Also, electrophoresis
is used to purify nanoparticle samples,[91] or to determine the global charge at the
surface of particles.[92] In particular, in the domain of particles coated with DNA|
electrophoresis is very useful to verify the conjugation between particles and DNA.[93]

Dielectrophoretic traps are used to manipulate small amounts of particles. For
example, gold nanospheres can be organised as nanowires between two electrodes using

dielectrophoresis.[94] Dielectrophoresis will be described in more detail in section 2.4.3.

2.3.4 Advantages and drawbacks

The drawbacks and advantages for the three methods of trapping particle are sum-

marised in Table 2.1.

Surface Trap Optical trap Electric trap
Fast implementation yes yes yes
Trap (reversible/irreversible) | irreversible reversible reversible
Force (orientation) attractive attractive attractive or repulsive
Number of particle trapped high low medium
Adaptable to microfluidics yes yes yes
Size area of capture high (cm?) | small (0.1 pm?) |  medium (10 gm?)

Table 2.1 Drawbacks and advantages on key issues of trap techniques.

Now I will focus on trapping using electric fields and more precisely on the dielec-

trophoretic capture of gold nanoparticles.

2.4 Electrokinetic effects on colloidal dispersions

When an electric field is applied to a colloidal dispersion several electrokinetic effects may

appear depending on the frequency and strength of the field.[95, 96] Electrokinetic effects
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are divided into forces acting directly on particles (electrophoresis, dielectrophoresis) and
into forces which include the motion of the fluid medium (electrohydrodynamics, EHD).
EHD takes place easily in confined environments such as a microfluidic channel. The
electrohydrodynamic phenomena electro-osmosis and electrothermal effect are detailed

in the following section before introducing electrophoresis and dielectrophoresis.[97-100]

2.4.1 Electro-osmosis

Electro-osmosis can be obtained using DC potential (DCEO) or AC potential (ACEO).[17,
101-104] Both DCEO and ACEO are based on the migration of ions within the electric
double layer of ions at the interface of an electrolyte and a solid. The layer of charges
will migrate under the influence of electric fields tangential to the interface. Because of
fluid viscosity, the moving ions carry along their surrounding fluids, leading to overall

fluid motion.
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Figure. 2.12 The basic mechanism of AC electro-osmosis: electric field and charge
distribution (top) corresponding electro-osmotic flow (bottom) in response to a suddenly
applied voltage across an electrode pair. (a) polarisation of the electrodes giving rise
to an electric field. Ions can start moving to this field. (b) Capacitive double-layer
charging leads to the motion of ions and can come out of an electro-osmotic flow; the
result is EO flow directed away from the electrode gap. (c) After the charging time
passes, the electrodes are fully screened, leaving no electric field and thus no flow.
An AC voltage can drive a steady time-averaged flow, similar to (b), if its period is
comparable to the charging time.

Figure 2.12 shows an AC electro-osmotic (ACEO) flow, directed outward from the
interelectrode gap. The flow is independent of the sign of the applied voltage. If the
polarity were reversed, then the field and induced charges would both change sign,
resulting in the same EO flow. Under AC forcing, the flow becomes strong when the
oscillation period is comparable to the charging time. (see Figure 2.12 (b)) ACEO
flow decays at higher frequencies, since there is not enough time for charge relaxation.
(see Figure 2.12 (a)) It also decays at lower frequencies, since there is enough time
to completely screen the bulk electric field. (see Figure 2.12 (c¢)) The velocity of the
fluid is directly proportional to the electric field strength, and the charge density of

the surface. The interelectrode gap also has a role on the fluid velocity.[105] At high
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frequencies the potential across the double layer and the induced charge are both zero,
and again there is no AC electro-osmotic flow.[105]

Globally, at low frequencies (<100 kHz), the dominant fluid flow is AC electro-
osmosis. At higher frequencies the magnitude of the AC electro-osmotic flow decreases,

and the dominant effect becomes an electro-thermally induced fluid flow (ETE).

2.4.2 Electrothermal effect

ETE refers to fluid motion induced by temperature gradients in the fluid in the presence
of AC electric fields. Electrothermal motion (ETE) is created when the electric field
acts on gradients in permittivity and conductivity produced by non-uniform heating of
the fluid. When an electric field E is applied over a fluid with electrical conductivity

o, Joule heating of the fluid takes place. The heating of the sample is described by:

pCpZ =k, V°T + o|E|? (2.5)

T is temperature, |E| is the magnitude of the electric field, &, and o are the thermal
and electrical conductivities, p is the mass density, and C), is the specific heat (at
constant pressure) of the fluid. Motion of the fluid does not substantially affect the
distribution of the temperature, implying that the temperature and velocity problems
are decoupled. The electric field is also independent of the fluid velocity, so that the
electric field can be calculated independently.

For microsystems, convective heat transport is small compared to heat transfer by
diffusion.[17, 106] The temperature gradient due to Joule heating leads to a gradient
in the permittivity and conductivity. For aqueous solutions, we can estimate the
temperature dependence of the permittivity and conductivity.[107-109] The permittivity

and conductivity gradients in the applied electric field lead to the time averaged

electrostatic body force given by equation 2.6.[98, 110]
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where o, and ¢, are the electrical conductivity and permittivity of the medium. The

fluid flow is described by the time-averaged Stokes equation subject to the electrostatic

body force.[111] (see equation 2.7)

— VP4V (in(T)Vu) + Frrp =0 (2.7)

where 1, is the dynamic viscosity of the fluid, P the pressure, u its velocity. In
the approximation of small temperature gradients, the changes in fluid properties are
also assumed to be small.[112]

ETE is highly dependent on the topology of the electric field. In many cases,
with a relative low voltage at high frequency of the applied electric potential, no
or undetectable fluid motion is observable, showing the possibility to minimise this
effect.[113-115]

An outline of the frequency range in a microfluidic system is represented from
calculations with an interelectrode gap of 25 um and an applied potential of 1 Volt of

electric field-induced fluid flow.[105]

AC electroosmosis

Electrothermal

| T T T I | | >
10’ 10? 10° 10* 10° 10° 10’

Frequency (Hz)

Figure. 2.13 Frequency ranges in which the different types of electric field-induced
fluid flow are observed in AC electrokinetic microsystems. The magnitude of the
applied potential was 1 Volt and the separation of the two coplanar electrodes was
25 pm. AC electro-osmosis dominates in the lower frequency range (<100 kHz) and
electro-thermal fluid flow at higher frequencies.[105]
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2.4.3 Dielectrophoresis

As mentioned above, electrophoresis and dielectrophoresis are the main phenomena by
which an electric field induces forces directly on nanoparticles in a fluid. Electrophoresis
is applicable to particles with a non-zero net charge.

Dielectrophoresis takes place for particles with a zero net charge submitted to a
non-uniform electric field. Dielectrophoresis can be induced both by DC and AC electric
fields, as long as a non-uniform field is used. Particles submitted to an AC electric field
are subjected to a force and move due to the polarisation of the particles” material bulk
itself, but also to the polarisation of the electrical double layer. Electric polarisability
is the relative tendency of a charge distribution, like the electron cloud of an atom
or molecule, to be distorted by an external electric field. When the polarisability of
the particle is greater than the surrounding medium, there is more induced charge
just inside the particle than outside.[116] This means that there is a difference in the
charge density on either side of the particle, which gives rise to an effective or induced
dipole across the particle, aligned with the applied field. When the particle is less
polarisable than the surroundings, the net dipole points in the opposite direction. The
magnitude of the dipole moment depends on the amount of charge moved and the size

of the particle.
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Figure. 2.14 Schematic diagram of how different dielectric particles polarise if they
have a higher (left) or lower (right) polarisability than the suspending fluid medium.

If the polarisability is higher, more charges are produced on the inside of the
particle/fluid interface and there is a net dipole across the particle which is parallel
to the applied field. If the polarisability is lower, more charges are produced on the
outside of the interface and the net dipole points in the opposite direction. The case of
a non uniform electric field is studied by calculations done on COMSOL software. (see

Figure 2.15)
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Uniform electric field -

Particle less polarizable

Non uniform electric field -

3

Negative dielectrohoresis

Figure. 2.15 Numerically calculated (COMSOL) electric field lines for four different
cases, defined by a particle that is more polarisable (permittivity of the particle, €, =
5000 F m™!) or less polarisable (¢, = 5 F m™!) than the suspending medium (e, =
78.5 F m™!), in a uniform or a non-uniform DC electric field (U = 15 V). For the more
polarisable particle (a) and (c), the field lines are drawn to the surface of the particle,
and the field strength inside the particle is high. For the less polarisable particle (b)
and (d), the field lines are bent around the particle and the field strength inside the
particle is low. The arrows show the direction of the force and movement in each case.

The time-averaged DEP force experienced by a polarisable particle of arbitrary
size, shape and composition in a medium of different polarisability in a divergent AC

electric field is well known.[105] A general dielectrophoretic force is given by Equation
5.14.
< Fppp >= 4v Re[a] VIE|? (2.8)

In this expression, V), is the volume of the particle, and & is the effective complex

polarisability of the particle in the medium, of which the real part translates into the
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DEP force when acted upon by the gradient V|E|%. The effective complex polarisability

is frequency dependent.

Calculations have been reported which analyse the predominance of each elec-

trokinetic effect in a system with well-defined and relevant characteristic. (see Figure

2.16).[113]
DEP High o,
DEP Low o,
............ EHD ngh Om
NP | ||| |- EHD Low on 10V 1kHz
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Figure. 2.16 The magnitude of velocity for particles experiencing DEP and drag are
shown as a function of particle radius for four frequency and voltage settings (displayed
on each graph). The system is defined by Oh.J et al.[114] The force is averaged for all
x, 1 mm above the electrode surface. It must be stressed that only general relationships
can be determined from such analysis. Velocity caused by DEP was found by equating
drag force and DEP force and solving for velocity. The region in grey shows the area

where deterministic particle organisation by AC electrokinetics is overcome by thermal
motion.
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Figure 2.16 shows that at low conductivity (shown in grey), an increase in voltage
does not greatly change the point at which DEP force overcomes the EHD force. This
is because at this conductivity ACEO is the predominant EHD force and both DEP
and ACEO forces have the same relationship with amplitude of the applied signal
(proportional to V?). In fact, the relationship between DEP and ACEO can change
slightly since the fluid pattern caused by ACEQO is not perfectly constant with voltage.
At higher conductivities, however, the balance of forces can change since ETE, which

is proportional to V*, becomes more important to the hydrodynamic force.

2.5 Conclusion

[ first described nanoparticles in a broad sense, gradually focussing on gold nanoparticles
in aqueous solution, which are the heart of this thesis. The main optical properties
of the gold nanoparticles were explained. These results from the plasmon resonance
of these particles with an electromagnetic wave. Then, I focussed on the behaviours
of gold nanoparticles in liquids and described some of methods which can be used to
manipulate nanoparticles in microfluidic systems.

Contactless capture forces as electrokinetics offer the possibility to manipulate very
small particles. Micro-fabrication gives access to a very high electric field gradient,
adaptable to microfluidic systems. Applying an AC electric field with the right frequency
and amplitude as parameters, it is possible to avoid undesirable electrohydrodynamics

effects (ACEO and ETE). This gives the possibility to study "pure" dielectrophoresis.
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Chapter 3

Formulation and "bulk"
spectroscopic characterisation of
colloidal dispersions of gold

nanoparticles

In this chapter, spectroscopic characterisation of gold nanoparticles in colloidal dis-
persion will be described. Furthermore, systems in which NPs interact with biological
molecules were also characterised. This "macro" study in spectroscopic cuvettes is
the prelude to studies of gold nanoparticles in microfluidic systems. Light scatter-
ing spectroscopy and fluorescence spectroscopy were used. These two techniques are
complementary for the analysis of particles and their interactions in aqueous solution.
Light scattering spectroscopy will be mainly used to monitor the stability of particles
in solution as a function of the composition of the solvent. But it can also be used

to identify the clustering of particles into bigger entities. Fluorescence spectroscopy
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was used to analyse the interaction of nanoparticles and biomolecules describing the
photoluminescent mechanism between particles and terbium.

First, the choice of the nanoparticles will be explained and the spectroscopic
analysis for such particles will be detailed. Then, the interaction between particles and
biomolecules will be studied using fluorescence spectroscopy and lanthanide resonance

energy transfer.

3.1 Optical properties of gold nanoparticles

The small sizes of metallic gold particles confine the conduction electrons and lead
to specific optical properties. The conduction electrons oscillate in response to the
electromagnetic wave and at specific frequencies there is a resonance. This results in
a peak in the extinction spectrum of the particles which is dependent of the particle

environment, size and shape.

3.1.1 Surface plasmon resonance

When the electromagnetic field of the light interacts with metallic NPs, a charge
separation occurs and a resonant oscillation of the free metal electrons of the conduction
band is observed (see Figure 3.1). This phenomenon is named localised surface plasmon
resonance (LSPR) and generates strong extinction of the light due to absorption and
scattering light.

Light (Vis-NIR) “Electron cloud”

Surface plasmon
resonance (SPR)

Figure. 3.1 Model of the localised surface plasmon resonance (LSPR) of gold nanopar-
ticles
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For particles bigger than 20 nm light scattering becomes a non-negligible contribu-

tion to the extinction spectra. (see section 3.2)

3.1.2 Calculation of optical spectra of nanoparticles using the-
ory

In this thesis, Mie theory [117-119] was used to calculate the optical spectra of ideal
gold nanospheres in water. This calculation gives access to the quantitative extinction
and scattering light spectra of gold nanospheres. This model has some limits: it is
representative of spectra for monodisperse colloidal dispersion of perfectly spherical
nanoparticles. In contrast, real solutions are polydisperse and particles are not perfectly
spherical. By comparing theoretical values from Mie model and experimental spectra,
we can have a quick overview of the quality of the colloidal dispersion. The Mie
calculations were done using a script implemented in Python (with the Scipy and

Numpy libraries).[2]

3.2 Optical spectroscopic methods

Optical spectroscopy is often used to characterise nanoparticles in solution. UV-visible
absorbance spectroscopy (here referred to as extinction spectroscopy), dynamic light
scattering, Raman spectroscopy and fluorescence correlation spectroscopy are the most
commonly used. Additionally, light scattering spectroscopy of metallic nanoparticles
permits the analysis of these nanoscale objects with a simple set up. By working
at low concentration of particles in solution (where it is often impossible to detect
significant signal in extinction spectroscopy), resonant light scattering enables a high
sensitivity of detection. Here, a simple analysis method and treatment to study different

samples of gold nanoparticles (nanorods and nanocubes) is presented. Employing a

35



Formulation and "bulk" spectroscopic characterisation of colloidal dispersions of gold
nanoparticles

perfect Rayleigh scatterer as a reference (Ludox), the resonant light scattering of gold
nanoparticles can be compared quantitatively using the quantum efficiency normalised
light scattering (QENLS) of gold particles.[2, 15] In many biological analyse, very small
quantities of analytes are used. This method allows the following, in real time the
evolution of metallic colloidal solution at low concentration, for many different shapes

and sizes of nano-objects.

3.2.1 Extinction spectroscopy

UV-visible extinction spectra were measured using an optical fibre-based system (Ocean
Optics) incorporating a USB4000-VIS-NIR CCD spectrometer and a LS-1 tungsten
halogen light source (6.5 W, 3100 K). Optical spectroscopy was carried out at ambient
temperature on air-equilibrated samples contained in standard 1 cm quartz or plastic

(PMMA) fluorescence cuvettes as see in the Figure 3.2.

Tungsten halogen light
/ ﬁCuvette
Spectrophotometer
.\ ya p p
\ -
Optical fiber

Figure. 3.2 Set-up used to record extinction spectra

Typically, spectra were recorded with an exposure time of 5 ms and averaged over
400 spectra. This corresponds to an equivalent exposure time of 5 ms x 400 spectra =
2 seconds.

At given wavelength, the light extinction by gold nanoparticles is the sum of the
light absorbed and the light scattered at this wavelength. The extinction coefficient

(M~! em™1) is related to the total extinction cross-section (in cm?) of the nanoparticles.
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Gent = 1000 In(10) 5]5[) (3.1)
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Measurements are done in order to determine the maximum optical density (OD) at
the resonance wavelength of the colloidal solution, and directly link this measurement
to the concentration of the gold nanoparticles in solution. This can be descried using

Beer-Lambert-Bouguer law:

OD = eax | C (3.2)

Extinction coefficient for gold nanospheres are collected in the table 3.1.

AuNP diameter (nm) | €0, (M~ cm™)
20 9.24E48
30 3.52E+9
40 9.10E+9
50 1.90E+10
60 3.47E+10
80 8.96E+10
100 1.39E+11
150 2.53E+11

Table 3.1 Maximal extinction coefficient for gold nanospheres as a function of the
diameter.

3.2.2 Light scattering spectroscopy

The light scattering spectra consist of the localised surface plasmon resonance of AuNPs,
which is sensitive to the environment of the particles. For resonant light scattering

(RLS) measurements, the samples were diluted to an optical density below 0.05 and
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illuminated with white light (Avantes, Avalight HAL mini). The scattered light was
collected at a fixed angle of 90°, and analysed using a CCD spectrograph (Ocean Optics
QE65000) (Figure 3.3).[2, 15, 120]

ﬁTungsten halogen light
Spectrophotometer
Ve p p
Cuvette

-

¥

\—Optical fiber

Figure. 3.3 Schematic representation of the resonant light scattering set up using
optical fibres to guide. Scattered light is collected at a fix angle (90°) and analysed
using a CCD spectrograph

Typically, the acquisition time for RLS spectra is 10 seconds. The CCD array-based
spectrometer device allows the acquisition of data at many wavelengths simultaneously.
To reduce the acquisition time and follow a faster kinetics reaction, it is possible to

use more powerful light sources such as halogen lamps or high-power LEDs.

3.2.3 Scattering reference sample

Raw spectra were first corrected by subtracting the spectrum of the water background.
Then a reference spectrum was recorded using a sample of 200x diluted Ludox solution
in 50 mM aqueous NaCl as a perfect Rayleigh scatterer.[121]

Three Ludox reference samples were used for each measurement session. The Ludox
samples were the supernatant of a Ludox SM30 (Aldrich) suspension centrifuged for 1
h at 9700 x g (9990 RPM), diluted 200 times in 0.05 M NaCl. Before measuring the
light scattering, the extinction spectrum was measured and the following equation was

fit to the data.
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ODrudor(N) = po X+ p1 (3.3)

The baseline value p; must be very close to zero. The value pg is a measure of the

density both optical and chemical of the Ludox dispersion.
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= Fitting = Ludox 2
= Ludox1 == Ludox3
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Figure. 3.4 Extinction spectra of Ludox solution, checked with the fitting of py A=*

The density parameter pg is a diagnostic for checking the quality of the ludox
sample. Additional study was realised to analyse the stability of the py value during

the three years of this thesis.
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Figure. 3.5 Results of the py value determined as a function of the date during the
three years of this thesis. Blue points correspond to Ludox samples not used for
measurements of light scattering spectroscopy measurements.

A mean value of the py was determined as 2.41 x 10® + 1.21 x 10" nm* (95%

confidence interval).

Once this py factor was obtained, light scattering spectra of the reference Ludox
solutions were recorded. It was verified that all three Ludox samples gave identical
raw scattering spectra, and the average of its py was used. Subsequently, the raw
light scattering spectra of the nanoparticle solutions were recorded. The corrected
light scattering spectra were obtained according to equation 3.4 by calibration of the
spectrum against the Ludox reference, taking also into account the coefficient pg specific

to the experimental set-up.

[raw(A)

I = poA 1
LILS = Po 1} vdon ( \ )

40



Formulation and "bulk" spectroscopic characterisation of colloidal dispersions of gold
nanoparticles

5x10° -
4x10*
3x10'
2x10*

Light scattering

10*

0 : T T T T T T T T T T T T
400 500 600 700 800 900 1000

wavelength (nm)

Figure. 3.6 Light scattering spectra of three different samples of Ludox

The subscript ‘LILS’ signifies ‘Ludox-independent light scattering’, meaning that

the spectrum has been corrected using Ludox and taking into account the density of

the Ludox (py parameter).

To compare the light scattering spectra of different samples, normalisation with
respect to the concentration (or optical density) of particles is necessary. This was

achieved by using the maximum value of the extinction spectrum of the RLS sample.

(see Equation 3.5)

I A
IoeNLs = OLDI(L;?(% (3.5)

3.3 Gold nanoparticles

This work uses gold nanoparticles. These particles are stable in aqueous medium,

easily characterisable in the UV-Vis range, and can be functionalised with biological

molecules.[2, 15, 122-125]
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3.3.1 Particles in liquid solutions

Aqueous colloidal dispersions of gold nanospheres were obtained from a commercial
source (BBInternational, Cardiff, Wales, UK). They are provided stabilised by the pres-
ence of carboxylic acids, mainly citric acid. The size distributions of these particles are
well known. However, the unknown composition of the suspension solution represents
a drawback. To fix this, the suspension medium was replaced by a home-made solution
of well-defined composition. An aqueous solution of 0.2 mM sodium lipoate (NaLLA)
and 1 mM NaOH was prepared using racemic (+)-a-lipoic acid (LA, Sigma, 0.2 mM)
and NaOH (1.2 mM) in pure water. The conductivity of this solution was determined
tobe 1.8 x 1072 Sm™1.

The colloidal gold particles were coated with lipoate by mixing them with the
aqueous NaLA-NaOH solution. Samples were centrifuged (Mikro 220R, Hettich) for 30

min with specific rotation speed depending on the particle diameter, as shown in table

3.2.
AuNP diameter (nm) | g (30 minutes) | rpm (Mikro220R)
20 4495 6800
30 3049 5600
40 2259 4820
20 1595 4050
60 1127 3405
80 603 2490
100 389 2000

Table 3.2 Rotation per minute to centrifugate gold nanoparticles in order to keep the
stability of the colloidal solution.

The centrifugation concentrated particles as a pellet at the bottom of the Eppendorf

tube. Then, the supernatant was removed and replaced (90% of the volume) by the
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aqueous NaLLA-NaOH solution. This centrifugation-redispersion was repeated three
times, and dispersions of lipoate-coated gold nanoparticles were obtained and called
Au"XX"-LA ("XX" is the diameter of the particles in nanometer). The nanoparticle
samples were stored for 24 hours before characterisation using optical microscopy in
order to confirm their integrity. By studying the stability of particles in this solution,
over the time of this thesis, it was demonstrated that particles are stable in this solution

for over one year.

3.3.2 Gold nanospheres

Stock gold nanoparticle solutions were functionalised with sodium lipoate (as described
in section 3.3.1) and then analysed by optical spectroscopy (extinction and light
scattering) in order to be characterise check the stability and determine the optical

density of all solutions used in this thesis’ experiments. (see Figure 3.7)

1 14
= Au30-LA = Au50-LA 4
> = Au40-LA > ]
s 0.8 s 0,81
5 S 06
< 0,6 © 06F
® Iy ]
£ 04 S 0,41
o Q. ]
© 02 © 021
O+———7——7— o+——— : = X =
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
wavelength (nm) wavelength (nm)

Figure. 3.7 Normalized extinction spectra of gold nanospheres, dotted curves are
coming from Mie calculations.

Normalised extinction spectra of AuNPs showed good agreement with the Mie
theory. This confirmed the good dispersion of AuNP in solution. It was also further
validated by the attendance of a band of extinction and light scattering with defined

maximal wavelengths, and width.
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Light scattering spectra were plotted to determine the wavelength of maximal

scattering by the particles and the stability of particles in diluted solution.
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Figure. 3.8 Quantum efficiency normalised light scattering spectra of gold nanospheres.
Experimental spectra are solid lines. Theoretical spectra are dotted lines.

QENLS spectra are more sensitive to the dispersion of particles into the aqueous

solution. All data (A< \s¢@ optical density, QENLS) are recorded as references for

max? max?

stock solutions to be in good agreement with future analysis before each experiment.

AuNP diameter (nm) | A¢ | OD | A3 | QENLS,,..
30 5925.6 | 1.17 | 535.5 0.027
40 025.7 | 2.27 | 542.2 0.062
50 028.5 | 1.90 | 542.8 0.105
60 534.9 | 1.95 | 550.0 0.194
80 549.6 | 1.19 | 563.3 0.434
100 073.2 | 1.03 | 584.1 0.596
150 646.2 | 0.61 | 656.7 0.764

Table 3.3 Optical spectroscopic data for the gold nanoparticle solutions prepared.
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3.3.3 Gold nanorods and nanocubes

In this section, spectroscopic analysis was applied to non spherical particles as an
illustration of how particle shape effects the optical properties. Extinction and scattering
light were recorded for these particles. This study highlights the great potential of non
spherical particles for optical detection at longer wavelengths (their resonance peak is
red shifted) opening the possibility to characterise particles using specific light sources

for the detection of only one type of particles in solution.

Gold nanorods

Gold nanorods (GNRs) were provided by Laurent Guillaume from the PPSM laboratory
(Cachan, France).[126] Gold nanorods were synthesized using seeded-growth method.[34,
127, 128] In which two different surfactants are used ensuring a decrease of the GNRs
polydispersity and give access to higher aspect ratio. Another method consists to
use one-pot radiolytic reduction in CTAB-micellar solutions.[129] From the intrinsic
characteristics of their synthesis, GNRs particles are coated with multi layers of CTAB

(hexadecyltrimethylammonium bromide).
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Figure. 3.9 (left) Normalised extinction spectra (right) Quantum efficiency normalized
light scattering spectra of gold nanorods, PSS 01/11/18, GNRs-s13 and GNRs-s1d

Optical responses of gold nanorods particles are specific to their shape. On spectra,

the presence of two bands is clearly visible on each (extinction and light scattering).
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The distance between bands depends on the size of the rods and more importantly on
their aspect ratio (length/width). Light scattering efficiency is more dependent of the

aspect ratio rather than the size of the nanorod. Results were compiled in the Table

3.4.
Samples Length (nm) | Width (nm) | Aspect ratio | Apaz(ODimas) | QENLS
GNR-PSS11/18 79 25 3.2 743.5 0.431
GNRs-s13 60 15 4 798.5 0.157
GNRs-s1d 97 15 6.5 960 0.239

Table 3.4 Structural and optical spectroscopic data of gold nanorods solutions received

Gold nanocubes

Gold nanocubes were provided by Lisa Stolle from the IPHT (Jena, Germany) in the
department of nanobiophotonics. The synthesis method was developed by Matthias
Thiele.[130] It uses a microfluidic synthesis which provides advantages in terms of
reproducibility. From the sample and spectroscopy characterisation a theoretical

calculation was proposed and compared to experimental data.

e
=}
L

—— theo (mod)
exp

—— theo (mod)
exp

o
©
>

o
o

norm. extinction
o
>
L

o
N

0.1 4

0.0 4
400

0.0
400

760 860 9(I)0

lambda / nm

7(I)0 860 9(‘)0 S(I)O 660 1000

wavelength / nm

5(‘)0 6(’)0 1000
Figure. 3.10 (left) Normalised extinction spectrum (right) Scattering spectra of
AuNC-62 nm, experimental sample in water (with 0.4 mM CTAB), applying factors to

the wavelength (0.96) and the intensity (0.94) of the theoretical result.
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Cubes spectra show a unique band of extinction and light scattering, to compare
with spherical particles with the same typical size (60 nm), the signal is a lightly
red shifted. And the quantum efficiency normalised light scattering is higher than
spheres. These particles can be interesting for the study of multi-components solutions

compared to spheres.

3.4 Interactions between proteins, biomolecules and
nanoparticles

The ultimate goal to which this thesis aims to contribute is the development of bioana-
lytical methods based on the analysis of nanoparticles in microfluidic systems. Some
important questions concerning the interaction between biomolecules and nanoparticles
are still under deep investigation. One of them is what type of assemblies are obtained
when biotin coated particles interact with streptavidin.

The affinity of streptavidin for biotin is the strongest noncovalent biological in-
teraction known, with a dissociation constant (K; = 107 M™!) in the femtomolar
range.[131, 132] Each streptavidin monomer can bind one biotin molecule, allowing
a streptavidin protein to maximally bind four biotins. The biotin-binding pocket is
hydrophobic, and there are numerous van der Waals force-mediated contacts and hy-
drophobic interactions made to the biotin when in the pocket, which is also thought to
account for the high affinity. In addition to the strength of the interaction, the binding
of streptavidin to biotin provides several further advantages. The bio-interaction is
highly specific, rapid on-rate, resistant to changes in temperature or pH (in a reason-
able range for biomolecules). Streptavidin also has the capability to be labelled with

fluorescent markers which help the detection of the biomolecule.[133, 134]
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AuNP coated
with biomolecules A

Biomolecules B :

complementary to A

Figure. 3.11 Schematic representation (not to scale) of the assemblies of AuNPs with
biomolecules "A" and biomolecules "B" combined to "A" leading to the self-assembly of
the nanoparticles. a) Case of self-assembly with particles and biomolecules creating
bigger entities in solution. b) Case of assembly between biomolecules A and B but
without the creation of bigger (multi-particle) entities.

It is understood that the solutions are stable, i.e. the nanoparticles are dispersed as
isolated entities, and also the biomolecules are well dissolved. Two cases are possible.

a) Gold nanoparticles are clustered around biomolecules B and form bigger entities
in solution. This case is very interesting in the sense that bigger entities show a possible
large change in the optical spectroscopic signal. This can help in distinguishing free
particles from clusters.

b) The biomolecules bind to the nanoparticle, but no bigger entities are assembled in
solution. This result presents an interesting way to detect biomolecules but necessitates

more elaborate spectroscopic analysis to confirm interactions.
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3.4.1 AuNPs-biotinyled and streptavidin labelled terbium

We chose to analyse the case of bio-nano-assemblies incorporating gold NPs and lumi-
nescent lanthanides complexes as an illustration of nano-bio interactions of relevance
for biosensing applications. Here, we investigated the interactions between AuNPs
functionalised with biotin units at their surface and streptavidin. The streptavidin is
luminescently labelled with Tb complexes (Th-sAv). The biotinylated AuNPs (biot-
AuNPs) have diameters of 5, 30, 50, and 80 nm. Interactions in this nano-bio system

are schematically represented in the Figure 3.12.

15 to 80 nm:
| —————> |

°AuNP E&Tb-sAv ~ . Biotin ¢ "\ Energy transfer

Figure. 3.12 Schematic representation (not to scale) of the assemblies of Th-labelled
sAv (Th-sAv) and biotinylated AuNPs (biot-AuNPs). For clarity, only 3 biotins are
shown. The actual number of biotins attached to the surface of each AuNP was
determined to be ca. 25, 900, 2500, and 6400 for the 5, 30, 50, and 80 nm diameter
AuNPs, respectively. A distance of 4.5 nm was estimated using a radius of 3 nm for
sAv (size of sAv in the solid state: 5.4 nm x 5.8 nm x 4.8 nm in the solid state) plus
1.5 nm for the biotin and linker attached to the AuNP.

In the objective to follow the interaction between streptavidin and biotin the light
scattering of the gold nanoparticles was studied. In addition, the terbium labelling offers
some distinctive photoluminescence features such as long excited-state lifetimes (in the
micro- to millisecond range) and multiple narrow emission bands in the visible region

of the spectrum, which can be reliably detected with specific fluorimetric equipment.
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The study presented here was carried out in close collaboration with Chi Chen and

Niko Hildebrandt, who performed the photoluminescence experiment.

3.4.2 Chemical and physical properties of the biotinylated

nanoparticles

The biot-AuNPs were purchased from Sigma-Aldrich (30, 50, and 80 nm diameter,
biotin-terminated PEG mol. wt. 5000, dispersion in HyO). For the measurements of
30 nm and 50 nm Au NPs, 2 mM Tris-HCI (pH 8.5) was used as a solvent, for the
measurements of 80 nm Au NPs, pure water was used as a solvent. Black Costar Half
Area 96 well microtitration plates were purchased from Corning Inc. (Corning, NY,
USA), and Tb complexes (Lumi4-Tb) functionalised to sAv at a ratio of 4 Tbh/sAv
were provided by Lumiphore Inc. (Berkeley, CA, USA).

The number of binding sites for sAv on each nanoparticle is of the same order of
magnitude as the number of biotins per particle. In principle, sAv can bind up to four
biotins. The number of biotins per biot-AuNP were given by the supplier as a number
density of approximately 0.5 nm~2 at the AuNP surface. At the same time, the surface
areas were given as 78.5, 2830, 7850, and 20 100 nm? for the 5, 30, 50, and 80 nm
AuNPs, respectively, which led to 39 biotins per 5 nm AulNP, 1415 biotins per 30 nm
AuNP, 3925 biotins per 50 nm AuNP, and 10 050 biotins per 80 nm AuNP. Because no
explanation of this estimation was provided, we applied our own estimation based on
the number of Au surface atoms, which we calculated to be 500 for 5 nm biot-AuNPs,
18 000 for the 30 nm biot-AuNPs, 50 000 for the 50 nm biot-AuNPs, and 128 000 for
the 80 nm biot-AuNPs. Assuming the number of available biotins on the surface to be
ca. 5% of the number of Au surface atoms led to 25 biotins per 5 nm biot-AuNP, 900
biotins per 30 nm biot-AuNP, 2500 biotins per 50 nm biot-AuNP, and 6400 biotins per

80 nm biot-AuNP, which were in good agreement with the estimates of the supplier.
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Taking into account that four biotins from the biot-AuNP will be able to bind one sAv,
and ignoring any steric effects, the number of sAv that can bind to one nanoparticle is
anticipated to be 6 for 5 nm biot-AuNPs, 225 for 30 nm biot-AuNPs, 625 for 50 nm,
and 1600 for 80 nm biot-AuNPs.

3.4.3 Colloidal stability as a function of the buffer

Optical extinction and light scattering spectra were measured of solutions containing
the biot-AuNPs in a selection of aqueous buffers. These spectroscopic measurements
enabled determination the long-term stability of biot-AuNPs in these buffers. Colloidal
stability is a requirement for reliable results when forming donor-acceptor assemblies.
Aggregation of unstable AuNPs would lead to clearly observable changes in the optical

spectra. (see Figure 3.13)
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Figure. 3.13 Extinction spectra of 50 nm biot-AuNP at t=0 min, at t=3 hours and
t=24 hours in the three different buffers: (a) water, (b) Tris-HCI, (¢) PBS

Light scattering spectroscopy is particularly sensitive towards even slight changes

in the chemical environment of plasmonic AuNPs.[2, 15] (see Figure 3.14)
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Figure. 3.14 Light scattering spectra of 50nm biot-AuNP after 24 hours in buffers.

From these measurements, it was concluded that 2 to 4 mM Tris-HCI buffer at pH
8.5, and pure water were the most suitable media for the experiments. An alternative
buffer, phosphate-buffered saline (10 mM phosphate, pH 7.2, 137 mM NaCl, 2.7 mM
KCl) also yielded stable nanoparticle solutions (no shift of the localised surface plasmon
resonance maximum) but led to more pronounced “sticking” of the biot-AuNPs to the

spectroscopic cell walls.

3.4.4 Resonant light scattering study

To follow the binding of streptavidin to the biotinylate particles the maximum wave-
length is analysed by light scattering spectroscopy. The position of the maximum of
the resonant light-scattering band \,,,, in each recorded spectrum was determined by
fitting a parabola through the data points in a narrow spectral window (AX = 10 nm)
around the numerical maximum. The maximum of the parabola obtained from this first
fit was then used as the centre point for a second parabolic fit through the measured
spectral data points over a narrow window (AX = 10 nm), from which a refined
determination of the position of the maximum was deduced. This procedure yielded
stable and reproducible measurement of the position of the resonant light-scattering

maximum A, RLS and mitigates background noise on the measured spectrum.
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The interaction of Th-sAv with biot-AuNPs was investigated by monitoring the
light-scattering spectra of the biot-AuNPs and introducing Th-sAv into the solution.
Immobilisation of biomolecules at the nanoparticle surface leads to small changes (a
few nm) in the position of the maximum of these resonance bands. Larger shifts in the
plasmon maximum (> 10 nm) are in general the result of clustering of AuNPs into
aggregates, which leads to a strong coupling between the localised plasmon resonances
of the individual particles. The particular sensitivity of the resonant light-scattering
spectrum toward the environment of the AuNPs provides a tool for monitoring the

state of the biot-AuNPs when interacting with Th-sAv.
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Figure. 3.15 Wavelength evolution of the maximum of the resonant light-scattering
band of biot-AuNPs (30, 50, and 80 nm diameter AuNPs) as a function of time. At t
= 0, Th-sAv (25% with respect to biot-AuNP binding sites) was added.

Figure 3.15 shows the evolution of the wavelength of the maximum \,,,, of the
resonant light-scattering spectrum of biot-AuNPs (30, 50, 80 nm diameter) over time,
before and after adding Th-sAv to the solution. The light scattering of 5 nm AuNPs
was too weak and not studied. The amount of ThsAv added was 25% of the amount
needed to cover all binding. sites on the AuNPs. The position of the maximum
did not change over time before adding Th-sAv, which was in line with the stability

of the biot-AuNPs in the buffer. A prompt, small wavelength shift was observed
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in the light-scattering resonance of the biot-AuNPs when Tb-sAv was added to the
solution. Subsequently, there was virtually no evolution of )\, at longer times after
adding Tb-sAv. The observed evolution of A, is consistent with the binding of
Th-sAv to the biot-AuNPs. The absence of changes in \,,q, after binding of Th-sAv
to the biot-AuNPs indicates that no significant clustering of Th-sAv /biot-AuNPs into
multi-AuNP aggregates occurred, and that under the experimental conditions, the only
biotin-streptavidin assemblies are based on single AuNPs.

This indicates that under the conditions used the nano-bio assembly corresponds
to case (b) of Figure 3.11. In order to corroborate this finding, a photoluminescence

analysis was done.

3.4.5 Photoluminescence study

Gold nanoparticles are known to be efficient quenchers for luminophores very close
to their surface.[24, 135-137] The slowly decaying PL emission from Tb enables a
clear distinction of the Tb signal from other, short-lived background fluorescence,
while still being subject to electric dipole-dipole energy transfer.[138] This system is a
good candidate to be analysed by PL spectroscopy. PL spectroscopy was employed to
characterise the different Th-sAv-biot-AuNP assemblies at various streptavidin/biotin
ratios.

PL titration experiments provided further insight in the interaction between Th-sAv
and biot-AuNPs. As the concentration of biot-AuNPs was increased in solutions of
constant Th-sAv concentration, the integrated time-gated Tbh PL intensity decreased
sharply (Figure 3.16 a), until a certain concentration ratio, after which no further
decrease took place. The decrease in overall intensity was accompanied by the appear-

ance of a short PL decay component in the Th PL decay curves (Figure 3.16 b-d), at
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the expense of the long-lived Tb decay from the initial Th-sAv, which indicates energy
transfer from Tb to AuNP
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Figure. 3.16 PL titration of Th-sAv with biot-AuNP (a) Integrated time-gated (0.1
— 2 ms) PL intensities of the PL decay curves (black: 5 nm biot-AuNPs; red: 30 nm
biot-AuNPs; blue: 50 nm biot-AuNPs; green: 80 nm biot-AuNPs). Crossing of the
green dotted lines (at 3 [biot-AuNP]/ [y Th-sAv| with y = 6 for 5 nm biot-AuNPs, y
= 225 for 30 nm biot-AuNPs, y = 625 for 50 nm biot-AuNPs, and y = 1600 for 80
nm biot-AuNPs) indicates the maximum number of Tb-sAv per biot-AuNP (6/3=2
for 5 nm biot-AuNPs, 225/3 = 75 for 30 nm biot- AuNPs, 625/3 = 208 for 50 nm
biot-AuNPs, and 1600/3 = 533 for 80 nm biot-AuNP (b-d): Selected PL decay curves
detected within the Th donor channel for increasing ratios of (x biot-AuNPs) per (y
Tb-sAv). (b) 30 nm biot-AuNPs with y = 225 Tbh-sAv; (c¢) 50 nm biot-AuNPs with y
= 625 Tb-sAv; (d) 80 nm biot-AuNPs with y = 1600 Tbh-sAv. Black: x = 0; red: x =
0.2; orange: x = 0.5; green: x = 1; blue: x = 2; violet: x = 3; pink: x = 4.

The PL titration behaviour can readily be interpreted in terms of the formation of
Tb-sAv /biot-AuNP assemblies. Taking into account the results from the resonant light

scattering spectroscopy, we can infer that these assemblies exist as isolated biot-AuNPs,
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bearing one or more Th-sAv entities. The concentration ratio [biot-AuNP]/[Tb-sAv]
beyond which the PL intensity remains constant, is the concentration ratio at which all
(active) Th-sAv are bound to biot-AuNP. This happened in all cases at approximately 3
times the initially estimated concentration of biot-AuNP necessary to bind all Th-sAv.
This common factor of 3 demonstrates the similarity in binding behaviour of the four
diameters of particles, since the initial estimates were based on the same assumptions
for each particle diameter. According to the PL titration, the binding capacity was 2,
75, 208, and 533 Th-sAv per biot-AuNP, for 5 nm, 30 nm, 50 nm, and 80 nm AuNPs,
respectively. Using the surface areas of the different AuNPs (vide supra) and the
size of sAv in the solid state (5.8 nm x 5.4 nm x 4.9 nm),[139] which would lead to a
surface footprint of 24.6 nm? (7 x 2.9 nm x 2.7 nm), the simple geometrical estimates
for coverage of sAv per AuNP are 3 (5 nm AuNPs),115 (30 nm AuNPs), 319 (50 nm
AuNPs), and 817 (80 nm AuNPs). When taking into account the curved surface of
the AuNPs, the hydration layer of sAv, and possible steric hindrance in sAv binding
to biotin in very close proximity, the 35% lower values determined by PL titration
are very close to full surface coverage in the simple geometric surface approximation.
At [biot-AuNP]/[ThsAv] ratios below the equivalence point, biot-AuNPs carry the
maximum number of Th-sAv. At excess biot-AuNP compared to Th-sAv, the number

of Th-sAv per biot-AuNP decreases.

3.4.6 Time-resolved PL decay analysis

To investigate the energy transfer mechanism in the Th-AuNP assemblies, the PL decay
curves of solutions containing Th-sAv and ThsAv/biot-AuNP assemblies was analysed.
The PL decay of unbound Tbh-sAv in buffer slightly deviates from mono-exponentiality
(Figure 4a), which can be attributed to the conjugation of several Th complexes (~4)

per sAv. The heterogeneity in the local environment experienced by each Tb ion at the
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different sAv sites gives rise to a distribution of decay rates. A straightforward approach
for analysing the PL decay of such a heterogeneous system is to use a Kohlrausch
(’stretched exponential’) decay law as it describes the overall relaxation of systems with
an underlying distribution of relaxation rates using a minimal number of adjustable

parameters.[140-143] The Kohlrausch decay law is given by Equation 3.6.

I(t)= A exp [—(t/%)ﬁ} (3.6)

For 8 = 1, a mono-exponential decay is obtained; the underlying distribution is
then a Dirac function centred at the decay time constant. For § going from 1 toward
0, the underlying distribution becomes increasingly broad. The average decay time
constant for a Kohlrausch decay law is given by Equation 3.7, where I" is the gamma

function.[141]

<71 >=7T (1 + ;) (3.7)

The experimental PL decay of Th-sAv in buffer is well described (Figure 3.17 a)
by the Kohlrausch decay law Equation 3.7, with 7p = 2.07 ms and Sp = 0.88, which

yields average decay time < 7 > D = 2.19 ms.
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Figure. 3.17 (a) PL decay (A, = 337.1 nm; A, = (490+£20) nm) of Th-sAv in
buffer (red) and fit (black) using a single Kohlrausch (stretched exponential) decay
law; yielding an average lifetime of < 7 > = 2.19 ms. On top: weighted residuals
indicating a good fit between model and experimental data, reduced x? = 1.26. (b)
Overlap between extinction spectra of 30 nm (black), 50 nm (red), and 80 nm (blue)
biot-AuNP acceptors and emission spectrum of the Th-sAv donor (green).

When biot-AuNPs are added to the solution, Th-sAv/biot-AuNP donor-acceptor
assemblies are formed leading to a mixture of free (excess) Th-sAv donors and Th-
sAv/biot-AuNP assemblies. The overall PL decay can thus be considered to be the
sum of the individual decays of these two species, each described by a Kohlrausch
decay, with the subscripts D and DA referring to the free donor and the donor-acceptor

assemblies, respectively (Equation 3.8).

I(t) = Ap exp [—(t/%D)BD} + Apa exp [—(t/%DA)BDA] (3.8)

For the values of 7p and Sp we used the values obtained from the measurement
of the pure ThsAv donor, and we keep these fixed throughout our analysis, leaving
only Ap, Apa, Tpa and Bpa to be determined by curve fitting. This was achieved by
fitting the model Equation (3) to the data using the 'lmfit’ package [144] in Python,
by minimizing the sum-over-squares of the residuals with the Levenberg-Marquardt

algorithm. The residual for each time bin was weighted by 1o¢ v/ Neounts, where Neounes
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is the number of photons counted in the time bin. Reduced x? values for the fits
obtained were in the range of 1.25 to 1.45. The analysis of the PL decay titration
of Th-sAv with biot-Aub0-NP are shown in Figure 3.18 . In presence of increasing
biot-AuNP concentrations, the PL decay of the Th-sAv donor is gradually replaced
with a shorter PL decay component. This shorter component is attributed to the PL

of Th-sAv attached to the biot-AuNPs.
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Figure. 3.18 Analysis of PL decays of Tb-sAv (0.22 nM) in the presence of increasing
amounts of 50 nm biot-AuNP in buffer. (a) Experimental decay traces (red), with fitted
two-component Kohlrausch decay laws (black, Equation 3.8). The traces were scaled
to equal initial amplitude for clarity. (b) Amplitude fraction of the Th-sAv/biot-AuNP
donor-acceptor assembly PL decay in the total PL decay as a function of biot-AuNP
concentration, obtained from the curve fits. (¢) Average PL decay times for the Th-
sAv/AuNP assemblies. The dotted line indicates the minimal biot-AuNP concentration
to bind all available Th-sAv (i.e. 208 Th-sAv per biot-AuNP). The error bars indicate
95% confidence intervals.

From the fits of the model to the data, we obtained the amplitudes of the donor
and the donor-acceptor assemblies (Ap resp. Apa ), as well as the kinetic parameters
for the donor-acceptor assemblies, 7p4 and Spa, as a function of 50 nm biot-AuNPs
concentration. From 7Tp4 and [Spa, we obtained the average decay time constant

< T >pa using Equation 3.7. The donor-acceptor amplitude Ap,4 and average decay
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time < 7 >p, are plotted in Figure 3.18 b and ¢, as a function of biot-AuNPs
concentration.

The amplitude fraction of the signal of the Th-AuNPs donor-acceptor assemblies
gradually increased with increasing concentration of biot-AuNPs and reached a plateau
near 0.9, indicating a small fraction of Th-sAv that are inactive in terms of binding to
biotin. The luminescence decay due to this non-binding fraction contributes to the
signal of the donor-only decay (described by amplitude Ap and lifetime < 7 >p) but
does not affect the determination of lifetime < 7 >p4 of the donor-acceptor assembly
in the curve fits since the model used, effectively separates donor and donor-acceptor
contributions.

The average PL decay time of the donor-acceptor assemblies remains constant when
excess biot-AuNPs is present, 7.e. in the cases where only few Th-sAv are attached to
each biot-AulNP. In contrast, the PL decay becomes shorter when the density of Th-sAv
per biot-AuNPs is higher (conditions of excess Th-sAv). We tentatively ascribe this to
energy transfer interactions between Th-complexes at the surface of the nanoparticles
at high Th-sAv loading levels. Another, less likely, explanation may be that a dense
packing of Th-sAv at the biot-AuNP surface changes the structure of the PEG-biotin
ligand shell in such a way as to reduce the average distance between Tbh complexes and
AuNP surface. In order to avoid contributions of these effects at high loading level,
only the measurements at low loading (higher biot-AuNPs concentrations — where
< T >pa remains constant) are included in energy transfer analysis. In these cases
we are approaching the idealised situation where one Th-complex interacts purely
with one AuNP. Similar behaviour was observed with the 5 nm, 30 nm and 80 nm
biot-AuNPs. Using the analysis procedure based on the Kohlrausch decay law, we
are able to find the average decay times < 7 >p4 of Tb(III) luminescence in the

donor-acceptor complexes. The results of this Kohlrausch-decay analysis for all AuNP
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diameters have been collected into Table 3.5. We consider the average decay time
constants for the Th-sAv/biot-AuNP at low Tb-sAv loading (i.e. high biot-AuNPs
concentrations) in order to evaluate the energy transfer efficiency from the Th complex

to the gold nanoparticle, using Equation 3.9.

< T >pa
=1- "7 3.9
n <T>p ( )

Kohlrausch decay model

AuNP diam. (nm) | <7>p | <7 >pa | 7

) 2.17 0.8 0.63
30 2.23 0.19 0.91
50 2.2 0.46 0.79
80 1.66 0.14 0.92

Table 3.5 Tb donor and Tb-sAv/biot-AuNP donor-acceptor decay times obtained
from fits of decay models to the experimental Th(III) luminescence decay.

In all cases, the energy transfer efficiency was larger than 50%, but less than 95%,
leaving some Tb(III) luminescence available for detection. In spite of the giant oscillator
strengths of the localised plasmon resonance, luminescence quenching is incomplete,
and incorporation of photoluminescent entities into assemblies of plasmonic particles
for fluorescence tracking and sensing purposes remains feasible.

The energy transfer efficiencies indicate that PL quenching takes place by non-
radiative energy transfer, and also that this quenching is incomplete, leaving some
emission to be detected. The mechanism for this quenching has been attributed to NSET
mechanisms.[145-152] In collaboration with C.Chen. S.Bhuckory and N.Hildebrandt
this question was studied in detail. However, this falls outside of the scope of this thesis

and only the main conclusion is mentioned here. The energy transfer mechanism is of
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the NSET type. The NSET theory enables us to estimate the distance between the
streptavidin and the gold NP surface and obtain structural information on assemblies

of gold nanoparticles and protein.

3.4.7 NSET mechanism: structural information on protein-

nanoparticle interaction

NSET is a nonradiative dipole-dipole energy transfer, the acceptor is a nanometric
surface modelled as a collection of many dipoles. In NSET, the efficiency is inversely
proportional to the fourth power of the distance between the donor and the acceptor
surface of a metallic nanoparticle (NP) (in most cases AuNPs). Research showed that
NSET model was in good agreement with the experimental data on small-size AuNPs
(below 3 nm) in combination with organic dyes and quantum dots (QDs) as donors.
NSET behaviour with energy transfer efficiencies independent of the NP size or number
of donors was also demonstrated for larger-size AuNPs. For NSET analysis, the Ry is

calculated by Equation 3.10.[145, 146]

op 1 7
RNSET — l0.225D 03] (3.10)
Wp WERFE

where wp is the angular frequency resonant with the donor electronic transition, wy
and k are the angular frequency and the Fermi vector for bulk gold, respectively, and
c is the speed of light. The calculated RYFT was 7.2 nm for all three different sizes of
AuNPs (Table 3.6). In NSET, Ry is independent of nanoparticle diameter, since the
energy transfer is assumed to be to a flat surface, which is a good approximation for a

small emitting dipole in proximity to the surface of a much larger sphere.
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¢ (ms™) | 3.00E+08
dp 0.64
wp (s71) | 3.80E+15
wr (s71) | 8.40E+15
kp (m™!) | 1.20E+10

Ry (nm) | 7.20E+00

Table 3.6 Parameters used in the NSET model evaluation of resonance energy transfer
from Th to AuNPs

The Th-AuNP distance (r) was subsequently calculated using Equation 3.11.[153]

1/4
r = RNSET (Tm‘> (3.11)
™D — TDA

With the PL decay times for the donor and the donor-acceptor assemblies as
determined above, and the Ry determined using NSET theory, Th-AuNP distances
r were obtained that are collected in Table 3.7. All distances found are in the 4.0 to
6.4 nm range, and do not show a strong dependence on the acceptor AuNP diameter.
Moreover, these distances are well in line with the estimated average distance of the
Th complexes conjugated randomly to the sAv binding via biotin to the surface of the

AuNP (see Figure 3.12).
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Kohlrausch decay model
AuNP diam. (nm) | 7/r, r (nm)
5 0.87 6.3
30 0.55 4.0
50 0.72 5.2
80 0.55 4.0

Table 3.7 Th-AuNP surface distances r calculated from the experimental luminescence
decay times and the NSET theory. Distance were calculated from both the Kohlrausch
PL decay analysis and the multiexponential decay results.

When considering the overall uncertainty on the donor-acceptor distances r derived
from the experimental luminescence decay measurements, we distinguish two main
sources of uncertainty, the first being the experimental error on the experimental decay
times, the second the uncertainty on the value on RYET. In order to separate these
two contributions to the overall uncertainty, we have included the ratio 7/r, in Table 3.5.
This ratio thus depends solely on the uncertainty of the experimental measurements,

RYSET wwas estimated to be 10% and

which is relatively small. The uncertainty on
represents a systematic uncertainty. The NSET model afforded a set of donor-acceptor
distances that are similar for the various AuNP diameters studied and consistent with
the expected structure of Th-sAv/biot-AuNP assemblies. Thus, we show here that

it is possible to functionalise gold nanoparticles with biotins that bind streptavidin,

without clustering into larger entities.

3.5 Conclusion

In this chapter we explained and illustrated the formulation and spectroscopic char-

acterisation of gold nanoparticles in solution. Light extinction and light scattering
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spectroscopies give access to information on the quality and stability of gold nanopar-
ticle dispersion. Light scattering provides enough sensitivity to work at very high
dilution.

With this spectroscopic background, we studied the interaction between biotin and
streptavidin using gold nanoparticles. Light scattering measurements gave access to
information on the assembly of biotinylated particles with streptavidin. It was shown
that particles functionalised with biotins bind streptavidin, but did not assemble in
bigger entities.

The photoluminescence analysis showed complementary information. It was demon-
strated that biotins on the surface of particles interact with streptavidins, leading to
the binding of sAv to the NPs.

By these two complementary spectroscopic analyse of particle interactions with
biomolecules, we conclude that the assembly flows case b) in the Figure 3.11.

In brief, we have been able to formulate and characterise dispersion of gold nanopar-
ticles of different composition. These formulations were used in the experiments

described in the following chapters.
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Chapter 4

Design and development of the
electromicrofluidic device and the

microfluidic workstation.

In this chapter, the microfluidic device used for the analysis of nano-objects undergo
dielectrophoresis forces in microfluidic channels will be described starting from its
design, manufacturing and characterisation to its operating instructions. The system is
composed of several parts, each one requiring specific attention and skills from different
fields: electronics, microfabrication, optics, chemistry. First, each of these parts will be
addressed in this chapter. Then, the characteristics of the full device and surrounding
test equipment will be presented. Image and video analysis methods will be described
from video-microscopic observations of dielectrophoresis to the underlying physical

chemistry of these observations.
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4.1 Overview of the complete system

The electromicrofluidic system was designed to be easily built and versatile. The overall
system is composed of subsystems parts. One subsystem takes care of the control and
synchronisation of all parts of the electromicrofluidic system. The second subsystem is
designed to contain and manipulate the samples’ solution. The third is constituted of

the signal detection and the following of the physical phenomena.

(6)

Figure. 4.1 Experimental set-up for dielectrophoresis measurements in microfluidic
systems. (1) PC workstation for global control of experiment and recording of video-
microscopy. (2) Arduino single board controller. (3) Electronic function generator used
to polarise electrodes. (4) High-power LED coupled into fibre and focused inside the
microchannel. (5) Fluigent pressure controller. (6) Optical microscope with attached
camera and spectrometer.

Using a Fluigent pressure controller, nanoparticles solution is injected into the
microfluidic channel in which micro-electrodes array was positioned at the centre of the
channel. Particles are individually observed by microscopy and followed by imaging
with a camera. The light source of the system is dependent on the detection method.

For dark field images, high power white LED was chosen and light was injected by the
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side of the microfluidic system (dark field videomicroscopy). For bright field images,
the microscope light source was used and illuminates the microfluidic channel by the
top (bright field videomicroscopy and extinction spectroscopy). Light illumination was

synchronised with the function generator using an Arduino single board controller.

4.2 The electromicrofluidic device

4.2.1 Fabrication of thin-film ITO micro-electrodes

A single design pattern was used for the thin-film microelectrode. (see Figure 4.2) This

choice was made with the aim to always have the same topology of electric field.

| TR
&
5 C . £
2 E E g
| / ’
i b ! —_
5.08 cm 3000 pm 300 pm

Figure. 4.2 a) Architecture (and lithography mask) of the hook electrodes chosen for
the electromicrofluidic device. b) I- Christmas tree row of electrodes. II- Hook row of
electrodes spaced by 1400 um between each pair. III- Hook row of electrodes without
spacing between each pair. ¢) Building brick of the micro puce

The electrodes’ design is composed of four linear arrays of pairs of hook shaped
electrodes. Two arrays have 1400 pm spacing between electrode pairs and two arrays
have 300 um spacing between electrode pair.

These electrode architectures were chosen for the capability to exhibit a high electric
field gradient localised in a very small area near the top of their tips. The gap between

both to electrode tips gradually diminishes to reach 20 pym at the top. By having a
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linear array of electrodes pairs there is the possibility of using microfluidic flow along
the electrodes.

The full mask also contains triangular "Christmas tree" electrodes, but these were
not exploited. "Christmas tree" electrodes were not used in this thesis but some
exploratory experiments observations were done. First, it is important to note that
during microfabrication "Christmas tree" electrodes are most robust to wet etching,
compared to the hook electrodes: this is an advantage. Nevertheless, the gaps between
electrodes are larger (30 pm), and limit the gradient of the electric field. To be able to
use them as an efficient alternative these type of electrodes should be redesigned.

The electrodes were patterned on indium tin oxide (ITO) thin film. Two types
of glass slides were used. First, soda-lime glass slides of 1.1 mm thick (Solems, S.A.,
Palaiseau, France) covered with an ITO layer, approximately 80 nm thick. The other
type of glass slides were 170 pm thick fused silica slide (ACM, Viliers St Frédéric,
France) and had a 100 nm thick layer of ITO. ACM glass slides are superior optically

which is beneficial for our optical microscopy application, but they are also more fragile.

The electrodes microfabrication procedure consists of five steps (see Figure 4.3).
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Figure. 4.3 Steps of the ITO electrodes microfabrication. (1) original state, (2) resin
photosensible deposited on, (3) non-exposed resin light removed, (4) etching of ITO,
(5) electrodes ready for use

First, (1) the wafer was cleaned by rinsing subsequently with acetone, isopropanol
and Milli-Q water, and further dried.

(2) Positive photoresist “S1805” (Rohm and Haas, USA) was deposited onto the
substrate by spin coating for 30 s at 1000 rpm with 100 rpm s~! acceleration. The
resist layer was subsequently dried on a hot plate at 115 °C for 60 s. The thickness of
photoresist obtained was near to 1100 nm. (see section 4.2.2)

(3) The photoresist was exposed to UV (i-line-365 nm; 180 mJ cm~2 dose) on
an MJB4 (Stiss MicroTec, Germany) mask aligner using a chrome quartz mask (JD
Photo-data, UK) containing the electrode design. The exposed resin was removed from
the ITO substrate (70 s, in pure developer “MF319” Rohm and Haas).

(4) Wet etching of the ITO layer was achieved using concentrated hydrogen chloride
(HCI)(aq) (25%, Sigma-Aldrich) for 110 to 115 s at 40 °C for 80 nm thick of ITO
(etching rate 0.71 nm s™'). To verify the success of this step, the conductivity at the
surface was measured to ensure that no short-circuit was detected where the ITO

needed to be removed. Etching was furthermore characterised using profilometry (see
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section 4.2.2), the results obtained were 1080 nm of S1805 resin and 80 nm of ITO, for
a total height 1160 nm.

(5) The last step consisted of removing the unexposed resist from the ITO substrate
with an acetone cleaning step. After this, the thickness of the ITO layer was determined
using profilometry: the expected 80 nm was confirmed (see section 4.2.2). A final
cleaning by a series of solvents (acetone, isopropanol, water, drying with air jet) was
done in order to obtain a clean substrate with ITO electrodes.

Before assembling the complete microfluidic system, I'TO electrode substrates were
cleaned from any organic molecules using a low-pressure air plasma for 5 minutes
(Harrick Plasma Cleaner, Sterilizer PDC-002, USA). Additionally for previously used
electrode substrates any deposited gold nanoparticles from prior experiments were
removed by treatment with diluted gold etch solution (151 mM potassium iodide,
25 mM Iy in water) during 4 min at clean-room temperature (19 °C). Finally, they
were thoroughly rinsed with deionized water and dried under a filtered air compressed

stream.

4.2.2 Characterisation of thin-film ITO micro-electrodes

To analyse the different steps of microfabrication the Alpha-Step 1Q (KLA-Tencor)
profilometer was used. This technique was used to precisely determine the thickness of
each of the layers. The surface was scanned with a diamond tip on a determined length
[, following the x axis. The coordinates (z, z) were recorded. Typical measurements
were recorded for 1 to 180 ym with a speed of 5 um s™! and a frequency of 50 Hz, in

duplicates.
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Figure. 4.4 Micrograph of the diamond tips of the profilometer analysing hook
electrodes

Profilometric analysis was done at each microfabrication steps in the ITO electrode
fabrication process using previous method. The results were resumed in the Figure
4.5. First, the thickness of the deposited resist S1805 was checked on several wafers
to determine precisely, the deposited thickness (red curve) as a function of the spin
coating speed. The error on the thickness of the layer was determined to be lower
than 1%. Then after etching of the ITO, the thickness of the ITO removed is checked
looking at the height difference with the previous step (green curve). Last, the layer on
the quartz was checked after all fabrication steps and must correspond to the height of

the ITO deposited previously by the industrial supplier (blue curve).
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Figure. 4.5 Profilometry of the electrode substrate at different stages of microfabrica-
tion
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As expected, the profile of each measurement is very flat with steps edges indicating
the absence of side effects of the wet etching. This validates the durations of etching

for ITO and verifies the absence of etching under the resist. (see Table 4.1)

Layers |Height (B-A) (nm)

1TO R0
Resin 1083
Resin-1TO 1163

Table 4.1 Resume of the layer deposited on the quartz substrate

In addition to profilometry, optical microscopy (transmitted light, bright field)
was used to identify microfabrication problems issues. The use of a digital camera
and digital contrast enhancement is an easy and very helpful way to observe the ITO

electrodes. (see Figure 4.6)

Figure. 4.6 Microscope pictures (50X) of ITO electrodes. (left) Insufficient developed
substrate (resist incompletely removed). (right) Properly developed sample (no resist
remaining)

The resin shows a colourful thin layer on the ITO when an insufficient time of

development was applied.
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4.2.3 Fabrication of microfluidic channels

Microfluidic circuits were made using soft lithography.[154, 155] They were molded
into an optically transparent silicone elastomer (PDMS Sylgard 184 - Dow Corning).
For fabrication of the mold, an SU-8 layer (Microchem SU-8 3025) was spin-coated on
top of a 2" silicon wafer (10 s at 500 rpm with 100 rpm s~! acceleration followed by 30
s at 2000 rpm with 300 rpm s~! acceleration for a 20 um thick layer). The wafer was
then slowly baked for 10 minutes at 95 °C. A Stiss-MicroTec MJB4 mask aligner was
used for the photolithography step, using our design masks, drawn with the software
CleWin (4.3.7.0; WieWeb software) and printed by JD Photo-data,UK. The photoresist
was exposed to UV-light (365 nm) during 10 s using a photo mask aligner from suss
microtech. A post-exposure bake was done at 65 °C for 1 min followed by 3 min at 95
°C. Then the resist was developed in a specific developer, made for SU-8 resins, with a
time dependent on the thickness of the resist layer (typically 3 min for 20 pum). After

the rinsing and the drying of the mold a hard bake (cure) was realized at 150 °C.

CLYDE 01 CLYDE 11

Figure. 4.7 Design masks 1 and 11 drawn using CleWin software and used to create
SU-8 molds
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4.2.4 Characterisation of SU-8 molds using profilometry

Each SU-8 mold was analysed using the profilometer in order to check the microchannel

height. (see Figure 4.8)
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Figure. 4.8 Thickness of SU-8 deposited by spin coating on silicium wafers. 1 to
4: Profilometric scans of four different molds with a 300 pgm width channel. 5:
microchannel of 100 pm of width.

As shown in the graph, all SU-8 molds characterised had the desired height of 20
pm. The error in thickness of microfabrication was found to be +1% for more than
fifteen molds manufactured. The reproducibility of the SU-8 resin deposit method and

molds fabrication for PDMS microchannel was very good.

4.2.5 Pouring of PDMS and electro-microfluidic assembly

A 10:1 mix of PDMS and curing agent was prepared and carefully degassed under
reduced pressure (1 hour, 0.1 bar). The mix was then carefully poured on top of
the SU-8 mold in a plexiglass holder. (see Figure 4.9) The plexiglass holder, with the
PDMS was placed at 70 °C for one hour for the PDMS to cure. Microfluidic chips
were obtained, by peeling off the PDMS from the mold. Finally, inlet/outlet holes were
punched into the PDMS.
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Figure. 4.9 Plexiglass holder produced using laser cutting to embrace the ideal size
of the PDMS slab. It provides PDMS systems with smooth edges that allow for clean
injection of the light from the side of the slab

The microsctructured PDMS slab, were placed on the electrodes surface and aligned
to the selected array of electrodes. For assembling the electromicrofluidic device, the
bottom of the PDMS slab was wetted with a small quantity of ethanol (3 drops) which
enables slab to slide over the substrate. Positioning was then achieved manually in
the clean room, monitoring alignment of the microfluidic channel and the electrode
structure using an optical microscope. Once aligned, the device was left to dry, and
microfluidic tubing was connected. The PDMS were not stuck to the substrate with
plasma binding but simply laid out over substrate. The adhesion was strong enough to

sustain low microfluidic flow, and weak enough to be reversible.
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.l

Figure. 4.10 Pictures of a PDMS double channels stucks on the quartz wafer and
aligned to the ITO electrodes ranges

4.3 Installation of the electro-microfluidic device

on the optical microscope

4.3.1 Mechanical support

The microfluidic videomicroscopy and spectroscopy workstation was built around and
inverted optical microscope (Olympus IX-71). The microscope was equipped with a
motorised stage (Marzhéduser Wetzlar, Germany) that positions the sample in the
and y direction (i.e in the microscope object plan). The electromicrofluidic device was

mounted onto this motorised stage using a custom designed sample holder.
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Customised PCB

Sample holder

Hole for optical
detection

Figure. 4.11 Sample holder for mounting the electromicrofluidic device on the micro-
scope, including the placement for electrical and optical system

This custom sample holder was designed using Solidworks software.

4.3.2 Electrical and mechanical assembly

The ITO electrodes of the devices were connected using a specific printed circuit board
assembly containing spring loaded electric contacts. Jumpers are integrated onto the
printed circuit board (PCB) to select to which electrode pairs the potential was applied.
Connection to the function generator was ensured by an SMA connector.

PCB allowed the use of two inches wafers (square or round) carrying our electrode
design. A hole was made in the centre to allow observation of the system with the

optical microscope.

79



Design and development of the electromicrofluidic device and the microfluidic
workstation.

Figure. 4.12 PCB created for the electromicrofluidic devices. Jumpers are used to
select the specific electrode pairs to be connected.

To summarise the microfluidic device used for the dielectrophoresis consisted of
one electrodes chip, a PDMS microchannel and a mechanical support adaptable on an

inverted optical microscope. (see Figure 4.13)

Figure. 4.13 Photo of the dielectrophoretic system mounted on the microscope system
coupled to the image detection
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4.3.3 Dark field configuration

The IX-71 inverted microscope used was easy to modify and adapt. After several
iterations the final configuration for dark-field video microscopy was described in Figure
4.14.

Converging lens

Collimator —\\\ Gold nano solution
S/ ﬁ
b oV . < Microcanal

%} 4 - , Glass layer

- |

I «——  Tube lens

Beam splitter
~— Camera

Figure. 4.14 Scheme of the microscope optical path of the high power LED light
source of the colloidal solution samples, and the light emitted by the samples to both
detectors, the spectrophotometer and the camera. This setting recorded dark field
video-microscopy or scattered light emitted.

High power LED

Microscope objective

Optical fibers
Spectrophotometer j

Figure 4.14 showed how the illumination and the detection chain was built around
the inverted microscope. Both parts were perfectly fitted to use with the microscope
optical configuration. The high power LED can be changed easily and can be commer-
cially bought. In the thesis only a white LED was used, but a green LED (in resonance
with the LSPR of gold nanoparticles) could also be used. The compromise was to
choose between the maximal power and the wavelengths emitted. The detection exit
was already included on the microscope, only a fibre entry was placed and the camera

was positioned on the binocular port.

81



Design and development of the electromicrofluidic device and the microfluidic
workstation.

4.3.4 Fluorescence configuration

To test our microfluidic system experiments were done using fluorescent latex spheres.
For the observation of these particles, standard wide-field fluorescence microscopy was
used. Aqueous colloidal suspensions of fluorescent latex spheres of 200 nm (yellow-green
fluorescence), 500 nm (“polychromatic red" fluorescence) diameter were obtained from
a commercial source (Polysciences). Rhodamine-dyed latex particles of 810 nm were a
gift from R. Antoine (ILM Lyon). The latex particles are referred to as PS200, PS500
and PS810, respectively. The concentration of latex spheres in the stock solution was
5.68 x 102 particles mL~! for PS200 and 3.64 x 10! particles mL~! for PS500. In
the DEP experiments, latex spheres were diluted in order to have concentration of
particles similar to Aul00-LA. The dilution was achieved, using 0.2 mM lipoate in
1 mM NaOH in pure water to work with the same physico-chemical environment as
the gold nanoparticles. The optical path of the microscopic observation is depicted in
Figure 4.15.

Fluorescent latex solution

ITO electrodes

Microscope objective

- l Quartz layer
I Tube lens

High power LED \
—
= Fluorescence cube
Camera

Figure. 4.15 Schematic of the fluorescence microscope that was used to observe
fluorescent latex spheres inside the electro-microfluidic system.
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The choice of the high power LED M470-L from Thorlabs (A= 470 nm) as the
excitation source was done in agreement with the optical properties of the latex
fluorophores (YG: Yellow-Green, PCR: PolyChromatic Red). The choice of fluorescence
filter cube (U-MSWB2, Olympus) is important to maximise the intensity of the signal.
The cube consists of one excitation filter (BP420-480), one emission filter (BA520IF) and
one dichromatic mirror (DM500). Figure 4.16 collects the transmission and reflection
spectra of the fluorescence cubes of the microscopes, together with the fluorescence

emission spectra of the latex spheres.
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Figure. 4.16 (top) Spectra of the light source M470-L (A4 = 470 nm) superposed
on the spectra of the excitation filter (BP420-480), dichroic mirror (DM500) reflection
and excitation latex. (bottom) Emission spectra of latex spheres superposed on the
spectra of the dichroic mirror (DM500) and the emission filter (BA520IF). (left): Latex

with "polychromatic red" (PCR) fluorophores. (right): Latex with "Yellow-Green' (YG)
fluorophores.
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4.3.5 Microscope and camera calibration

The video camera was installed on binocular port of the microscope using a home-built
opto-mechanical adapter.

Calibration using a calibration target (Olympus) gave the correspondence between
the size in the digital image (pixels) and the physical size of a feature in the object

plane. A typical image of the calibration target is shown in Figure 4.17.

Figure. 4.17 Digital camera image of the calibration target obtained using a 10x
magnification objective.

Calibration as a function of the microscope objective led to the table below giving
the transformation between the number of pixels and the physical real size. Measure-
ments were done using the monochrome Ximea camera "xIQ, MQ013CG-ON" (CMOS,

2048x2048 px, pixel size: 5.5 pym).
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Objective Reference Measured (nm/px) | Calculated (nm/px)
60x LCPlanFi, NA0.70 90.8 91.7
40x  |LCPlanFi, NA0.60 136.2 137.5
20x MPlanN, NA0.40 267.9 275
10x CPlanFL, NA0.30 546.5 950
4x PlanN, NAO.10 1354.4 1375

Table 4.2 Table summarising the objective used and the corresponding size of one
pixel. The calculated values were obtained for the (square) pixel width of the camera
(5.5 pm) and the magnification of the objective.

The microscope will be used in this thesis using two detection channels. The digital
camera installed on the binocular port and an optical spectrometer installed on the

side port.

4.4 Dark-field illumination in PDMS microsystems

In view of the efficient light scattering by gold nanoparticles of sufficient diameter
(>60 nm), the set up was mainly used with dark-field light illumination. The light
was injected through the side of the PDMS which acted as a 'light guide" for side
illuminated dark-field.

4.4.1 Optical properties of PDMS

In this work, PDMS was selected for its several specific advantages not in the least
for its optical properties. First, it enables the rapid prototyping of new systems.
Furthermore, it is compatible with aqueous solutions and biological materials. PDMS
is optically transparent, and has reasonable optical quality. This facilitates optical

microscopic and optical spectroscopy observations.
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Figure. 4.18 (left) Transmittance spectrum of PDMS polymerised directly in 1 cm
spectroscopic cuvette. (right) Light scattering spectrum of PDMS in the same cuvette.

These specific optical properties offer an excellent material to use for optical
measurements. As seen in the Figure 4.18, the window of transparency is ideal in the

UV-Vis range and have a low light diffusion.

4.4.2 Optical modelling of side illuminated dark-field

A model of the optical path used was designed with Optgeo software (Version 2.20)
which does geometrical optics (ray tracing). It uses Snell’s law nysin(i) = nosin(iz) ;
with nq, refractive index of the first medium; ns, refractive index of the second medium;
11, angle of incidence relative to the normal; io, angle of the refracted beam relative to
the normal.

Light rays are considered individually at varying angles of incidence and their
propagation through the microsystem device was studied. The refractive index chosen
is 1.00 in air, 1.40 in PDMS, 1.33 in water and 1.52 in glass. Limiting cases of total
reflection inside the PDMS slab can be determined for each incidence angle #; between
0° and 90° (Figure 4.19). Three cases were taken into account (1) The light enters via
the side of the PDMS and is directed to the glass substrate without interaction with

the microchannel (grey path). (2) The light enters the side of the PDMS and hits the
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side wall of the microchannel (green path). (3) The light enters via the side of the

PDMS and is oriented to the top of the microchannel (red path).

n, air

(3) n, PDMS

Figure. 4.19 Three different cases to summarise the light propagation in the microflu-
idic system.

Case (1) shows a total internal reflection of the light by the glass layer when the
angle of incidence is between 0° and 79°. Beyond 79° the light is refracted and exits
the glass substrate via the bottom, potentially adding to stray light in the microscope’s
detection part. In case (2), the suitable angle of total reflection between the glass layer
and the air is between 0° and 62°, above this angle the light is refracted at the glass-air
interface. In case (3), the light ray enters the microchannel wall, indicating that the
better compromise is an incidence angle between 26° and 78° to have the maximum

light intensity in the microchannel and to avoid light after exiting the substrate.
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nl Air=1 nl Air=1

n2 PDMS=1.4 n2 PDMS=1.4

Figure. 4.20 (left) Examples of bad angles for light injection in the system used in
this work leading to high background noise. (right) Best angles to avoid stray light
from reflections in the microfluidic system.

Overall, angle of incidence between 26° and 62° (with respect to the normal o the

side wall) is expected to lead to an ideal dark field illumination in the microchannel.

4.4.3 Experimental realisation

In previous experiments carried on in our group, side illuminated dark-field was achieved
in a rudimentary way by simply sticking small-angle emitting low-power LEDs (3 mm
housing) to the side of the PDMS.[156, 157] This method did not allow optimisation
of the light focus onto a specific part of the microfluidic channel. In this thesis, the
system was improved by focussing the output of a fibre-coupled high power LED onto
the microfluidic channel via the side of the PDMS slab.

Experimental pictures in Figure 4.21 show the optical rays light injected into a
PDMS device using the collimator placed at a distance of ten centimetres to the

microfluidic channel side.
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Figure. 4.21 Pictures coupling light into the PDMS from the side with a 25° incidence
angle, using a fibre-coupled LED connected to a collimator and focused with an
additional lens. (left) Side view (right) Top view.

Both the rudimentary LED illumination and the more sophosticated focused beam
illumination were compared by imaging 100 nm gold nanoparticles deposited on the
microfluidic channel substrate. For optimal comparison the same area was imaged.
The digital microscopic images were analysed by plotting the histogram along a line

with individual scattering particles. (see Figure 4.22)
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Figure. 4.22 Comparison of the (bottom) new high power white LED illumination to
the (top) old method using a sample of 100 nm gold nanoparticles deposited on the
bottom of a microchannel. (left) Histogram of the red line from the image (right) Grey
value as a function of the distance along the red line on the image.
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As shown Figure 4.22, the intensity signals of gold nanoparticles were increased by
a factor of three for the same exposure time. While the background noise remained
constant, leading to a significant increase in signal to noise of the dark-field detection

of gold nanoparticles.

4.5 Real-time experiment control electronics

In order to obtain reproducible experiments, precise control of the timing of the electric
field switching, video recording and light switching is needed. A simple electronics box

based on an Arduino micro-controller was built.

4.5.1 Electronic synchronisation

LED illumination and electric field switching were controlled using home-built real-time
trigger electronics based on an Arduino Uno board running custom microcode. The
Arduino is a small computer built around an Atmel 320 microcontroller. The Arduino
environment allows for directly programming the microcode running on the controller.
In the following, the electronic circuit that interfaces the Arduino microcontroller to
the outside world was described. This involves a hardware switch to start/stop the
timing sequence (section 4.5.2), a control output for driving the function generator
that drives the electric field (section 4.5.3) and a control output for the high power
LED driver.
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Figure. 4.23 Photo of the box containing electronic controller.

4.5.2 Hardware switch for program control

In order to change the state of the microcode running on the Arduino, between "running'
and "stand by", a physical switch was interfaced to the Arduino TTL input (pin 2 on
the board). The "stand-by" state is necessary to allow the operator to change samples
to connect the device. In this state, the AC electric field is inactive (amplitude set to 0
V) but the illumination is switched on to allow observation.

When the switch is put into "run" mode, the experimental sequence is run repeated
( e.g. blink illumination, switch "ON" electric field, wait, switch "OFF" electric field,
blink, ... etc.). The blinking of the illumination is used as a synchronisation marker in
the recorded video.

The circuit for interfacing the hardware switch is given in Figure 4.24. It uses a
Schmitt-trigger inverter to "bounce back" the signal of the switch, and as a buffer to
protect the Arduino from accidental electric damage. Here, two inverters were placed

in series, which is not strictly necessary.
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Figure. 4.24 Electric circuit for interfacing a physical switch to a digital TTL input
of the Arduino board.

4.5.3 Control of the electronic function generator

The electric field in the microfluidic device is generated by applying an electric potential
to the thin-film microelectrodes. This potential is provided by a function generator
(ELC Centrad GF 266). The frequency and pre-set amplitude of the generated sinusoidal
signal is set via the external RS 232 computer interface.

The amplitude of the signal generated by function generator can be modulated
by applying a voltage (0...1.55 V) at the external modulation input. By applying a
voltage of 1.55 V the amplitude is set to zero (electric field switched "OFF"). The
amplitude is 100% of the pre-set value when the voltage is set to 0 V. Therefore, in
order to switch "OFF" and "ON" the electric potential applied to the microelectrodes,
an output controlled is needed by an Arduino TTL signal, that is able to drive the
modulation input of the function generator to 0 V and to 1.55 V. The MOSFET-based

circuit in Figure 4.25 was found to behave satisfactorily.
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Figure. 4.25 Electric circuit used to switch the voltage applied to the function
generator input

The "2N7000" MOSFET is a small low-power MOSFET with switching characteris-
tics for interfacing with the Arduino TTL output (pin 7 of the board). The Arduino
provides a very clean TTL voltage: it is really at +5 V when the output is logical 1,
and really 0 V at logical 0. This feature does that the MOSFET can be used in the
"switchable voltage divider" configuration shows, which pulls the BNC output down to

0 V with pin 7 at logical 0, and up to 1.55 V at logical 1.

4.5.4 LED controller

For videomicroscopy, it is essential to synchronise the recording to the switching of
the electric potential of the function generator. This synchronisation was achieved by
blinking the illumination, i.e. switching it off for 50 ms. The blinks are seen in the
video as one or two dark frames. The analysis of the recorded videos was started at

these frames. The high power LEDs were driven by a four-channel LED driver from
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Thorlabs (DC4104 ,1 A ,5 V). This driver has an external control input. The LED
drive current is controlled by applying a voltage between 0 and 10 V to the control
input. Ten volts correspond to a LED current of 1000 mA (the maximal value). The
electronic circuit used for switching the LEDs is shown in Figure 4.26.

+15V (external)

S
¢
|'_II | BS250P
¢ —
G D

Arduino e
pin 12 o—:|—@> BC547B
(TTL out) 10 kQ 1800

BNC to
Thorlabs LED
controller
330 Q (0...10V)
Arduino
GND © T
v

Figure. 4.26 Electric circuit used to control the voltage applied to the LED driver
input.

The switching on the output was again achieved by a switchable voltage divider
configuration. However, the switching between 0 and 10 V requires an external
voltage source. Also, a different MOSFET configuration was used, requiring an
additional bipolar drive transistor. The synchronisation of the function generator and
the LED illumination enables the analysis of images knowing perfectly the start of each
dielectrophoresis cycle. The aim was to analyse the dielectrophoresis of small particles
in solution by analysing the video microscopic sequences recorded by a camera. This is

further explained in Chapter 5.
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4.5.5 Microfluidic flow control

In this thesis, only pressure driven flow was used to operate the microfluidic devices.
Two types of controllers were used.

The first type was a plastic screw syringe (Jeulin, total volume 60 mL, Evreux,
France). Using this purely mechanical syringe the pressure difference between entrance
and exit on the microfluidic channel was controlled. Pressure was monitored using a
digital pressure meter (Jeulin).

As second controller, the Fluigent MFCS-EZ microfluidic flow controller was used
to drive the pressure at the entrance of the microfluidic channel above atmospheric
pressure. The range of use is 0 to 69 mbar corresponding to a flow rate of 0 to 44

pL/min for a typical PDMS microchannel seen previously in section 4.2.4.

4.6 Conclusion

The electro-microfluidic system for studying dielectrophoresis of nanoparticles on
the microscale was described in terms of microfabrication and characterisation of
microelectrodes and microfluidic channels. Both parts were manufactured with good
reproducibility.

More generally, each part of the overall system was described in order to not omit
critical parameters for our experiments. The electrical connection, optical proper-
ties, microscope and image analysis were described in order to enable reproducible
quantitative measurements for the understanding of the dielectrophoresis of small
particles.

The microscopic work bench is very versatile. Three observation modes are available
(1) transmitted light, (2) wide-field epifluorescence and (3) dark-field light scattering

with side illumination of the microfluidic system.
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The electro-microfluidic device is also adaptable. Different types of electro-micromanipulation
can be done depending on the shape and placement of the electrodes by changing the
mask for photolithography. Furthermore, electric field applied at the electrodes can be
adjusted in terms of frequency, amplitude and "ON" and "OFF" times. Last but not
least, it is possible to generate a controlled flow inside the microfluidic system that can
be adapted for the characterisation of different samples. Finally, the detection chain
may be modified to implement different spectroscopic analysis methods. For example
a spectrophotometer, an avalanche photodiode (APD) or a camera can be positioned
at the exit port of the microscope.

In this thesis, the set up was configured for on videomicroscopy and optical spec-
troscopy of gold nanoparticles in microfluidic channels in the presence of a dielec-

trophoretic field.
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Chapter 5

Dielectrophoretic capture of

sub-200 nm gold nanoparticles

This chapter describes dielectrophoresis measurements. This work is original due to
measurement of the dielectrophoretic response of particles with a diameter smaller
than 200 nm. These particles are not easily detectable using traditional techniques
such as brightfield microscopy.

A better understanding of the dielectrophoresis of sub-200 nm Brownian nanoparti-
cles in water will aid in the further development of DEP-based methods for nanoparticle
characterisation,[158-160] separation[161] and assembly of superstructures.[162-164]
Equation (5.1). It describes the parameters that change the dielectrophoretic response

of particles in a fluid medium.

(Fosp) = {VyRela] VIBP (5.1

In this expression, V), is the volume of the particle, and & is the effective complex
polarisability of the particle in the medium, of which the real part translates into the

DEP force and the gradient of the norm of the electric field E.
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A summary of forces playing a role inside our set-up will be developed in the first part
of this chapter to compare the magnitude of the DEP force to other forces (gravitational,
electrostatic). Then one measurement of dielectrophoretic will be described in detailed
as an example of the general method applied for each data points in this chapter.
Finally, the general Equation 5.1 will be decomposed to validate the link between the
varying of different parameters (frequency, Vpp) and the DEP response. This analysis
will be done first on well known colloidal solutions (latex spheres) and thereafter on

metallic particles smaller than 200 nm of diameter (gold particles).

5.1 Electrohydrodynamics and DEP in our set up

In order to determine the scaling of forces and their influence inside our system, an
analysis of forces acting on gold nanoparticles were studied. These forces are composed
of gravity, Brownian forces and DEP motion generated.[106] Only spherical particles
will be described in the following part in order to keep the discussion simple. This
means that the volume of one particle V), is described as a function of the radius of the

particle a, according to

V, = ima’ (5.2)

5.1.1 Gravitational influence

A particle completely immersed in a fluid displaces an equal volume of fluid. The
magnitude of the resulting gravitational force F, corresponds to the mass of the particle

ppV, minus the buoyancy, p,,V, both multiplied by the gravitational acceleration |g|.

Fy = ppVulg| = pm Vil (5.3)
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For spherical particles, it is well known that the viscous friction force of a particle
Fy can be described using Stokes’ law as a function of the viscosity of the medium n

and the particle velocity v as

Fy = 6mnalv| (5.4)

For a particle dispersed in a fluid, using the first Newton’s law of motion > F =0
we are able to determine the velocity of the particle |v| (also corresponding to the
sedimentation coefficient multiplied by the gravitational acceleration) as
_ Amlg| _ 2a*(pp — pu)lg]

_ z 5.9
’vg‘ 6777]@ 9 n ( )

5.1.2 DEP force

Referring to the equation 5.1, it is possible to express the dielectrophoretic force with
the complex permittivity of the particle ¢, in a medium ¢, (assuming an infinitely

thin frontier between particle and medium), as below

€p — €m

(Fpep(r)) = 2mea®Re [Mﬂ] VIE®@) ] (5.6)

Following the same approach as above for the gravitational influence, it is possible

to calculate the magnitude of the velocity resulting from the dielectrophoresis as

€p — €m
€p + 26m

a’e,,
= R
|UDEP| 61 € [

] VIE() (5.7

For gold nanospheres the Clausius-Mossotti factor will be chosen as equal to +1
and the permittivity of the medium as 80.
Using gradient electric field results from the section 5.5.1, it is possible to determine

the electric field gradient along the electrode edge.
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5.1.3 Brownian motion

The random displacement of the particle follows a Gaussian profile with a root-mean-
square displacement, depending on the time that the particle is analysed, D is the

diffusion coefficient of the particle. This gives rise to an "effective velocity".

kgT
’Ubrowm'an‘ = V4Dt = 33 (58)
man

Where kg Boltzman’s constant, 7' is the absolute temperature and ¢ is the period

of observation.

5.1.4 Which force dominates?

The three forces (gravitational, DEP, Brownian) were calculated as described above.
The magnitude of each velocity was compared to others as a function of the particle
diameter. The objective was to compare the gravity, Brownian motion and DEP for

different voltages applied.
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Figure. 5.1 Effective velocity (m s™!) as a function of the particle diameter. The
magnitude of the velocity due to DEP is plotted for voltage applied between 3 to 15
Vpp and compared to the magnitude of the velocity due to the gravity and Brownian
motion.
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By analysing these results we were able to determine the minimal sizes of particles
which are sensitive to the dielectrophoretic force. For example, particles with a diameter
of 80 nm are the lower limit for capture by pure dielectrophoresis using an electric field
amplitude of 5 Vpp.

This first approach helps us to define parameters and limits of our device in terms
of dielectrophoresis for the capture of spherical gold nanoparticles. A 3D representation

was done in order to define an area of capture around an electrode tip.
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Figure. 5.2 a) 3D plot of the effective velocity due to DEP (m s™') for a gold
nanoparticle of 100 nm diameter. Dielectrophoresis velocity was plotted for applied
voltage 10 Vpp (green). It was compared to the effective velocity due to the DEP and

Brownian motion (blue). b) 2D plot of the cross section between both effective velocity.
The cross spot has a diameter of 1.9 um.

It is also interesting to look in to the electric field gradient close to the electrode’s
tips using the COMSOL simulation to determine an area where particles are directly
captured due to the dielectrophoresis force. The Figure 5.2 shows results from the-
oretical application comparing the magnitude of the velocity for a particle affected
by the Brownian force and by the DEP force. This figure shows particles close to the
tips of the electrodes at different amplitudes of electric field. Looking at Figure 5.2, a

circle with a mean diameter of 1.9 pym can be assumed to be a typical size where the

101



Dielectrophoretic capture of sub-200 nm gold nanoparticles

DEP force becomes prominent over the Brownian force around the tips of electrodes.
The DEP force topography against others forces can be easily represented using this

analysis method.

Following, a general method applicable to our videomicroscopy measurements was
described to analyse the dielectrophoretic response of the nano-objects samples. The
videomicroscopic measurement of DEP for nanoparticles demonstrates the acquisition
cycle and processing of the image’s sequences. The videomicroscopic analysis is based
on the light intensity measured in each pixel in each frame which is proportional to
the amount of particles in the corresponding observation volume. The measurements

can be described in 3 steps:
e The videomicroscopy recording;

» The image processing (electronic background subtraction, the background correc-

tion);

o The extraction of the intensity evolution as a function of the time

5.2 Methodology for video-microscopic analysis

To analyse the effect of dielectrophoresis on particles, the light intensity and the
concentration of particles were correlated at each instant t. The area showing the
higher gradient electric field of our system was selected. The area is defined as circle with
a radius R.qp. For this analysis a method was developed of an original image processing
method to avoid stray light in our measurements. In the following subsections the
measurement method will be explained step-by-step and a set of measurements will be
presented as an example of the analysis. The study will be concerned with the capture

of nanoparticles by dielectrophoresis as a function of the applied electric field and time.

102



Dielectrophoretic capture of sub-200 nm gold nanoparticles

5.2.1 Image processing

The Ximea monochrome camera used for the measurements was composed of a 2048
x 2048 pixels CMOS image sensor (5.5 ym / pixel) with a maximum video recording
frame rate equal to 90 frames per second (fps). A typical video recording was a stack

of images recorded at 50 fps saved into a TIFF file directly from the Ximea software.

The problem with videomicroscopy, was the signal to noise ratio of the camera
for these nano-objects with such high fps rates (short exposure times). In order to
tackle this problem, the dielectrophoresis analysis was realised by averaging over several
cycles of the same sequence, consisting of three seconds of particles capture when the
electric field is "ON" followed by five seconds of particles release switching "OFF" the
electric field (detailed in the section 5.3.1). Using averaging resulted in one cycle of
eight seconds, this procedure was very similar to the averaging of traces in a digital

oscilloscope which also enhances the analyte signal over the background noise.
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Figure. 5.3 Schematic representation of the sequence of the experiment. A DEP
“capture-and-release” cycle is repeated “n” times, while filming the microscopic images
near the electrode tips. After recording the full sequence, a “cycle-averaged” video is
created by adding up all frames at the same phase of the cycle, giving a videomicroscopic
sequence over one DEP cycle that contains the average signal over many cycles. This
greatly increase the signal over the background noise, while averaging out the movements
of individual particles.

Once the dielectrophoretic principle of the cycling capture has been defined, images
corrections will be detailed in terms of intensity data. Images directly saved from the
camera are called (Igq,). Firstly, the electronic background (Igiectronic) corresponding
to the record before each measurements series without light illumination was subtracted
from the raw data. In this state of correction, it was not possible to directly study
the contribution of particles captured in comparison to particles free in solution. In
fact, particles stuck to the top of the microchannel contributed to the undesirable
background intensity. To solve this sticking problem a last correction was done by

subtracting a background image ({gackground)-
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Finally, the average images sequence shows the spatial distribution in two dimensions
of particles around electrodes. This permits us to follow the particles comportment in

an AC electric field for each frame and each of its positions.

Baseline verification

Raw images minus background images were realised to create the averaged video. The
averaged video-microscopy image stacks were saved and the dielectrophoresis areas
capture were used to follow the phenomena. This means that for each measurement
(around 25 cycles of 8 seconds) an intensity profile was plotted. The baseline correction
of the integrated intensity was done directly from the image processing as see in Figure

0.4.
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Figure. 5.4 Top: (left) Raw image of 100 nm gold nanoparticles in the microchannel
dispersed around electrode tips. (middle) One of the background images subtracted
from the raw images, removing stuck particles and the signal from PDMS and ITO
electrodes scattered light. (right) Corrected image (bottom) Mean intensity profiles
averaged from the red circles before correction and after correction.
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Once again the image processing shows that only the baseline is modified and does

not affect the shape of the signal.

5.3 Dielectrophoresis cycle

The image processing was developed and validated to be physically appropriate. This
section shows how the method is used to extract the information from a videomicroscopic
recording. An example will be detailed for a series of measurements to analyse the
dependence of the DEP capture as a function of the time whilst applying the electric
field.

5.3.1 Typical cycle and intensity trends

As shown in the Figure 5.5, a circle of 2 um of radius (Reapture) Was chosen as the
reference for the signal intensity surface and an external radius (Rpepietion) Of 3 pm
was chosen for the depletion signal analysed in our images, both were placed at the

electrodes tips.

Rca pture

RDepletion

—
10um

Figure. 5.5 Scheme of the electrode tip’s geometry. To scale depletion and capture
circle areas of analysis were placed on the schemes.
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Below, the dielectophoresis cycle was described for the previously created average
sequence using the light intensity evolution over time. Capture of nanoparticles due to
DEP leads to an increase in light intensity close to the electrodes over time. When the
DEP field is switched off, the previously captured nanoparticles diffuse freely, and the
system returns to an equilibrium () state with an evenly distributed nanoparticles

concentration. This simple cycle leads to trends as shown in the figure 5.6.
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Figure. 5.6 Schematic representation of the sequence of the experiment. (left) electrical
power supply at the electrodes as a function of time. (right) Integrated intensity in
the circle determined by Reqprre Placed at the electrodes tips. a) at equilibrium, with
E-field switched off (¢ = 0s); at t=1s the LED blink; b) after 3s of electric field; c) just
after t = 4s when E-field was switched off; d) at t = 5s, when captured particles have
partially diffused away.

The capture ratio ¢4, is defined as the ratio of the maximum of the integrated
intensity just after release (I,,q;) to the integrated intensity at equilibrium (/y). This
is assimilated equal to the particles’ concentration at the capture (Ceqp) and at
the equilibrium(Cy). Shorter, intensities integrated from images will be analysed
and assimilated by division using an equilibrium reference (the variation of particles’
concentration for a previously selected area).
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5.3.2 Characterisation of ITO electrodes using atomic force

microscopy

In addition to the characterisation done after the fabrication of electrodes (see Chapter
4). Atomic force microscopy (AFM) characterisation of ITO electrodes was performed
after several dielectrophoresis cycles to follow the ageing of the electrodes. The
measurements were performed on a Dimension 3100 AFM, where a silicon probe tip
was mounted to analyse the samples by sweeping the electrodes by contact. AFM
images in Figure 5.7 show the ageing of electrodes by the formation of roughness at

electrode edges.

(a) Pristine (b) Roughened

BT

/ W"‘“"

Figure. 5.7 AFM pictures (a) Fresh electrodes after microfabrication (b) Electrodes
after more than 200 cycles of dielectrophoresis display important roughness.

It was hypothesised that electrochemical roughening of the electrode surface leads
to the formation of a multitude of local zones of strong electric field gradient, effectively
creating DEP "hot spots". Also, it was noticed that electrodes tips are non flat patterned
coming from the wet etching microfabrication for this type of very small shapes. (see

Figure 5.8)
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Figure. 5.8 Analysis of AFM pictures. (left) thickness of the ITO along the electrodes.
(right) thickness of the ITO the electrodes using a cross-sectional profile (perpendicular
to the electrode).

Depending on the frequency used and the voltage applied onto electrodes we defined
the approximate amount of DEP cycles that can be done before the DEP zone starts

extending all along the electrodes. (see Table 5.1)

Amplitude (Vpp) | <08 | f>1

3 100 > 1000
6 10 1000
10 1 1000

Table 5.1 Development of electrode’ roughness as a function of the field amplitude
and frequency used. Numbers corresponds to the approximate number of DEP cycles
which electrodes could support before damage begins to become apparent.

5.3.3 Example of a DEP measurement

In this part, an example of the analysis method was developed in order to describe
each step of the method. Gold nanoparticles of 100 nm diameter were used. The
dependence of the applied electric field time (DEP "ON") as a function of the capture
ratio (¢eap = Imaz/lo) wWas studied in this example. The electric field was switched
"ON" for 1, 3, 6, 8 and 10 seconds. For each of these five time frames, the capture ratio

was measured in three files of twenty-five cycles (capture and release).
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Integrated intensity

Time (sec)

Figure. 5.9 Integrated intensity as a function of time in the monitored area of
dielectrophoretic capture of 100 nm gold nanospheres whilst applying a voltage of 6
Vpp, measured using dark-field videomicroscopy (50 fps). The signal was averaged 25
"ON-OFF" cycles. Letters indicated different phases of the cycle: (a) at equilibrium,
with E-field switched off (t = 0s); at t = 1 s the LED blink; (b) after 3 s of electric
field; (c) just after t = 4 s when E-field was switched off; (d) at t = 5 s, when captured
particles have partially diffused away.

Capture ratios (¢eqp) were calculated for each recorded video. Three plots were
analysed for each time DEP "ON". A confidence interval was also determined from
these three measurements and plotted. The trend of the capture ratio can be estimated

after analysis which is linear as a function of the time DEP "ON".
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Figure. 5.10 Capture ratio as a function of the electric field time applied. For each
cycle, a time of 5 seconds was fixed to let particles diffused freely. The red line
corresponds to the fit of experimental dots.
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This series of points was fitted and permitted to correlate to the time of electric
field application and the capture ratio as seen in equation 5.11. Equation 5.11 is valid
for Aul00-LA (for our home-made suspension solution) for an AC electric field with

an amplitude of 6 Vpp and a frequency of 1 MHz.

¢cap = 1.65 tON +1 (511)

In this section, the general method has been described and shows how to determine
the dielectrophoresis dependence as a function of the DEP "ON" time. In the following,
all measurement points are averages of three different measurements and 95% of

confidence interval are given.

5.4 Comparison with results from literature

To validate our dielectrophoresis system we were compared our system and method
of measurement with that of published studies on latex particles. For this we were
analysed the variability of the Clausius-Mossotti factor (CMF), which is an indicator
of the dielectrophoresis response for nano-particles. By scanning the frequency and

analysis of the response we have studied reliability of our measurements.

5.4.1 Cross-over frequency

For polystyrene latex particles, the behaviour of the CMF is well-known and has been
confirmed in many different experiments. The CMF foy; can be calculated from the
complex permittivities &,,/, according to equation 5.12 ( subscripts m for medium, p

for particles) :

(5.12)
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Where 0,/ are the conductivities of the particle and the medium, respectively,
and w is the angular frequency of the applied AC electric field. In the present case we
have e, = 78.5¢¢, and ¢, = 2.55¢;. The dependence of the o, is directly linked to the
CMF.

For small particles, the conductivity o, is not only determined by the conductivity
of the bulk material but also by its surface conductivity. The overall conductivity of the
particles can be calculated from the bulk conductivity of the nanoparticle core material
O(pputky (vanishingly small for polystyrene, ~107% S m~'), and from the radius (a)
of the particle and its surface conductance K. For very small (< 1 um) polystyrene
latex particles, the conductivity is dominated by the surface conductivity. We found
the overall surface conductivity to vary slightly between different particle diameters,
likely due to differing surface densities of ionised groups. All conductivities are within

the range typically found for latex particles.

2K,

Op = O(pbulk) + (5.13)

A first approach was realised to analyse the dependence of the CMF as a function
of each configurable parameters. The diameter of the particle, the conductivity of the
medium and the particle surface conductance, link to that of the previous particles
which were studied to fit on our colloidal solution inject in the electro-microfluidic

system; the microscope was used as fluorescence contrast (see Chapter 4).
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Figure. 5.11 (top) Theoretically calculated CMF as a function of the diameter of the
particles (d), with o, = 1.1072 S m~! and K, = 5 nS. (middle) CMF as a function
of the conductivity of the medium (o,,), with d = 200 nm and K = 1.7 nS. (bottom)
CMF as a function of the particle surface conductance (K;), with d = 200 nm and
Om=1.10"2S m™!.

As shown in Figure 5.11, an increase in diameter of the particle leads to a decrease
of the crossover frequency and a decrease of the CMF values at the low-frequency
plateau. By varying the medium conductivity we observe that the crossover frequency
does not depend on medium conductivity. However, the CMF values change at the
low-frequency plateau. Finally the particle surface conductance was varied for a 200
nm diameter particle. This resulted in a large change of the crossover frequency value

and also to a change of the CMF plateau value.
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5.4.2 Comparison with the literature

Using the methodology described in Chapter 4, we have investigated the dependence
of the capture ratio on the frequency of the AC electric field at constant amplitude
of the applied potential. For comparison with data obtained using other methods
in published literature,[165-167] we first studied the dielectrophoresis of polystyrene
particles (latex spheres).

Polystyrene latex particles were dispersed in the same medium as the gold nanopar-
ticles (0.2 mM Na-lipoate, 1 mM NaOH in water). The measured conductivity of
this medium is 2 x 1072 S m~!. The DEP of these particles is well known to be
frequency-dependent. At constant field amplitude, the amount of captured particles
decreases towards higher frequencies, since the dielectrophoretic force becomes weaker.
At a certain frequency, the crossover frequency, the dielectrophoretic force changes
sign, turning from positive DEP to negative DEP, meaning that DEP pushes particles
away from the capture zone. The weakening of the DEP force on latex particles
with increasing frequency is indeed observed as a decrease in the capture ratio in our

measurement. (Figure 5.12)
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Figure. 5.12 Experimental capture ratios for polystyrene particles (200, 500, 810 nm)
as a function of the frequency at 7 Vpp to determine the crossover frequency. Red lines
correspond to model calculations of the Clausius-Mossotti factor, using €,, = 78.5¢,
om = 1x1072 Sm™!, and K, = 1.7 nS (PS200), K, = 2.8 nS (PS500), K, = 3.1 nS
(PS810).

Figure 5.12 shows the dependence of the capture ratio for latex particles on the
field frequency, at constant amplitude of the applied voltage. From this dependence
we can estimate the crossover frequency for each diameter of latex sphere particles.

Comparatively, it was not possible to directly observe negative DEP for all particles.
In fact the signal ratio of the noise is too important to be really significant. An example

was detailed in Figure 5.13.
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Figure. 5.13 Integrated intensity as a function of time in the monitored area of dielec-
trophoretic capture of 200 nm latex nanospheres applying an electric field amplitude
of 7 Vpp and a frequency of 6 MHz using fluorescence videomicroscopy (50 fps). The
signal was averaged 25 "ON-OFF" cycles.

The crossover frequency could be reliably extrapolated from the decreasing capture
ratio with increasing frequency.

The crossover frequencies, 5 MHz for 200 nm 4 MHz for 500 nm, 2 MHz for 810
nm latex spheres, were well in line with observations in the literature. Moreover,
we found that the decrease of the capture ratio for the latex particles as a function
of rising frequency followed the CMF predicted by the theoretical model. For low
capture ratios, the capture amplitude (= capture ratio minus one) is proportional to
the dielectrophoretic force. The behaviour of the capture ratio as a function of electric
frequency should therefore follow directly the evolution of the real part of the CMF.

This proves that our methodology yields results that are consistent with existing

literature.[165-167]
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Figure. 5.14 DEP crossover frequency for polystyrene latex particles: comparison of
determination using the capture ratio in microfluidic system carried out in the study,
and values from the literature. Capture ratios were measured for all polystyrene latex
particles, except particles of 2 ym diameter which were analysed only by direct visual
inspection of DEP-induced particle motion.

5.5 Dielectrophoresis of gold nanospheres

After confirming the agreement between our measurement of polystyrene spheres
with measurements published in the literature, we now focus on the study of the

dielectrophoresis of particles smaller than 200 nm of diameter.

5.5.1 COMSOL simulation of our system

In this section the electro-microfluidic chip will be modulated using the finite element
method, in order to estimate the magnitude of the dielectrophoretic force and the
topography of the DEP force field. COMSOL multiphysics software (version 5.2a).
Following Equation 5.1, the effective time-averaged dielectrophoretic force at position
r = (ry,ry,7,) is calculated from the effective polarisability of the particle a its volume

V, and the gradient of the norm of the electric field E.
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(Fosp(r) = V;Rela]V[B() (5.14)

The electric field for our device geometry was calculated from the electrostatic
potential obtained by solving the Laplace equation in three dimensions. The substrate
was modelled as silica glass (4455 = 2.09). The experimental planar electrode geometry
was reproduced; the electrode tips were rounded with a radius of 0.25 pym. The
thin-film electrodes were approximated as infinitely thin equipotential. An applied
potential difference of 10 V between the electrodes was used. The medium was water
(Ewater = 78.5;0,, = 1.1072 S m™1), enclosed in a chamber of PDMS (eppars = 2.75)
dimensions [, w, h] = [650,400, 100] gm.[115]

Electric
field(V.m™1)
10

xxxxx

Figure. 5.15 (top) Top view of calculated electrical field strength on electrodes in
the microchannel in the electrode plane. (bottom) Top view of gradient of the squared
norm of the electric field.

Using these results we are able to extract the electric field gradient profile around

electrodes tips. This one was used in the section 5.1.4.
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Figure. 5.16 Electric gradient square along the electrode extract from the COMSOL
simulation of our system

Using the CMF and the radius of the gold nanoparticles (¢ = 50 nm), we can
calculate the dielectrophoretic force field (which is proportional to the gradient of the
squared norm of the electric field and has identical topology). A CMF of +1 is taken
in line with literature observations, as described in section 5.5.3. The side view of the
magnitude of the force is shown in Figure 5.17. This demonstrates that the force-field
is concentrated at the electrode tips. By choosing a lower threshold value of ~ 2.10~ !

N we can define a “DEP capture zone” that has a radius of 2 pm.

Logo
Foep (N)
-8

Logio

©

Figure. 5.17 (left) False colour image (side view) of decadic logarithm of the magnitude
of the dielectrophoresis force near the electrode tips. The direction of the force is
represented with arrows. (right) Threshold false colour image with decadic logarithm
of DEP forces clarifying the radical dependence of the force around the electrode tips.

From this simulation and from results in section 5.1.4, we have fixed a circular

area with a diameter of 2 um around each electrode tip to obtain the maximum signal
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from the video-microscopy. This permitted us to analyse the dielectrophoresis of gold

nanoparticles with a high definition.

5.5.2 Reproducibility of DEP measurements

In order to estimate the uncertainty due to device-to-device variations, we measured the
same sample (100 nm gold nanospheres in 0.2 mM Na-lipoate, 1 mM NaOH in water)
in four separate devices. For each device, at least three independent measurements
were carried out over several days. As shown in Figure 5.18, the measurement of the

capture ratio of the same sample in different devices is reproducible to within 20%.
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Figure. 5.18 Capture ratio at t = 4 s of particles release as a function of the device
at 6 Vpp and frequency 1 MHz. Data points indicate individual measurements in
different devices. Red data point represents the meaning of all points with the standard
deviation (95% confidence interval) coming from the experiment measurement.

5.5.3 Frequency dependence of the DEP factor for gold nano-
spheres

To analyse the frequency-dependence of the capture ratio of gold nanoparticles, the
frequency was varied from 800 kHz to 6 MHz and measurements of the capture ratio

were made. Figure 5.19 is a typical result, for 100 nm gold nanospheres.
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Figure. 5.19 Capture ratio at t = 4 s of Aul00-LA as a function of electric field
frequency applying an AC electric potential with amplitude 6 Vpp. The data points
indicate the average of individual measurements with the standard deviation (95%
confidence interval). The dotted line is the mean value of all measured capture
ratios. Frequencies smaller than 800 kHz were not studied due to the appearance of
electrohydrodynamic effects that perturb characterization.

The capture ratio does not depend on frequency. This suggests that the real part
of the Clausius Mossotti is independent of frequency in this range. This is in line with
observations using a different technique for slightly larger gold nanoparticles, and also
with predictions by Gierhart et al. The bulk conductivity of the gold nanoparticle core
is so high (4.1x107 S m™!), completely dominating the dielectric response, leading to
Re( fcM) = 1 for all frequencies studied. The CMF for gold nanoparticles is expected
to be unity for frequencies well beyond 1 GHz, as a result of their conductive core. On

the basis of this finding, we decided to keep the working frequency fixed at 1 MHz.

5.5.4 Gold nanoparticles response

We now discuss the results of the quantitative measurement of the DEP capture ratios
for 80 nm, 100 nm and 150 nm diameter gold nanospheres as a function of the amplitude
of the AC electric potential applied to the electrodes. These measurements were carried

out using a fixed frequency of 1 MHz. Experimental settings were kept constant for
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all particle diameters and amplitudes: temperature (298 K), solution conductivity
(1072 S m™'), electric field switching sequence (3 s “ON”, 5 s “OFF”), camera frame
rate (50 fps) and device geometry (electrode separation 20 pm, channel height 20 pm).
As described above, videomicroscopic sequences were recorded for each data point,
processed, and the corresponding capture ratio was determined.

The resulting set of experimental capture ratios as a function of the nanoparticle
diameter and electric field amplitude is shown in Figure 5.20. The capture ratios rise
quadratically with the amplitude of the applied AC potential. We choose to stay at
sufficiently low amplitudes to ensure this quadratic behaviour, as well as avoiding
unnecessary deterioration of the ITO electrodes and undesired electrohydrodynamic

effects such as electro-thermal motions or electro-osmosis.

80 nm
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Figure. 5.20 Experimental DEP capture ratios (black circles) for gold nanoparticles
in aqueous solution as a function of the amplitude of the AC potential applied to the
electrodes, quadratic models fits to the experimental data (dotted lines) and capture
ratios from numerical modelling realised in sections 5.5.5 (solid lines) and 5.5.6. Each
experimental point corresponds to at least three measurements in different devices (f

=1 MHz).
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The main experimental observations on the dielectrophoresis of sub-200 nm gold
nanoparticles in our microfluidic architecture can be summarized in three points. First,
the dielectrophoretic capture is concentrated in a small area at the tip of the electrodes.
Second, the dielectrophoresis is independent of frequency over the frequency range
studied. Third, at low field amplitudes the capture ratio depends quadratically on the

electric field amplitude.

5.5.5 Simple physical model of DEP capture dynamics

We developed a simple physical model of the dielectrophoretic capture of Brownian,
sub-200 nm gold nanoparticles which reproduces the experimental observations. The
time-averaged DEP force experienced by a polarisable particle of arbitrary size, shape
and composition in a medium of different polarisability in a divergent AC electric field
is well known as in equation 5.1.

In the context of our measurement we control the frequency (radial frequency w)
and amplitude (Up) of the electric potential applied to the electrodes.[1] Furthermore,
we measure the effect of dielectrophoresis on different particle systems, while keeping
the same geometry of the device. The electric field can be written E = UG, such that
G contains the information on the topology of the field, and U is the experimentally
applied amplitude. We further introduce K,, = V,Re[(&)]. This product of the
particle volume V), and its effective polarisability could be loosely referred to as the
“dielectrophoretic susceptibility of the particle. Thus, equation can be written as
follows.

1
(Fpep) = L Kyl VIGP (5.15)

The sub-200 nm particles that are studied in this work undergo significant Brownian

motion. The steady, directional DEP force is thus perturbed by the random Brownian
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force on the individual particles. At the microscopic scale, the overall behaviour of
Brownian particles in a DEP field has usually been described with the Fokker-Planck
(or Smoluchowski) equation.[168, 169] The Smoluchowski equation can be rewritten
into a diffusion-advection equation.[170] Such a diffusion-advection description has been
applied in simulations of DEP in combination pressure-driven and electro-hydrodynamic
flows.[171, 172] We apply one further approximation (tentatively called the "chemist’s
approximation"): we replace the DEP-force related advective term by a spatially
dependent capture rate. This approximation can be made since the DEP force is
strongly localised very near the tip of the electrode and always pointing towards the
tip of the electrode see section 5.5.1.

Far away from the electrode, the force is negligible and pure diffusion dominates. The
diffusion of the nanoparticle concentration distribution is characterized by the Fickian
diffusion coefficient D (m? s71), given by Stokes-Einstein-Sutherland relation.[173-175]
In the absence of a DEP force field, all particles diffuse freely and the concentration
distribution of these 'free’ particles ¢ = ¢(x,y, z,t) thus follow the simple diffusion

equation.

%= DV?c (5.16)

A particle that comes under the influence of the DEP force and does not escape as a
result of Brownian motion will end up on the tip of the electrode (as seen in the section
5.1.4). The probability that the capture eventually happens is proportional to the
magnitude of the DEP force. On the ensemble level (the average of the contributions of
individual particles) this probability can be represented with a capture rate, which we
call keqp. Within the DEP “capture zone”, the evolution of free particles is described

by a diffusion-reaction equation
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0
8—? = DV?c — kegp (5.17)

The spatially-dependent capture rate is assumed to be proportional to the (effective)

magnitude of the dielectrophoretic force, which enables us to write:

keap = KK poU* (5.18)

K, is the term describing the polarisability of the particle in its medium. & is
a proportionality factor that links k.., to the topology of the DEP force field. It
translates the probability of a particle at a certain position in the DEP force field
ending up captured when continuing its motion under the influence of the DEP force
and the random Brownian force. This factor, &, is constant throughout this work, since
we always use devices with the same electrode configuration. This enables relative
measurements of K,,. For a spherical particle of radius a having a complex permittivity
(¢p) in a medium &,, (assuming an infinitely thin frontier between particle and medium),

the following equation has been derived.

&y — Em

Kpol = 47T€m0/3R,e |:fC~M:| with fCM = é:_|—72§
p m

(5.19)

This equation features the Clausius-Mossotti factor foys that was mentioned earlier,
and whose behaviour for polystyrene and gold nanoparticles was discussed in more
detail in section 5.4.2 . k is a proportionality factor that links k., to the itinerary of
the particle in the DEP force field. It only depends on the topology of the electric
field, and is therefore constant throughout this work, since we use always devices with
the same electrode configuration. The topology of the field gradient is furthermore
represented in an approximate manner by the spatial distribution of k.qp,. In our model,

this probability is taken to be zero outside of the zone where the DEP force is significant
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and has a constant value inside. This means that when a particle enters this "DEP
zone" there is a certain probability that it is captured (but it also has a probability to
escape the zone thanks to Brownian motion). The “DEP zone” is modelled to be a
constant value within a hemisphere of radius R.q, centred around the electrode tip.
(Figure 5.21). When the DEP field is switched off, k.4, is set to zero everywhere, and
all capture particles are assumed to be concentrated in a thin disk. Finite-element
calculations of the electric field in our device architecture (section 5.5.1) showed that
the DEP force only has significant magnitude very close to the electrodes. The DEP
force is always directed towards the tip of the electrode. This is in agreement with the
observation that DEP capture only takes place in a small circular area near the tips of

the electrodes.
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Figure. 5.21 Schematic of the geometry of the system used in numerical modelling
(cross-section in the xy plane at z = 0). (a) Hemisphere where the particles have a
non-zero probability of being capture during the “DEP ON” phase. (b) Initial condition
for the free diffusion upon entering the “DEP OFF” phase.

5.5.6 Numerical modeling

Our reaction-diffusion model of dielectrophoresis of Brownian particles was solved

numerically for the geometry and boundary conditions corresponding to our electro-
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microfluidic device. The solution describes the ensemble behaviour in terms of the
spatial and temporal distribution of the particle concentration (number density), i.e.
the collective average result of the motions of individual particles. In Figure 5.22 the
evolution of the radial nanoparticle concentration profile around the tip of the electrode
is shown for a 2 pm thin layer above the substrate, for a given k., and D. During the
"DEP capture' phase, particle density builds up in the area at the tip of the electrode.
Simultaneously, there is some depletion of nanoparticles just outside this capture area,
due to mass transfer limitation, i.e. diffusion of particles is too slow to replenish the

particles that have been dielectrophoretically captured at the electrode tips.
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Figure. 5.22 Example of a numerical result of the time-evolution of the relative
nanoparticle concentration near the tip of the electrode: radial concentration profiles
relative to the centre of the capture zone. The labels "A" and "B" indicate the limits
of the inner capture zone and the outer "depletion disk", respectively (corresponding
t0 Reapture and Raepietion in Figure 5.5). (top) capture of particles by positive dielec-
trophoresis. (bottom) free diffusion of particles after release of the DEP field. Model
parameters: 100 nm nanoparticles, water at 298 K, capture radius 2 um, capture rate
0.8 s71. Right: Scale representation of the system with “A” and “B” circles.
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When integrating the particle concentration in the inner capture area, and the
particle concentration in the ring just around this area, we obtain the evolution of the
integrated intensity of these two areas over time, which can be directly compared with
experimental capture curves. As can be seen in Figure 5.23, there is close agreement
between experimentally obtained DEP capture curves and model curves. Also, the

depletion next to the capture zone is reproduced.
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Figure. 5.23 Time evolution of the particle concentration. Comparison of model
(black) and experimental capture curves (red). Capture of 100 nm gold nanoparticles

in water at 298 K on the tip of electrode (top) and depletion in a ring just outside the
1

capture zone (bottom). Experiment: amplitude 5 Vpp, theory: capture rate 0.8 s~*.

A series of numerical simulations was carried out using our model, varying k., for
each nanoparticle diameter. As simulation parameters, we used the 3 s “DEP ON”/5 s
“DEP OFF” cycle from the experiment. For each of the three particle diameters, the
corresponding diffusion coefficient was set, and then the capture ratios were evaluated
for different values of k., . This yielded the evolution of the capture ratio as a function
of kcqp, for each nanoparticle diameter studied.

For direct comparison with experiments, k.., was converted to an applied electric

potential amplitude using Equation 5.18, so that we can plot the capture ratio as a
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function of applied potential amplitude. The conversion is done by choosing a value
for the factor kK, that gives the best fit between experiment and model for a given
nanoparticle diameter (Figure 5.20). For each nanoparticle diameter studied, a different
value for kK, was obtained. There is agreement between the experimentally measured
capture ratios and those obtained from our model (Figure 5.23). The numerically
modelled capture ratios have a quadratic behaviour as a function of electric potential
amplitude at low amplitudes. These level off at higher amplitudes as a result of
nanoparticle depletion near the electrodes due to mass transport limitation. This
depletion effect is more pronounced for larger particles. The experimental observations
were done at sufficiently low amplitudes to still be in the non-depleted quadratic
regime, where the Brownian motion is sufficiently potent to supply new particles to
be captured. This enabled the accumulation of measurable amounts of particles. In
order to fit the numerically modelled capture ratios to the experimental data, the k.4
of the model is related to the amplitude of the applied potential U. This determines
kKpo. The coefficient x only depends on the electric field topology and is independent
of the nanoparticles. We may thus determine relative values of K, for nanoparticles,
by dividing the kKK,, by a reference value. Here, we take the 100 nm particles as
the reference value. Figure 5.24 displays the evolution of K., a measure of the
susceptibility of the nanoparticles to dielectrophoresis as a function of gold nanoparticle

diameter.
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Figure. 5.24 Relative dielectrophoretic susceptibility K,, as a function of gold
nanoparticle diameter (circles). The K,y values are relative to the value of 100 nm
particles. The solid line suggests a linear relation between K, and nanoparticle
diameter.

For sufficiently large spheres K, is expected to depend on the volume (see Equation
5.19), i.e. K,y will vary as diameter cubed. This is clearly not the case here; the
dependence seems to be linear. We speculate that in the size range 200 nm to 1 pum the
dependence of K, on diameter evolves gradually from linear to cubic. The break-down
of the cubic dependence for sub-200 nm particles may be explained by the derivation
of Equation 5.19 for spherical particles. This states that the electric double layer
around the particles is approximated as a surface conductivity at the infinitely thin
particle-medium interface. This is justified for sufficiently large particles (> 1 pm),
where the electric double layer ion cloud is thin compared to the particle diameter,
but is expected to break down for smaller particles. The linear dependence of K,
on diameter means that K, falls off less radically for submicron nanoparticles than
expected on the basis of the usual model of the dielectrophoretic force for spheres. There
are therefore two reasons why very small objects (nanoparticles, proteins, polymers)

can still be captured in dielectrophoretic processes: (1) Brownian motion bringing the
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objects close to the zone of effective capture and (2) breakdown of the cubic dependence
of the dielectrophoretic force for small particles.

More precisely, we designate u = u(x, y, z,t), the local concentration of free nanopar-
ticles and v = v(x, y, 2, t), the local concentration of particles that have been captured
by DEP. The free nanoparticles diffuse with a constant isotropic Fickian diffusion
coefficient D. The process of nanoparticles being trapped onto the small area at the tip
of the electrodes is represented as a reaction transforming free particles into captured
ones, characterized by rate constant= k(x,y, z,t).

%7; = DV?u — ku
(5.20)

% = +ku
The system is considered to be infinite in the x and z directions, and of limited height
h in the y direction. In the numerical method this is approximated by choosing a domain
of width [ sufficiently large for x and z and Dirichlet boundary conditions (i.e., the
values at these boundaries are kept constant at a particular value, providing a constant-
concentration reservoir in the = and z directions). Numerical tests demonstrated L =
12 pum to be a reliable choice for our system
x,z € [—L/2,L/2] (5.21)
U=Ceyq, at v=—-L/2;x=L/2,z=—L/2,z=1L/2
In the y direction the particle flux is set to zero at the bottom and top of the

microchannel (Neumann "zero-flux" boundary condition). In our case, we have h =

20 pm

y € [0, h]

=0, at y=0,y=h

(5.22)
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In our model, we start with an initial condition at ¢ = 0 where the system is at
equilibrium, i.e. the concentration of free particles is the same throughout the sample,
and no particles have been captured. The value of (¢, is arbitrary, since our experiment

gives the relative concentration, and a convenient choice is C¢y = 1.

u(z,y,z,t =0) = Cy (5.23)

v(z,y,z,t=0=0
The variable v keeps track of how many particles have been captured during the
phase where the DEP field is active. The process of a particle coming under the
influence of the DEP force and ultimately being captured at the electrode (in spite
of its Brownian motion) is modelled using the approximation that k has a constant
value within a radius R.q, and is zero everywhere else. This reflects the notion that the
DEP force is only significant very close to the electrode tip and does not influence the
motion of the particles farther away. Switching the DEP field on and off is reflected by
the temporal dependence of k. The DEP field is on between ¢ = 0 and ¢ = t,5¢ , and is

subsequently switched off.

k=0, t>tyf
k=0, te(0,top] N2> +y*+2° > R2, (5.24)
k= keap, t€[0,torg] A2+ y? + 22 < RZ
Simultaneously, at ¢ = t,¢; all captured particles are released as a thin flat disk
with radius R.,, and a minimal height h, which we chose to be the height of a single
elemental volume in our solver. We numerically achieved this transfer from "captured"
to "free" particles by summing all xz planes of v over all y and adding this sum plane
to the bottom plane of u. Subsequently all elements of v are set to 0. In essence,

we sequentially solve two partial differential equation systems, the first representing

the DEP capture phase in a diffusion-reaction system, the second a pure diffusion
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equation (PDE) of the released particles, using the results of the first PDE as the
initial condition.

This system of partial differential equations was solved numerically by M. Werts
in a regular cubic mesh in Cartesian coordinates using the finite-volume method
implemented by the FiPy module[176] (version 3.1.3.dev531+gd4b7593, Anaconda
4.4.10, Python 2.7.15-condaforge, 64-bit Linux). The choice of the Cartesian coordinates
and the regular mesh was guided by (i) limitations in the code concerning the use
of cylindrical coordinates, and (ii) facilitation of post-processing of the solution on
a regular mesh, in spite of the higher computational cost. The computational cost
was somewhat alleviated by using symmetry and calculating only one quadrant of the

solution.

5.6 Conclusion

The capture area of the dielectrophoresis delimited by a radius of 2 ym was determined
to be representative of the area directly linked to the dielectrophoresis force using
theory, simulation and experimental observations.

A method for the measurement of DEP of gold nanoparticles was developed and
found to be in agreement with results in the literature. This offers the possibility to
work with a variety of nanoparticles samples in our microfluidic work bench.

Through in situ, real-time observations on well-defined gold colloids using dark-field
videomicroscopy in combination with physicochemical modelling, we explained why
small gold nanospheres (here limited to 80 nm diameter) can still be effectively captured
and assembled by dielectrophoresis in microfluidic systems. If one was to extrapolate
the often-cited cubic dependence of the dielectrophoretic force on sphere radius from
micrometre to sub-200 nm nanoparticles, the DEP force would be predicted to be

exceedingly weak.
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However, near the tips of microelectrodes, very high electric field gradients exist
and Brownian motion is efficient in transporting smaller particles towards these zones
where the particles are captured by DEP. The capture zones are limited to the regions
very near (< 5 pm) the electrodes; the DEP force is negligible outside these zones.
The DEP force on the gold nanoparticles was found not to depend on the frequency of
the electric field in the 800 kHz — 5 MHz band studied. We also found that the DEP
force for these sub-200 nm particles does not display a cubic dependence on particle
diameter, but a linear dependence. This is likely a manifestation of the increasing
influence of the electric double-layer ion cloud around the particles as the particle
diameter decreases. The resulting higher electric polarizability is further enhanced by
the high conductivity of the gold core.

There are few in situ studies concerning the strength of the DEP force for sub-
200 nm nanoparticles. Much prior experimental work has focused on the frequency
dependence, which has been very fruitful for the characterization of polystyrene latex
dispersions. The present work focuses on gold nanoparticles, and the dependence of the
DEP strength on applied electric potential and nanoparticle diameter, since the DEP
force was found not to depend on frequency in the 800 kHz — 5 MHz band studied. The
lower limit on the gold nanoparticle diameter in our experiments was 80 nm; smaller

particles generated insufficient contrast in the dark-field microscope.
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Chapter 6

Dielectrophoresis and spectroscopy

This chapter describes an original bright-field transmitted light method for optical
extinction spectroscopy measurements on nanoparticles directly inside a microchannel
cell under the application of a dielectrophoretic field. In comparison to the dark-field
videomicroscopy used in the previous chapter which relies on the light scattering by
gold nanoparticles, the range of particle sizes that are accessible is extended to particles
smaller than 80 nm. In effect, we use the high optical extinction properties of gold
nanoparticles in the UV-vis range. The technique presented offers the advantages
of working with transmitted light microscopy and generates spectra whose variation
can be recorded as a function of time. The design of system and its calibration are
explained first. Then extinction spectra are recorded for different nanoparticle solutions
while modulating the electric field. The modulation of the optical density as a result of
the dielectrophoretic capture/release of gold nanoparticles is analysed in terms of the
dielectrophoretic susceptibility of the nanoparticles, which allowed us to extend the
measurements of Chapter 5 towards smaller particle sizes. Furthermore, we describe
the enhancement of the DEP capture of nanoparticles in presence of pressure-driven

flow of the suspension over the array of microelectrodes, and apply the DEP-modulated
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optical extinction microscpectroscopy to the analysis of mixtures of gold nanoparticles

of different diameters.

6.1 Optical detection in the microfluidic cell

The microfluidic volume in the device was observed in bright-field transmitted light
contrast through the Olympus IX71 inverted microscope using a moderate magnification
objective (20x, N.A. = 0.4) (Figure 6.1). The illumination was provided by the
illumination optics of the microscope (halogen light source, Osram HLX 100 W). The
beam-splitter in the microscope’s observation path was used to send 20% of the light
onto the Ximea digital camera attached to the front port and 80% to the side port,
where it is focussed onto the end of an optical fibre. The optical fibre has a core
diameter of 50 um. The other end of the optical fibre was connected to a diode-array
UV-visible-NIR spectrograph (OceanOptics USB4000-VIS-NIR). Spectra were recorded
using 250 milliseconds exposure time. The useful spectral range of the present set-up
was 430...700 nm, limited at short wavelengths by the weak blue-UV emission of the
halogen lamp, and at long wavelengths by the infrared filter firmly integrated into the

microscope illumination optics.
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A ~———— Light source (halogen)

Optical filter (450-680nm)
Gold nanoparticles solution

Microcanal
ITO electrodes

\— Quartz layer

Microscope objective

~—— Tubelens

Beam splitter
«——  Camera

Figure. 6.1 Schematic of the dielectrophoresis system composed of ITO electrodes,
PDMS microchannel and halogen light source, and split detection channel consisting
of digital camera and fibre-coupled spectrometer.

Optical fiber
Spectrophotometer j‘ \

The entry of the fibre was adjusted to be in focus and at the center of the image plane.
To do this, a high power LED was coupled to the fibre instead of the spectrophotometer.
This allows us to position the fibre by optimising the image on the camera sensor of

the LED light back-scattered from the sample.

6.1.1 Experimental characterization of the effective observa-

tion area

The optical path has been kept as simple as possible in these experiments, essentially
placing a fibre-coupled spectrometer at the side-port of the microscope. The transmitted-
light illumination was not optimised. It is therefore expected that the part of the
microscope image that is sampled by the spectrometer is relatively large. We decided
to determine the sampled area experimentally by scanning the entire microsystem and

recording the evolution of the detected light intensity. The microsystem provides sharp,

137



Dielectrophoresis and spectroscopy

small features: the microfluidic channel walls, and also the transparent microelectrodes
that have sufficient contrast.

A scan along the width of the microchannel was realised using the motorized sample
stage. The evolution of the detected optical spectrum was recorded as a function of
the position (see Figure 6.2 a)). The walls of the microchannel were used as markers
providing a spatial 'delta’ pulse. From the microscope camera image a line profile (one

pixel wide) was plotted to identify the position of the walls in the image.
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Figure. 6.2 a) Spectra evolution sweeping the microchannel as a function of the
position. b) Bright field image of the microchannel, black line corresponds to the line
where the black profile was extracted, red circle shows the area swept along the dotted
red line. ¢) Normalised intensity as a function of the distance from real experimental
observation (blue), virtual sweeping with a circle diameter of 51 pym (red) and from a
pixels line (black). A distance of 300 um was added corresponding to the walls distance
of the microchannel.

Two intensity-vs-position profiles were generated. One profile is the real profile of
the detected spectral intensity. The second is a virtual profile generated by numerically

scanning a circular region-of-interest over the microscope camera image and tracing
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the integrated intensity in this ROI as a function of position. The diameter of this
circular ROI is tuned such that the virtual profile (red profile) has the same shape as
the experimental profile (blue profile) (see Figure 6.2)

From the comparison of the two profiles, the size of the area sampled by the
spectrophotometer was determined. A diameter of 51 pym was found. The recorded
spectra are thus averages over the microfluidic volume covered by this area. No further
optimization of the spatial resolution of optical system for extinction measurement[177]
was done at this stage, since the main interest was in observing and characterizing the
dielectrophoretic modulation, which requires an average over a relatively large area of

the microfluidic channel.

6.1.2 Extinction microspectroscopy

Colloidal gold nanospheres 40, 80 and 100 were stabilised with lipoic acid as described
before, and will be referred to as Aud0-LA, Au80-LA and Aul00-LA, respectively. This
time, ten millilitres of each solution were centrifuged in order to concentrate the particles
twenty-five times. The particles were finally dispersed in a total volume of 500 uL
aqueous solution (0.2 mM NaLA, 1 mM NaOH). The samples were characterized using
optical extinction (UV-visible) spectroscopy, confirming their integrity and providing
reference spectra for the extinction spectroscopy in the microfluidic system. On basis
of the extinction spectra, the concentrations of nanoparticles in the stock solutions
were determined[2] to be 1.93 x 10'2 particles mL™! for Aud0, 2.32 x 10! particles
mL~! for Au80 and 8.95 x 10'° particles mL~! for Aul00.

Optical extinction spectroscopy was done by first recording the dark spectrum
Lgark, i.e. the spectrum recorded by the spectrometer without any light. Subsequently,
a baseline spectrum [, was recorded by filling the microfluidic channel with water.

With these spectra in place, the extinction spectrum OD was obtained from the
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light transmitted through a solution containing nanoparticles. Optical spectroscopy
measurements were carried out at ambient temperature on aqueous gold nanoparticle

dispersions contained directly into the microfluidic channel.
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Figure. 6.3 (top) Baseline spectrum obtained using water injected in the microchannel
(bottom) Extinction particles spectrum recorded of Au40-LA solution injected into the
microchannel.

Extinction spectra of the solvent baseline and of the aqueous solution containing
Au40-LA are shown in Figure 6.3. The baseline fluctuations were sufficiently small over
several minutes in order to reliably measure spectra of the solution in the microfluidic
volume. The spectrum of the nanoparticle dispersion shows the typical plasmon
resonance for gold nanoparticles. The optical density corresponds well to the density
expected for the 20 um path length (OD;., = 25, expected for 20 pm: 0.05, found:

ODQOum == 0058)
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6.2 DEP-modulated extinction microspectroscopy

The optical microspectroscopy was then combined with the application of dielec-
trophoresis. This is illustrated in Figure 6.4. The microfluidic device used was the same
as the one of the Chapter 5. The microfluidic channel was filled with aqueous solutions
containing colloidal nanoparticles. Experiments were done either with or without
microfluidic flow. A periodic dielectrophoretic perturbation was applied, switching ON
and OFF the dielectrophoretic field while continuously recording optical extinction
spectra of the microscopic volume using the spectrometer. In a typical experiment, one
cycle period was composed of 15 seconds of dielectrophoretic capture ("DEP ON") to
let enough time for a sufficient number of particles to be captured. This was followed
by 10 seconds of release ("DEP OFF") during which the nanoparticles diffuse freely.

Obs. volume
Microchannel wall

Electrode

L e AN S B S B B S B B

25 50 75 100
Time (sec)

(b)

Flow direction s ) ..-.,‘:

OD/OD,,
1

T
0 25 50 75 100
Time (sec)

Figure. 6.4 (a): Schematic top-view of the microfluidic channel showing the relative
sizes of electrodes and the capture area (actual diameter = 50 um) analysed by
the spectrophotometer. (b): Shows the gradually capture of particles along the
microchannel. Dashed lines corresponds to microchannel walls.
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6.2.1 DEP-modulation in the absence of flow

First, the "pure" dielectrophoresis (i.e., without pressure-driven flow and undesirable
electrohydrodynamic effects) for particles Au40-LA, Au80-LA and Aul00-LA was
studied. Electrohydrodynamic phenomena were avoided by using a suitable AC electric
field at a frequency of 1 MHz, as discussed in Chapter 5.[100] The amplitude of the
applied electric potential was 20 Vpp. After injection of the solution containing the
nanoparticles and stopping the microfluidic flow using the pressure controller (Fluigent),
the dielectrophoretic modulation was started. Once a steady modulation of the optical
spectra was reached, extinction spectra were recorded for around 8 minutes. Figure

6.5 shows a typical result for Au40-LA nanoparticles.
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Figure. 6.5 DEP-modulated optical extinction spectroscopy of Au40-LA in aqueous
solution. (a) Evolution of the extinction spectrum in the observation volume during
the "DEP ON" phase. (b) Evolution of the extinction spectrum in the observation
volume during the "DEP OFF" phase. (¢) Amplitude of the applied AC potential (top)
and evolution of the measured optical density at An.x = 526 nm as a function of time.

The intensity of the extinction band corresponding to the Au40-LA plasmon
resonance was modulated as the DEP field was switched on and off. The optical density
increased as the field was switched on, indicating an increase of the number of particles
in the observation volume. When the DEP field was switched off the extinction dropped
rapidly to its equilibrium value. This drop corresponds to the rapid free diffusion after
release of the nanoparticles from the electrode tips.

Measurement of DEP-modulated extinction spectra was performed for 40, 80 and

100 nm gold nanoparticles (Au40-LA, Au80-LA, Aul00-LA) using identical experimental
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settings. The periodically DEP-modulated spectra were recorded for a prolonged period
(8 min). Multiple recordings were realised (more than three). Figure 6.6 contains the
variations of the optical density at the wavelength of maximum extinction for the gold
nanoparticles by the absence of microfluidic flow. In order to directly compare the
results for the different nanoparticle dispersions, the optical densities were scaled with

respect to the equilibrium optical density ODgq.
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Figure. 6.6 Selected DEP modulation cycles of Au40-LA, Au80-LA and Aul00-LA, in
the absence of flow, monitored as the optical density at the wavelengths of the plasmon
maximum, Apax = 926 nm , Apax = 549 nm, A\ = 572 nm. The grey areas in the
background indicate when the DEP field was active.

The modulated optical densities are analysed in terms of the factor by which the
optical density increases as a result of dielectrophoretic concentration of nanoparticles.
We call this factor the capture factor 1c.p. It is closely related to the capture ratio
¢cap used in Chapter 5. Indeed, Ycap = Peap — 1. The capture factor ey, is 0 if no
capture takes place, and becomes greater the more particles are captured during the
'DEP on" phase.

The capture factor is obtained in this case from the peak-to-valley amplitude of the

modulation of the optical density (ODyax — ODpmin) and its equilibrium value (ODy).
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ODmax - ODmin
ODeq

77b<:ap - (62)

The optical densities were taken at the wavelengths where the nanoparticles’ plas-
monic extinction bands have their maximum (Ap.yx). For a single measurement, capture
factors 1., were averaged over several DEP cycles (typically 20 cycles per measure-
ment). The results are collected in Table 6.1. The capture factor increases as the
nanoparticle diameter increases, indicating that larger particles are more susceptible

to dielectrophoresis.

/\max(nm) 77Dcap
Aud0-LA | 526 [0.20(%0.11)

Au80-LA | 549  |0.35(£0.13)

Aul00-LA D72 0.44(+£0.15)

Table 6.1 Wavelength of the extinction maximum and DEP capture factor ¢, (95%
confidence interval) obtained for gold nanoparticles of different diameters in aqueous
solution using DEP-modulated optical extinction spectroscopy. Applied AC electric
field had an amplitude of 20 V,,;, and a frequency of 1 MHz.

For nanoparticles measured using identical parameters of the applied electric
field (amplitude, frequency, topology), the capture factors ¢, are proportional to the
dielectrophoretic susceptibility K, of the particles. The dielectrophoretic susceptibility
gives the time-averaged dielectrophoretic force (Fpgp) for a type and diameter of particle
at a given amplitude of the applied AC potential U and topology of the electric field
G (the electric field is defined by E = UG).

1
(Fpep) = 1 palU*V|G[? (6.3)
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By taking the ratio of 1), for two different diameters of particles, the ratio of K
for these particles is obtained. From the present set of measurement this yields a series
of relative DEP susceptibilities.

In Chapter 5, the relative DEP susceptibilities for 80, 100 and 150 nm gold
nanoparticles were determined using dark-field video-microscopy.[100] Smaller particles
did not generate sufficient contrast in that technique. Here we obtain results for 40, 80,
100 nm gold nanoparticles with DEP-modulated extinction spectroscopy. The overlap
between the two types of measurement enables us to compare, combine and extend the

results (Figure 6.7).
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Figure. 6.7 Combined results for the relative dielectrophoretic susceptibilities K
as a function of diameter for spherical gold nanoparticles in aqueous solution (0.2mM
NaLA, 1mM NaOH). Unfilled circle markers indicate the results from dark-field
video-microscopy.[100] Filled squares were the result obtained using the present DEP-
modulated spectroscopy. The dotted line suggests a linear dependence of dielec-
trophoretic susceptibility on gold nanosphere diameter. Data were plotted with their
95% confidence interval.

The new results further extend previous observations[100] that the relative dielec-
trophoretic susceptibility (and the DEP force for a given amplitude and frequency for
the applied field) have a linear dependence on nanoparticle diameter for sub-200 nm

gold particles, instead of the cubic dependence found for spheres with diameters larger

than 1 pm.[165-167]
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6.2.2 Enhancement of DEP modulation using microfluidic flow

It was hypothesized that the DEP capture of nanoparticles may be enhanced by
having a microfluidic flow over the array of electrode pairs while periodically switching
the DEP field. Particles are concentrated at the first electrode pair when DEP is
switched on. When DEP is switched off, the particles are released into a ‘blob’ that is
further transported by the flow towards the next electrode pair, where it arrives at the
moment the DEP is again switched on. The advected particle ‘blobs’ are increasingly
concentrated at each electrode pair.

To test this hypothesis, we studied this mode of DEP modulation by having a
controlled slow microfluidic flow. A full experimental and theoretical study might
be complex because of the combined effects of the (parabolic) flow profile and the
particle diffusion. The present study only studies the flow-enhancement of DEP capture

experimentally with the objective to demonstrate the relevance of the effect.

Setting the optimal flow rate

The flow rate was calculated so as to let enough time for particles to be captured at
each pair of electrode tips during DEP, while ensuring that they were transported
just from one electrode pair to the next during the phase that the DEP is not active.
Electrode pairs are placed at distance intervals of 300 um. In each dielectrophoresis
cycle, the electric field was switched off for 10 seconds. This means that particles

must be transported by the fluid at an average speed of 30 pym s™!.

The velocity
in a microchannel is not equal along its width, the Figure 6.8 shows the velocity
distribution in a microchannel. The profile of displacement can be described as a

parabolic profile.[178]
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Figure. 6.8 Representation of the fluid velocity distribution in the microchannel used
in this work. Red dotted lines show the region of interest (ROI) selected to analyse
the average gold nanoparticles velocity in the microchannel using particles tracking
analysis presented in the next part of this section.

In this case we supposed the velocity, in the ROI, equal along the width. Meaning

that the velocity in the ROI is equal to v 4. This velocity is equal to:

Vgpmaz = 2 < Uy > (6.4)

< v, > is the mean velocity in the microchannel. The fluidic pressure differential,
required to maintain the mean velocity, was calculated to be AP = 1.15 mbar and
therefore AP = 0.58 mbar for the equivalent velocity in the ROI for our microchannel
geometry.[179]

The flow velocity was checked using dark-field single particle tracking measurements.
To do this, Aul50-LA (high light scattering cross section enabling single particle
tracking) were injected into the microchannel. A pressure differential between channel
entrance and exit was applied using a Fluigent system (0 to 69 mbar). Videomicroscopy
was used because the targeted flow rate was very low and videomicroscopy offers the
possibility to use particle tracking. Videomicroscopy was recorded with an exposure

time of 50 ms for more than 2 minutes after stabilization of the flow. The trajectories
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of particles were determined and analysed using the Trackpy package (Python). An

example is shown in Figure 6.9
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Figure. 6.9 a) Image at t=0 s of Aul50-LA particles in dark-field contrast. Red
circles highlight particles detected using the Trackpy. b) Trajectories of all particles
detected during 2 min 30 seconds having a sufficient long trajectories in the focal plane.
A fluidic pressure differential AP = 2.35 mbar was applied. Red dotted box was the
trajectory shown in the last part of the figure. ¢) Trajectory of the red dotted box into
b) showing the perturbation of the flow on the particle Brownian motion.

Finally, by analysis of the x velocity of the nanoparticles, it was found that in

the experimental set up, a differential pressure AP = 2.35 mbar should be applied to

have a mean flow velocity v, mae of 30.2 £ 1.54 pm s~ (95% confidence interval). The
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higher differential pressure necessary could be explained by possible leakages from the
connections of the microfluidic system. Or also from the precision of the Fluigent at

very low differential pressure.

DEP capture with flow rate

Figure 6.10 shows that microfluidic flow indeed enhances the overall yield of dielec-
trophoretic capture. Compared to DEP without flow, microfluidic flow was found to

enhance the capture ratio by factors 1.1, 2.3 and 2.6, for 40, 80 and 100 nm diameter

gold nanoparticles, respectively.

24 Au40

0 25 50 75 100 125
Time (sec)

Figure. 6.10 Selected DEP modulation cycles of Au40-LA, Au80-LA and Aul00-
LA with flow (average speed 30 um s™!). The optical density was recorded at the
wavelength of the maximum of the plasmon band: A,.. = 526 nm , A\, = 549 nm,
Amax = 972 nm, respectively. The grey areas in the background indicate when the DEP
field was switched on. Red dotted lines corresponds to measurements done without

flow.

The higher enhancement observed for larger particle diameter can be attributed
to the slower diffusion of the particles during the "DEP OFF" cycle, leading to less
spreading out of the concentrated particle flocks as they are transported towards the

next electrode pair. The enhancement factor is expected to depend simultaneously on
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electrode pair separation, flow velocity profile (which depended in turn on flow rate
and channel geometry), and nanoparticle diffusion coefficient. Furthermore, the exact

position of the observation volume relative to the capture zone will also be of influence.

6.3 Multi-component analysis of a nanoparticle mix-

ture

In this last part of the Chapter, the feasibility of analysing a two-component mixture
was demonstrated using DEP-modulated extinction microspectroscopy. An aqueous
solution containing a mixture of Au40-LA and Au80-LA particles was used for this.
The concentration of each component was chosen such that both components contribute

equally to the total optical density (Figure 6.11).
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Figure. 6.11 Spectra of stock solutions Au40-LA, Au80-LA and Au40-Au80 recorded
inside the microchannel for an exposure time of 250 ms.

As before, an AC electric field of 1 MHz, 20 Vpp was applied to the electrodes,
with the field being active for 15 seconds ("ON’) and inactive for 10 seconds ("OFE’).

Microfluidic flow was induced inside the microchannel using the pressure controller in
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order to enhance the capture of particles at each subsequent pair of electrodes applying
a flow speed of 30um s™'. (see Section 6.2.2)

Spectra were recorded with the spectrophotometer using an exposure time of 250
milliseconds. The position of the observation volume was slightly shifted compared
to the other measurements in an effort to enhance the contrast between the DEP-
modulated spectra of the 40 nm and the 80 nm nanoparticles. The modulated spectra
as a function of time are stored in a spectrotemporal matrix. A typical spectrotemporal

matrix is shown at the top of Figure 6.12.
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Figure. 6.12 DEP-modulated extinction spectra of an aqueous dispersion of a mixture
Au40-LA and Au80-LA (spectrotemporal recording).

Looking at the individual spectra in the spectrotemporal matrix, it is not easy to
disentangle the two components, due to their spectral similarity (Figure 6.11). It was
decided to submit the spectrotemporal matrix to principal component analysis using
singular value decomposition.[180]

Singular value decomposition (SVD) factorizes the spectrotemporal matrix M into
the product of three matrices, M = UXV*. The middle matrix X is a diagonal matrix
whose diagonal elements are called the singular values. The column vectors of U and

V contain the spectral and temporal data necessary to completely reproduce the initial

153



Dielectrophoresis and spectroscopy

matrix. Interestingly, in the case of data containing contributions of a limited number of
species, it is possible to truncate U and V to include only those vectors that contribute
significantly to the spectrotemporal data. Figure 6.13 shows the decomposition of the
spectrotemporal matrix of Figure 6.12, in particular the first ten singular values and

the first three spectrotemporal components.
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Figure. 6.13 Singular value decomposition of the spectrotemporal matrix from the
DEP-modulated spectroscopic measurement on a mixture of 40 nm and 80 nm gold
nanoparticles. The graphs show the singular values of the first 10 components (left,
indicating two principal components), and the U and V vectors of the first three compo-
nents. These are abstract responses and loadings, respectively. These abstract vectors
are transformed into vectors with physical quantities by taking linear combinations.

The singular values of only the first two components contribute significantly. Start-
ing from the third component we find mainly noise. What is special about this, is that
SVD has identified these two components without any prior knowledge, only based on
the information in the spectrotemporal matrix.

Further scrutiny of the two first column vectors of U and V shows that they contain
‘warped’ versions of the spectra and concentration profiles. In fact, these vectors are
orthogonal, and may be converted into realistic spectra and concentration profiles by
taking linear combinations. In this exploratory case, we simply optimised the linear

combinations by hand to reproduce concentrations and spectral profiles (Figure 6.14).
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Figure. 6.14 (Top) relative concentration traces for the two principal components
reconstructed by target transformation from the singular value decomposition of
the spectrotemporal matrix. (Bottom) The corresponding extinction spectra. The
reconstructed concentration traces and extinction spectra reproduce the recorded
spectrotemporal matrix.

This result demonstrates that it is feasible to use DEP-modulated spectroscopy
to disentangle multicomponent mixtures in situ. It is important to emphasize that
this analysis is done on a microfluidic volume of sample and that the sample is only
minimally perturbed. It is even possible to recover the sample from the system after

analysis.

6.4 Conclusion

In this chapter, it was demonstrated that by coupling the electromicrofluidic system
developed in this thesis, it can also be coupled to a spectrophotometer. The resulting
system was used to measure particles smaller than 200 nm and to expand the range of
dielectrophoresis measurements to particles smaller than 80 nm diameter.

The dielectrophoretic susceptibililties of 40 nm, 80 nm and 100 nm gold nanoparticles

were measured by operating the system without microfluidic flow. These measurements
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confirm the linear trend observed for the dependence of dielectrophoretic susceptibility
on nanoparticle’ diameter first described in Chapter 5.

Dielectrophoretic concentration of nanoparticles was enhanced by applying a fluidic
flow, which transports the particles along the array of microelectrodes. Finally, it was
demonstrated that multicomponent analysis of a mixture of nanoparticles could be
realised in situ by applying a modulation to the sample using dielectrophoresis.

This initial study shows the potential of the technique, but it equally shows where
the challenges lie. The waveforms obtained from the DEP-modulated spectra have
different shapes, and currently we only extract the maximum and minimum values of
each cycle. We anticipate that with suitable capture-diffusion-advection models we may
be able to explain and analyse the waveforms in more detail. Also, the multicomponent
analysis should be further extended to more complex samples, ultimately samples of

unknown composition.
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Chapter 7

Conclusion and prospect

Microfluidics has opened the possibility of handling liquids at small scales with a
small amount of analytes. We built an electro-microfluidic system with the goal to
investigate dielectrophoresis for the handling of nanoparticles. Gold nanoparticles show
interesting optical properties as a result of an electromagnetic resonance known as the
localised surface plasmon resonance.[2, 15, 16] Thus this has made these particles a
good candidate to follow mechanisms of the assembly of particles.

Based on the prior experience of the laboratory with gold nanoparticles, it was a logical

choice to use these objects as analytes.[2, 15, 24, 115, 181]

Dielectrophoresis is analogous to the related phenomenon of electrophoresis but
only takes place in a non-uniform electric field. It is useful to manipulate small objects.
Dielectrophoresis has previously been used with latex spheres,[17] biological cells,[182],

proteins[183-187] but rarely on metallic nanoparticles.[167]

In this thesis, we first studied the interaction of bio-molecules between streptavidin
and biotins using gold nanospheres with optical spectroscopy, then an electromicroflu-

idic was built and used to analyse the dielectrophoretic response of gold nanospheres by
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videomicroscopy. This led ultimately to an experiment in which a solution composed
of two sizes of particles was analysed using spectroscopy in microchannel in order to

separate particles as a function of their dielectrophoretic affinities.

For each chapter the main findings have been summarised in section 7.1. An outlook

for future work has been developed in section 7.2.

7.1 Summary of results

The results obtained in this thesis give further information about the behaviour of

sub-200 nm gold nanoparticles subject to dielectrophoresis.

In Chapter 3, spectroscopy methods were detailed, with a focus on light scattering
spectroscopy. First, the stability of particles in solution was analysed as a function
of the composition of the buffer solution. Secondly, bio-molecular recognition was
determined for biotin- coated gold nanoparticle and terbium labelled streptavidin.
Using photolminescence spectroscopy it was demonstrated that the interaction between
biotin and streptavidin is operational in this system, but does not lead to the formation

of multi-particle aggregates. (see Figure 7.1)
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Figure. 7.1 Schematic representation (not to scale) of the assemblies of Th-labeled sAv
(Th-sAv) and biotinylated AuNPs (biot-AuNPs), wherein excitation energy transfer
occurs. A distance of 4.5 nm was estimated using a radius of 3 nm for sAv plus 1.5 nm
for the biotin and linker attached to the AuNP.

In Chapter 4, the microfabrication of an electromicrofluidic system and its in-
stallation on an inverted microscope were explained. This was with the objective to
manipulate gold nanoparticles in solution and to study their dielectrophoretic response
in non-uniform electric field. We demonstrated good reproducibility in the micro-
fabrication of ITO electrodes. Also, the system can be adapted to different types of

microscopic contrast (fluorescence, dark field, transmitted light).
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Figure. 7.2 Photo of the dielectrophoretic system mounted on the microscope system
coupled to the image detection

In Chapter 5, we described the relation between Brownian motion and dielec-
trophoresis capture of small gold nanospheres (> 80 nm diameter) in a microfluidic
system using dark field videomicroscopy. The dielectrophoretic susceptibility was mea-
sured to depend linearly on particle diameter. This contrast with existing theoretical
(and experimental) results on larger particles, where the dielectrophoretic susceptibility
is expected to vary as the cube of the diameter. The dark-field microscopic method
used in Chapter 5 was limited to gold particles with diameters of 80 nm and larger,

due to the weak light scattering by smaller particles.
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Figure. 7.3 (left) Time evolution of the particle concentration. Comparison of
model (black) and experiment (red). Capture of 100 nm gold nanoparticles in water
on the tip of electrode (top) and depletion in a ring just outside the capture zone
(bottom). Experiment: amplitude 5 Vpp, theory: capture rate 0.8 s™1. (right) Relative
dielectrophoretic susceptibility K,y as a function of gold nanoparticle diameter (circles).
The K, values are relative to the value of 100 nm particles.

In Chapter 6, we used transmitted light and extinction micro spectroscopy to replace
the dark field technique used in Chapter 5. This extends the range of size possibilities
for gold nanoparticles (to below 80 m). The dielectrophoretic susceptibility was
analysed and compared to the measurements of Chapter 5. Also, colloidal mixture was
studied (mix of Aud0 and Au80). This was the first demonstration of the possibility to

discriminate two types of gold nanoparticle in a single solution using dielectrophoresis.
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Figure. 7.4 (top) DEP-modulated extinction spectra of an aqueous dispersion of
a mixture Au40-LA and Au80-LA (spectrotemporal recording). (middle) relative
concentration traces for the two principal components reconstructed by target transfor-
mation from the singular value decomposition of the spectrotemporal matrix. (bottom)
The corresponding extinction spectra. The reconstructed concentration traces and
extinction spectra reproduce the recorded data.

7.2 Outlook: Future work

Despite the progress made in this thesis, there are still some unresolved questions. This
section contains the main ideas for further investigations.

In Chapter 3, we showed an example for a potential bioanalytical detection scheme.
This scheme may be used in a microfluidic system and improved by the application of

selective dielectrophoresis.
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The dielectrophoresis micro-system built in Chapter 4 can be improved by increasing
the optical power of the light source and focusing it more tightly inside the microchannel.
Here, a super-continuum laser would be an excellent tool. Also, the design of the
electrodes can be changed to interdigitated electrodes. This will increase the area
where dielectrophoretic capture will take place.

The results of Chapter 5 may be extended through measurements of gold nanoparti-
cles in aqueous media of varying ionic strength and composition to make the connection
to newly developed theoretical models.[188, 189] The contribution of surface conduc-
tance to the overall dielectrophoretic susceptibility may be expected to be negligible
for conducting particles, further highlighting the expected importance of the diffuse
part of the electric double layer in the DEP of nanoparticles. An interesting question
is the interplay between the polarization of the highly conductive gold core and the
polarization of the electric double layer. Also, the effect of different types of surface
functionalisation of the gold nanoparticles needs investigation, as these will impact
surface conductance and the structure of the electric double layer.

Finally in Chapter 6 we demonstrated the first results for the dielectrophoresis
separation of a mixture of gold nanoparticles. It may now be possible to inject particles
functionalised with biotin and mix it with a solution containing streptavidin in order
to follow the formation of new assemblies and to distinguish all entities formed in
solution.

It is possible to imagine a compact system for in-vitro diagnostics based on this
dielectrophoresis separation. Gold nanoparticles with their sensitive optical responses
are useful for such types of portable system.

There is potential for a system based on a mix of gold nanospheres and gold

nanorods for example. This system is depicted in Figure 7.5.
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Figure. 7.5 (1) Schematic representation (not to scale) of the assemblies of AuNPs
functionalised with biomolecules A and biomolecules B complementary to A. (2)
Schematic top-view of the microfluidic channel and the capture area analysed by the
spectrophotometer. Shows the selectivity of the capture as a function of the electric
field parameters and affinities of particles coated with biomolecules (3) Extinction
spectra of Au-Spheres-A+C capture using dielectrophoresis.

This thesis has described a first work on the dielectrophoretic susceptibility of
sub 200 nm gold nanoparticles using videomicroscopy and spectroscopy detection in
microfluidic channel and let a lot of capabilities and possibilities to use the electro-

microfluidic system built.
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Diélectrophorése de nanoparticules en systéme microfluidique: étude par vidéo-microscopie
numérique et application a l'analyse par spectroscopie optique

Mots clés: Diélectrophorése, nanoparticules d’or, résonance plasmon, spectroscopie

Résumé: La manipulation de micro- et nano-
particules en solution peut étre réalisée grace
aux interactions de ces objets avec des champs
électromagnétiques. La lumiére ou bien encore
les champs électriques continus (DC) ou
alternatifs (AC) peuvent étre utilisés. Dans le
cas dun champ électrique non uniforme
appliqué entre deux électrodes séparées par
quelques micromeétres, des gradients de champs
trés intenses et localisés sont ainsi créés. Ces
gradients de champ localisés au niveau des
électrodes engendrent la création de
mouvements de charges composant la solution
(effets électro-hydrodynamique). Mais aussi des
charges confinées au niveau des particules a
linterface liquide/solide. Les particules en
suspension subissent alors une force attractive
ou répulsive appelée diélectrophorése.

Cette force est décrite dans la littérature pour
des particules isolantes de taille supérieure a
200 nm. Dans cette étude par détection optique
(videomicroscopie par champ sombre ou
spectroscopie en microfluidique) la gamme de
taille de particules est élargie (40-150 nm) pour
étudier leurs réponses diélectrophorétique. En
effet la diélectrophorése dépend de la taille des
particules, de son environnement et des
paramétres du champ appliqué (fréquence,
amplitude, topologie) La diélectrophorése est
mise en compétition avec le mouvement
Brownian pour des particules d'or d’aussi
petites tailles. La réponse pour des
nanoparticules d’or en solution alors connue, il
est envisageable de faire varier les paramétres,
comme I'environnement de la particule ou bien
la complexité des systémes étudiés.

Dielectrophoresis of nanoparticles in microfluidic systems: investigation using digital video
microscopy and application to optical spectroscopic analysis

Keywords: Dielectrophoresis, gold nanoparticles, plasmon resonance, spectroscopy

Abstract: The manipulation of micro- and nano-
particles in solution can be achieved through the
interactions of these objects with
electromagnetic fields. Emitted light, continuous
(DC) or alternating (AC) electric fields can be
used. In the case of a non-uniform electric field
applied between two electrodes separated by a
few micrometers, very intense and localized field
gradients are created. These field gradients
localised close to the electrodes generates a
motion of the mass solution (electro-
hydrodynamic effects). The charges confined
onto particles at the liquid/solid interface are
also subjected to motion. Suspended particles
undergo an attractive or repulsive force called
dielectrophoresis.

This force is described in the literature for
insulating particles larger than 200 nm. In this
study optical detection was used (dark field
videomicroscopy or microfluidic spectroscopy)
to expand the range of particle size (40-150
nm) and to study their dielectrophoretic
responses. Indeed, the dielectrophoresis is
dependent on the size of particles, their
environment and the parameters of the applied
electric field (frequency, amplitude, topology).
The dielectrophoresis is in competition with the
Brownian motion of these gold nanoparticles.
By, knowing the dielectrophoretic response of
these particles in solution, it is possible to vary
parameters, such as the suspension
composition of the particles or the complexity
of the systems studied.
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