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Résumé

Dans cette thèse, nous étudions la di�usion d'auto-assemblages hybrides à base des virus en

forme de �lament et des nanoparticules d'or. Dans ce but, nous utilisons des bactériophages

qui ont été génétiquement modi�és a�n de posséder des groupements cystéines exposés à leur

extrémité proximale. La présence des ponts disulfure à l'une de leurs pointes leur permet

ainsi de se lier aux nanoparticules métalliques par une liaison covalente de coordination. La

morphologie des di�érents colloïdes hybrides formés dépend de l'excès molaire initial entre

virus et nanoparticules. Lorsque les deux éléments sont placés dans la même proportion, leur

interaction conduit à la formation de particules en forme d'allumettes (�matchstick-like�)

qui consiste en un virus de 1 µm long attaché par sa pointe à une seule nanoparticule

d'or. Cependant, si les virus sont en grand excès, cela se traduit par la formation de

structures colloïdales en étoile (�colloidal stars�) formées par plusieurs virus attachés à

une seule nanoparticule d'or.

La dynamique brownienne de ces structures en régime dilué et dense a été étudiée par

di�usion dynamique de la lumière et par suivi temporel des particules individuelles en

microscopie optique. L'un des avantages majeurs de l'utilisation combinée de ces deux

techniques est la possibilité d'étudier séparément les di�érents éléments qui composent

les colloïdes hybrides. Plus précisément, la forte di�usion de la lumière associée aux

nanoparticules d'or permet la détermination des propriétés dynamiques de la structure en

observant principalement la nanoparticule liée, alors que le marquage du virus avec des

colorants �uorescents permet la mesure de leurs coe�cients de di�usion par microscopie

optique.

Nos résultats sur la di�usion des particules �matchstick-like� en fonction de la taille des

nanoparticules soulignent la �exibilité de la liaison virus-nanoparticule. Étant donné que ces

structures sont intrinsèquement asymétriques, nous avons aussi évalué la possibilité d'induire

une autopropulsion par e�et thermophorétique a�n d'obtenir des colloïdes hybrides actifs.

Nous avons également étudié quantitativement l'auto-organisation et la di�usion des

�colloidal stars� en fonction de leur fraction volumique. Lorsque la concentration augmente,

on observe un arrêt progressif de leur dynamique liée à l'interdigitation des virus qui suggère

un état vitreux en régime dense.

Dans la dernière partie de cette thèse, nous formulons de nouveaux mutants de

bactériophages qui ont la propriété de se lier à des nanoparticules métalliques aux deux

extrémités. Ceci conduit au développement de nouvelles superstructures hybrides avec un
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design plus versatile.

Mots clés: Di�usion dynamique de lumière, bactériophage �lamenteux,

auto-assemblage, nanoparticule d'or, colloïdes hybrides, état vitreux, auto-assemblage,

di�usion, auto-propulsion



Abstract

In this thesis, we report on the study of the self-di�usion of hybrid gold-virus self-assemblies

formed by spherical gold nanoparticles and rod-like viruses. For this purpose, we use

genetically modi�ed mutants of �lamentous bacteriophages which possess cysteine residues

exposed at their proximal end. The presence of the resulting disul�de bridges allows them to

bind to metal nanoparticles by one of their tips forming a weak covalent bond. The control

of the resulting self-assembled structures is achieved by tuning the molar excess of viruses

with respect to nanoparticles. When both components are set in similar proportion, their

interaction leads to the formation of matchstick-like particles composed by a 1 µm long virus

attached by its tip to a single gold nanobead. However, if the viruses are in big excess, the

resulting structures are colloidal stars formed by multiple viruses attached to a single gold

nanobead.

The Brownian dynamics of these structures is characterized in dilute and dense

regimes both by Dynamic Light Scattering (DLS) and single particle tracking using optical

microscopy. An advantage of using both techniques resides in the possibility to study

separately the di�erent components forming the hybrid particles. Speci�cally, the high

scattering signal coming from the gold nanoparticle facilitates the determination of the

dynamic properties of the structure by observing mostly the bound bead, whereas the

labeling with �uorescent dyes allows the direct determination of the virus di�usion coe�cient

by �uorescence microscopy.

Our �ndings on the self-di�usion of the matchstick-like particles as a function of the

nanoparticle size evidence the �exibility of the virus-bead link. Considering the intrinsic

asymmetry of the matchstick-like structure, the possibility to induce self-propulsion by

self-thermophoresis has been investigated in order to get active hybrid particles overcoming

their Brownian motion.

We quantitatively study the self-organization and di�usion of the colloidal stars as a

function of the volume fraction. When the particle concentration increases, a progressive

dynamical arrest related to the interdigitation of the star viral arms is observed suggesting

a glassy state in the dense regime.

In the last part of this thesis, we construct optimized new mutants of �lamentous

bacteriophages which are engineered to bind metal nanoparticles to both tips. This results

in the development of novel hybrid superstructures with more versatile design.
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2 1.1. COLLOIDS

1.1 Colloids

The term �colloid� was �rst used by Thomas Graham in 1861 [1] to describe a particular

substance characterized by little or no tendency to di�use through membranes. These

colloidal particles remain on the membrane simply because of their linear dimension. In

the modern science, the term colloid is usually applied to the combinations of particles

or droplets within the size range from 10 nm to 10 µm dispersed in a continuous phase

or dispersion medium [2]. As shown in �gure 1.1, many organic, inorganic and biological

systems correspond to the colloidal scale.

Figure 1.1: Colloidal length scale. Graphical comparison of the colloidal scales with
atomic and macroscopic ones. Image was taken from reference [3]

A characteristic of colloidal particles immersed in a �uid is their irregular random walk

due to the collision between molecules of the surroundings and the particle itself. Such

an e�ect, known as Brownian motion, is named after the Scottish botanist Robert Brown

who �rstly observed the erratic movement of pollen grains in water [4]. The theoretical

explanation of this motion was derived in 1905 by Albert Einstein [5]. He showed that the

translational and rotational di�usion coe�cients of a spherical particle of radius r are given

by

DT =
kBT

6πηr
and DR =

kBT

8πηr3
, (1.1)

with kB the Boltzmann constant, T the temperature and η the solvent viscosity. Jean Perrin

[6], awarded by the Nobel Prize in Physics in 1926, proved these theoretical predictions by

measuring the Avogadro's number via the mean square displacement of colloidal particles

observed with optical microscopy. The works of Einstein and Perrin show that colloids are

subject of thermal motions and behave similarly to small molecules or atoms which obey the

same laws of statistical physics. Thus, combined with the fact that their dimensions allow
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for visualizing them via optical microscopy, colloids provide a suitable mean to investigate

the link between the properties of a system from the behavior of their single components.

Another important feature of colloids is their ability to self-assemble, i.e., to

spontaneously form organized structures. Isolated colloidal particles move freely in

suspension but, for a given particle concentration, they start to interact with each other

through a combination of forces such as electrostatic and van der Waals [7]. The control of

the potential interaction between colloidal particles can be achieved by varying conditions of

the dispersion medium or particle surface. For instance, colloidal particles which are charged

due to the ionization of their surface molecules repeal each other when they are in suspension.

However, by increasing the concentration of salts the strength of their repulsion is decreased.

These tuneable interactions between colloidal particles lead to their self-organization into a

variety of phases or states of matter.

1.1.1 Phase diagram of ideal colloidal spheres and rods

A �phase diagram� summarizes the phases that a colloidal suspension could experience

function of the key parameter that in�uences their organization such as temperature or

concentration.

The hard-core interaction of monodisperse colloidal spheres results in the simplest phase

diagram. These hard spheres interact only through an in�nite repulsion on contact, but

otherwise they do not have any interaction. As result of this potential, the internal energy

is zero and then, the phase behavior is driven only by entropy. For this type of systems,

the observed phases depend only on the particle shape and volume fraction, φ, and are

independent of temperature. Synthetic spherical particles have a charged surface and

polydispersity

Figure 1.2: Hard spheres phase diagram. Top: As function of φ, the solid arrows indicate
equilibrium phases, whereas dashed ones the non-equilibrium states. Bottom: confocal
microscopy images of the analogous phase in a colloidal suspension with 5% polydispersity.
Image was taken from reference [8].
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polydispersity which a�ect the liquid-crystal coexistence volume fraction concentration and

glass formation [8]. In order to suppress the van der Waals attraction and long range

electrostatic repulsion so they behave approximately as hard spheres, nanoparticles made

of polymer or from inorganic material such as silica are dispersed in a high ionic strength,

index matched, polar solvent. As shown in �gure 1.2, the phase diagram of hard spheres,

exhibits liquid, liquid-crystal coexistence, crystal and glass states by increasing the particle

concentration.

Introducing shape anisotropy in the particle system with hard-core interaction results

in novel phases since anisotropic particles have not only the positional order but also

orientation one. For instance, compared with spherical particles, rod-shaped ones exhibit

liquid crystalline phases such as the nematic and smectic by increasing concentration.

Well-de�ned rod-shaped colloids of a variety of materials such as silica, iron hydroxide or

polymer have shown to form these crystalline phases in equilibrium [9�11]. Bio-organic

materials such as fd -viruses also exhibit the columnar phase [12] (see �gure 1.3).

Figure 1.3: Liquid crystalline phases formed by fd-virus suspensions. Left: Chiral
nematic phase for which the particles are orientationally ordered but positionally disordered
[13]. Middle: Smectic A (Sm A) which has liquid-like order within the layers and Smectic B
(Sm B) which in turns are organized in a hexagonal positional order [14]. Right: Columnar
phase for which the rod-like viruses are organized into liquid-like hexagonal lattices [12].

When we consider that a simple modi�cation in the shape of colloidal particles with

speci�c interaction display a richer phase behavior one question is raised: can we selectively

drive their self-assembly into a speci�c organization or structure? By varying either the

shape, surface chemistry or introducing highly selective interactions, colloidal particles have

been used to assemble into complex architectures which could lead to original material

properties. In this way, we start to think of colloids as building blocks or �Lego� for the

creation of novel materials with desirable functionalities.
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1.2 Hybrid Colloids

When two or more colloidal particles of di�erent origin are combined into a single hybrid

nanoparticle a route is opened towards engineering nanomaterials of enhanced properties

with applications in �elds such as photonics [15], bio-medicine [16] and nanotechnology [17].

The fabrication of original hybrid architectures requires developing suitable colloidal building

blocks. The synthesis techniques of inorganic nanoparticles are pioneers towards controlling

the shape and size of the resulting structures.

Metal nanoparticles, speci�cally made of gold, have proven to be promising

multi-functional templates because of their large surface bio conjugation chemistry and

optical properties which are in�uenced by their shape and size [18�20]. For example, Au

NPs which posses high extinction coe�cient, i.e., the ability to strongly absorbs light at a

given wavelength, are visible at lower concentrations when compared with organic materials.

Moreover, large Au NPs strongly scatter light [20]. Since this is in the visible spectrum, it

is possible to follow the position of individual nanoparticles by means of optical microscopy

techniques such as Dark �eld whose implementation relies on the scattering coming from the

particles. Furthermore, when AuNPs are irradiated at the plasmonic resonance, they absorb

electromagnetic radiation and convert it into thermal energy [21].

Figure 1.4: Gold nanoparticles.
Transmission electron microscopy image
and scheme of di�erent shapes. Image
was adapted from reference [21]

As shown in �gure 1.4, Au NPs have been

synthesized in a wide range of sizes and shapes.

The typical properties of each vary with the size,

shape and metal structure [22]. For instance,

suspensions of spherical Au NPs change from

an intense red color to purple as the particle

size increases [18]. The chemical nature of their

stabilizing ligands allows their conjugation with

di�erent materials such as silica [23], polymers

[24, 25], antibodies [18], �lamentous viruses [26,

27], etc. The strategy for the design of hybrid

colloids using Au NPs requires to consider the

applications of the resulting material. In this

thesis we investigate hybrid colloids composed

by spherical gold nanoparticles and rod-shaped viruses. The study of the structural and

dynamic properties of these assemblies is essential to control and predict their collective

behavior.

1.2.1 Potential Applications

Signi�cant advances in the fabrication of hybrid colloids been made in recent years [28, 29].

The combination of di�erent inorganic and organic materials has resulted in a wide range
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of shapes and compositions, such as hybrid polymer-NP hydrogels [30], nano�bers made of

magnetic NPs and polymer [31], nanoparticle lattices linked by DNA [32], etc. The novel

optical and electronic properties of these assemblies are particularly attractive for their use

in di�erent �elds. Here, we provide a brief overview of the potential applications of hybrid

materials.

Figure 1.5: Sketch of a microgel
hybrid particle. The drug is released
from the swollen microgel under the right
temperature stimuli.

Drug delivery

Drug delivery has attracted much attention

not only in basic science but also in clinical

medicine [33, 34]. In an ideal case, the drug is

released selectively at the location of the targets.

One way to achieve selective drug delivery is

stimulus-responsive drug release. Stimuli that

are speci�c at target sites may include low pH,

high levels of certain enzymes, and externally

applied physical signals such as temperature,

light, magnetic �eld and ultrasound.

For such a job, many �smart� materials, i.e., the ones that respond and adapt to

changes in their environments, have been developed. Au NPs and polymer have shown to

be promising building blocks for the assembly of thermo-responsive microgels which could

function as drug delivery systems [35, 36]. Microgels are composed of a cross-linked polymer

network of colloidal size that is swollen for given conditions. As shown in �gure 1.5, for

hybrid gold-polymer microgels consisting of a core Au NP covered by a uniform polymer

shell, the right stimuli induce its collapse and then to release of the contained drug.

Figure 1.6: Hybrid virus and iron
oxide assemblies. Virus capped with
iron oxide nanoparticles (top) have shown
to improve magnetic resonance images
(bottom) used for tumor detection [37].

Imaging

Optical and magnetic resonance based imaging

techniques allow clinicians to obtain relevant

information for patient diagnosis and treatment

[38]. Thanks to their intrinsic properties,

metallic nanoparticles are good candidates as

contrast agents to improve the resolution,

scanning times, and quality of data that can be

obtained [39].

Hybrid materials made of �lamentous viruses

and iron-oxide nanoparticles have been used for

this purpose [37]. As shown in �gure 1.6, their

assembly results in a hybrid rod-like structure.
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Thanks to the virus capability to display ligands (by phage display) which bind target

molecules, these hybrid materials can be placed in the location of a tumor. In this way,

they have shown to improve the contrast of magnetic resonance images (see �gure 1.6).

Figure 1.7: Colloidal nanowires.
Filamentous virus capped with cobalt
manganese spinel oxides on their surface
function as templates for the fabrication
of battery electrodes. [40]

Energy storage

The current increasing demand of smaller

and smarter electronic devices has pushed

the development and improvement of energy

storage systems [41]. In this context, the

development of hybrid colloids which acquire

the speci�c characteristics of metal nanoparticles

takes an important role. Compared with

conventional battery materials, nanoparticles

based ones o�er higher ionic transport and

electronic conductivity.

The work of Angela M. Belcher and coworkers

in the development of nanowires which combine

�lamentous viruses and inorganic nanoparticles

have shown considerable advances in this direction [27, 40]. As shown in �gure 1.7, the

surface modi�cation of viruses allows for binding cobalt manganese spinel oxides. These

nanowires suggest a promising route for the design of electrode structures for high capacity

batteries.

1.3 Outline of the thesis

Due to their potential applications in many �elds, our group had the research project to use

Au NPs and �lamentous viruses as building blocks for original hybrid colloidal architectures.

The aim of this PhD thesis is therefore to investigate novel assembling routes and to

characterize the dynamics and structure of the resulting morphologies.

In chapter 2, we describe our approach for the fabrication of hybrid gold-virus colloids.

Our method is based in the genetic modi�cation of the virus genome to display peptides

only at the virus tips which enables to selectively graft Au NPs at one or both virus tips.

Thus, we report our advances in their genetic engineering which paves the way for developing

complex architectures. Furthermore, we present the main hybrid colloidal structures studied

in this work: matchstick-like particles and colloidal star molecules.

We introduce in chapter 3 the experimental techniques used to characterize the dynamics

and structure of our hybrid colloidal suspensions: Dynamic Light Scattering (DLS) and

optical microscopy. We give a complete background on the experimental tools and principles



8 1.3. OUTLINE OF THE THESIS

involved for their study and visualization. We also provide a detailed description of the

methods of data analysis from which we obtain the dynamics of our systems.

In chapter 4, we report a complete DLS study on the matchstick-like morphology. We

explore the in�uence of concentrations and nanoparticle size in the dynamics. Our results

are compared with the ones obtained by single particle tracking using optical microscopy

techniques. Our observations evidence the �exibility of the proteins at the virus tip.

In chapter 5, we explore the possibility to induce self-propulsion and therefore to make our

hybrid particles �active� by combining the temperature gradient created when the Au NPs

are exited at the plasmonic resonance and the intrinsic asymmetry of the matchstick-like

structure. We present our observations in the laser induced thermophoresis for di�erent

concentrations and power intensities.

In chapter 6, we investigate the dynamics and self-organization of colloidal star molecules.

We characterize brie�y the phase diagram of this �soft colloidal spheres� when the particle

concentration is increased. Moreover, we explore their self-assembly induced by depletion.

In the general conclusion, we summarize all the results obtained from the genetically

modi�ed phages for the design of novel hybrid colloids to the results found from their

structural and dynamical study. Furthermore, we give some perspectives which include

the improvements needed for the assembly of other novel architectures which might possess

(even) richer properties.
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2.1 Phage display for the production of hybrid colloids

Filamentous phages are very stable viral particles which use bacterial cells as host for

replication. They are composed of a long cylindrical protein coat, named capsid, that

encapsulates its RNA or DNA (see �gure 2.1 (a)) [42, 43]. In 1985, George P. Smith,

awarded of the Nobel Prize in 2018, introduced the so-called phage display technique [44]

in which external peptides or proteins are expressed on the outside of a phage while the

genetic material encoding it resides on the inside. As shown in �gure 2.1 (b), when a

foreign gene fragment (gF) encoding a polypeptide is united with the coding one of the

phage surface protein, the resulting fused polypeptide is displayed on the phage surface

maintaining a relatively stable structure and biological activity. Since the invention of this

approach, many phage display peptide and protein libraries have been developed with the

aim to �nd a variant of interest in the library [45]. To do so, once constructed, this goes

through a bio-panning selection, a process that consists in the screening and isolation of a

selected variant. This procedure, represented in �gure 2.1 (c), starts with the incubation of

a primary library on a plate coated with a target molecule such as antibodies, enzymes or

other proteins. Then, the non-binding phages are washed o� and binders are eluded and

ampli�ed by infecting host bacteria. This binding/ampli�cation process is repeated 3 to 5

times in order to enrich the pool in favor of binding sequences [46]. Finally, monoclonal

phage populations are separated and characterized by DNA sequencing.

Figure 2.1: The principle of phage display. (a) The M13 phage genome consists of
single-stranded circular DNA that carries the genes responsible to encode the �ve di�erent
phage coat proteins. (b) A foreign protein, pF (encoded by gene gF), can be displayed at the
coat proteins p3 or p8 (encoded by genes g3 or g8) if gF is fused to g3 or g8. This gene fusion
ensures that pF is linked to the coat proteins when the phage particle is assembled. (c) A
target peptide is isolated by bio-panning selection from a phage display primary library.
Figure was adapted from reference [46].
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All coat proteins of M13 phages have been used to display peptides [47]. The minor coat

protein p3, located at one of the virus tips, is the most widely used, followed by the major

coat protein p8 which is at the outer surface of the phage (see �gures 2.1 (a) and (b)). When

these are modi�ed to express peptides with speci�c material recognition or a�nity by phage

display, the M13 viruses can also be used as templates for the construction of hybrid colloidal

particles such as the ones shown in �gure 2.2. Belcher and co-workers have implemented the

phage display of M13 viruses to bind inorganic nanoparticles either at the tip of the M13

phage or at its body surface [28, 48�50] (see �gures 2.2 (i) and (ii)). These advances have

enabled the fabrication of colloidal particles with applications in energy storage [51], imaging

[37, 52] and sensing [53, 54].

Figure 2.2: Hybrid colloidal particles made of M13 phages. (i) Nanoarchitectures
made of gold nanoparticles bind to the virus surface and streptavidin-coated nanoparticles
at one virus tip [48]. (ii) Nanowires produced by the binding of Zinc sul�de on the virus
surface [50]. (iii) Multiarm self-assemblies obtained from the reaction of tip-biotinylated
phages and streptavidin coated nanoparticles obtained here at the Center of Research Paul
Pascal [26].

In our group the M13KE and M13C7C phages, strains of the M13 viruses, have been

used to produce colloidal star molecules made of a gold (Au) core surrounded by a viral

corona through the single tip binding of the phages to metal nanoparticles (NPs) [55] (see

�gures 2.2 (iii) and 2.3). Recent works on phage display through the p7 and p9 proteins of

the M13 phages [56, 57], located at the second virus tip, have paved the way for constructing

more complex structures by the genetic modi�cation of this virus tip combined with the

previously done on the p3 proteins of the other tip. As shown in �gure 2.3, a single tip

binding has allowed for designing structures that range from asymmetric rod-like particles

made of a single Au NP at one virus tip to colloidal star particles. It is expected that having

double tip binding enables the creation of more complex arrangements such as oligomeric

chains or lattice structures.
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Figure 2.3: Schematic representation of bacteriophage based hybrid colloids. (a)
The genetic modi�cation on one virus tip paves the way for the production of di�erent
structures such as matchstick-like particles, diblocks or colloidal stars while (b) the
modi�cation on both tips allows for the formation of dumbbell-like structures, oligomeric
chains or lattice-like structures.

Here we introduce the method we use to design bacteriophage based hybrid colloids.

Our approach is founded on the formation of a weak covalent bond between metal NPs and

disul�de bridges created by the presence of cysteine groups at the p3 proteins of that virus

tip. In conjunction with the conditions that promote their interaction with metal NPs, our

gold-virus hybrid colloids are formed by self-assembly. This technique is a simpler way to

bind Au NPs by the virus tip than others found in literature [26, 28] which are based on the

streptavidin-biotin interaction between streptavidin activated nanoparticles and chemically

biotinylated viruses. Thus, we extend this concept to genetically modify the M13KE phage

in order to obtain a double tip binding.

In this chapter, we present �rst our advances in the genetic modi�cation done on one

and both virus tips for the assembly of our hybrid gold-virus colloids. Next, we discuss

the conditions to be considered for their interaction with Au NPs in order to get di�erent

architectures such as matchstick-like particles and colloidal stars. The second tip binding

e�ciency of our new mutants M13s(CgbpC)2 and M13l(CgbpC)2 is tested by implementing

them to assemble dumbbell-like particles made of a single virus bound to individual Au NPs

by each tip (see �gure 2.3). The chapter ends with conclusions and perspectives for the

future optimized production of original hybrid gold-virus colloids.
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2.2 Genetic engineering of M13KE bacteriophages

Filamentous phage is a specie of bacterial viruses that speci�cally infects and replicates

within strains of Escherichia coli (E.coli) containing the male sex factor in their genetic

material [58, 59]. They are released from infected cells while they continue to grow and

divide [60]. The virions of M13KE of about 1 µm in length and 7 nm in diameter are

composed of a cylinder of �ve di�erent types of coat proteins that enclose a single-stranded

DNA (ssDNA) (see �gure 2.4). The capsid is built from ∼3000 copies of the major coat

protein p8 and 3-5 copies of minor proteins p3, p6, p7 and p9. p3 and p6 on the proximal

end and p7 and p9 on the distal end of the virus as shown in �gure 2.4 [42, 61]. The main

p8 protein has and α-helix structure and is composed of 50 amino acid units which provide

to the surface a helical charge distribution of approximate 7 e−/nm at physiological pH [62].

The bending sti�ness or persistence length P of �lamentous viruses has been determined

by the implementation of di�erent methods such as force extension and dynamic light

scattering [63, 64]. One of the most direct methods is the visualization of the equilibrium

conformations [65] of higher accuracy compared to the electron microscopy imaging method

[66] which could have drying artifacts. The M13 phage persistence length of P = 2.2 µm

[64] indicates that they are semi-�exible rod-like particlesi.

p r o x i m a l  e n d d i s t a l  e n d
p 3 p 6 p 8 p 7 p 9

Figure 2.4: Filamentous phage. Top: Schematic representation of �lamentous phage
composed of ∼3000 copies of major coat protein p8 and about 5 of the minor coat proteins
p3, p6, p7 and p9. Figure was adapted from reference [56]. Bottom: Transmission electron
microscopy image of a M13KE virus after negative staining with uranyl acetate. Scale bar
represents 100 nm.

One of the common approaches for genetic engineering is the molecular cloning showed

in �gure 2.5 [68]. This procedure consists in exchanging and joining DNA between two

molecules in selected cloning sites [69]. First, restriction enzymes are used to cut the DNA

iIf the persistence length is large compared to its contour length, i.e. P � L a �lament appears relatively
straight and is recognizable as a rigid rod, whereas for P � L , the �lament adopts more �exible shapes
[67].
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fragments which then are fused to make a recombinant plasmid ii containing the target gene.

This is introduced into bacterial host to undergo a transformation process in which some

bacteria take up the foreign genetic material. As the plasmid typically contains an antibiotic

gene, the bacteria that took it up can be selected from nutrient plates containing the

antibiotic. Bacteria without the plasmid die, while the ones carrying it live and reproduce.

Each surviving bacterium gives rise to a small colony which can be isolated. Finally, the

DNA sequencing is extracted from selected positive clones in order to con�rm the correct

insertion of the target gene. In this way, a DNA fragment that encodes a desired peptide

is inserted in the M13KE genome. Then, by choosing the region corresponding to the coat

protein genes g3, g6, g7, g8 or g9, the fused proteins are selectively displayed on the virus

capsid after the replication process. But, how do we encode a peptide with stable binding

a�nity for Au NP's?

Figure 2.5: Genetic engineering of phages. The DNA from two di�erent molecules is
combined, one serves as a template and one contains the target genes. Restriction enzymes
locate a region of interest and cut open the circular plasmids. The sticky ends of the
fragments attach to each other forming recombinant plasmids. Then a transformation
process is done in bacteria. The bacterium that take the foreign DNA is isolated and
replicated. The DNA sequencing con�rms that the target gene is properly inserted in the
genome.

2.2.1 Mutants with gold binding a�nity

The binding a�nity of a ligand for a receptor is given by the dissociation constant Kd [71].

The lower Kd value is, the more stable is the ligand complex and thus the a�nity is stronger.

Thanks to the phage display technique, gold binding peptides (GBP) have been identi�ed

from libraries [72, 73]. However, their dissociation constants of about 3×10−6 M make them

less stable than indirect methods of conjugation using a mediator between the phage and Au

NPs [26, 28, 74]. For instance, the method proposed by Alexis de la Cotte et al. from our

group [26] based on the streptavidin-biotin reaction, considered as the strongest non-covalent

bond found in nature, exhibits a Kd = 1 × 10−15 M. Nevertheless, these methods require

multiple steps that do not ensure the colloidal stability of the products such as the release

with time of the bound streptavidin [55].

iiPlasmids are circular DNA molecules consisting of few genes that can replicate independently [70].
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Figure 2.6: Thiol-metal dative bond. Dative bonds, also known as coordinate covalent
bonds, are formed by two electrons coming from a single atom. The unshared pair from the
sulfur atom is given to the metal atom. Image was taken from reference [75].

Here, we use a simpler method of conjugation based on dative bonds formed between

the Au NPs and thiol groups (-SH). It is known that nobel metals can interact with

thiol-containing molecules [75�77]. As shown in �gure 2.6, the unshared pair of electrons on

the sulfur atom is able to form a weak covalent bond with a metal atom. This monodentate

thiol-metal linkage, stronger than any non-covalent bond, is weaker than a true covalent

bond. However, its strength is increased for derivatives with multiple thiol groups such is

the case of disul�de bridges (S-S) [75] .

The M13KE mutant possess disul�de groups formed between cysteine residues (Cys-Cys)

only at the end of the p3 proteins [45, 78]. Among these disul�de bridges, only the last one is

assumed to be accessible for its conjugation (see �gure 2.7). Thus, we have used the M13KE

phage as a template for designing mutants with single and double tip binding a�nity for Au

NPs. In order to increase the strength of the �rst tip bond as well as for its incorporation at

the second virus tip, we have genetically modi�ed the p3 and/or p7 proteins of the virus tips

with disul�de constrained peptides. The design and production of di�erent mutants have

been done at the Center of Research Paul Pascal with the help of Thomas Beneyton, Geir

Åge Løset and Eric Grelet. These are summarized in table 2.1 and described below.

Table 2.1: Summary of M13KE mutants with tip binding a�nity for Au NPs.

Name p3 modi�cation p7 modi�cation Type

M13C7C X × Single tip binding

M13s(CgbpC)2 X X Double tip binding

M13l(CgbpC)2 X X Double tip binding

2.2.1.1 M13C7C strain

The M13C7C is a rod-shaped bacteriophage grown from the phage display peptide library

kit (New England Biolabs, Beverly MA). This is nearly identical to the M13KE except for an

alteration in the minor coat protein p3 of the proximal end. The M13C7C has an additional
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13 amino acids inserted before its terminal amine: GGGCXXXXXXXCA-NH2 where X's

are seven random amino acids �anked between two cysteines, C.

As shown in �gure 2.7, the M13C7C strain displays another accessible disul�de bridge

compared with the M13KE phage. The presence of two disul�de bridges on the virus

tip promotes their binding to Au NP. Thus, we expect that the probability of interaction

increases by increasing the number of functional groups available for reaction.

Figure 2.7: Schematic representation of the amino acid sequence corresponding to
the minor coat protein p3. The M13KE virus possesses two cysteine groups which form
a disul�de bridge while the genetically engineered M13C7C strain has an additional fused
sequence (highlighted) with two other cysteine residues also linked via a disul�de bridge.

2.2.1.2 M13s(CgbpC)2 and M13l(CgbpC)2 strains

The M13s(CgbpC)2 and M13l(CgbpC)2 are two mutants genetically modi�ed on the p3 and

p7 proteins of the virus tips. These mutants have and inserted gold binding peptide (gbp)

[73] between two cysteine groups: CGTGSQASC (CgbpC), that forms a disul�de bridge at

both virus tips.

As shown in �gure 2.1, the coat proteins of the distal end (p7) of the M13KE virus

are not as exposed as the ones of the proximal end (p3) [42]. For this reason, the p7

proteins exhibit an extra spacer in order to make the disul�de bridge more accessible for

their interaction with Au NPs. On one hand, for the M13s(CgbpC)2 strain we have inserted

as a short spacer (s) the FLAG1, developed as a small hydrophilic peptide, consisting

of only eight amino acids: DYKDDDDK [79]. On the other hand, the FLAG3 peptide:

DYKDHDGDYKDHDIDYKDDDDK, developed with a strong net negative charge and a

low pI [80], has been added as a long spacer (l) in the M13l(CgbpC)2 mutant. A schematic

representation of the amino acid sequence for both tips of these strains is shown in �gure

2.8. The role of the negative charge carried by the FLAG1 and FLAG3 spacers is to separate

the CgbpC from the main virus body which also has negative charge.

The e�ciency of the s and l modi�cation done at the p7 proteins of these mutants is

tested in subsection 2.3.3 by comparing their tip reactivity with Au NPs in similar conditions.
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Figure 2.8: Schematic representation of the amino acids sequence of the exposed
p3 and p7 proteins. Both M13s(CgbpC)2 and M13l(CgbpC)2 have an inserted gold binding
peptide (gbp) between two cysteine groups (C) that form a disul�de bridge at both virus
tips. Since the p7 proteins are more buried that the p3 ones, a short or long spacer (s or l) is
added at the p7 end in order to make more accessible the disul�de bridge for its interaction
with Au NPs.

2.2.2 Virus production

.

Figure 2.9: Schematic representation
of the infection of E.Coli. Mediated
by the p3 proteins of the phage and
the TolA protein of the membrane, the
virus introduces its ssDNA which is
immediately converted into a dsDNA.
Figure was adapted from reference [81]

The infection of E.Coli is speci�cally mediated by

the coat protein p3 of the phage which is located

at one end of the phage particle. It interacts with

the protein membrane of the bacteria allowing

for the introduction of the phage ssDNA into the

bacterial cytoplasm [82]. As shown in �gure 2.9,

the viral DNA is immediately converted into a

double-stranded (ds) which will transcript and

replicate resulting in a pool of dsDNA molecules

[81, 83].

For the production of all the viruses

described in the previous subsection, we have

used Lysogeny Broth (LB) as growth medium

and E.Coli ER2738, a strain sensitive to

the male-speci�c bacteriophage that expresses

resistance to the antibiotic tetracycline. A

schematic representation of this procedure is

shown in �gure 2.10.

First, the bacteria is pre-ampli�ed. We start by preparing a Petri dish with the E.Coli

ER2738. After its growth overnight at 37o C, we place an isolated colony of bacteria in 3 ml

of LB media and incubate it for 5-8 hours at 230 rpm and 37o C. Then, the whole content

is used to infect another 100 ml of LB media containing 2× 10−2 mM of tetracycline which
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is let grown overnight at 230 rpm and 37o C. Subsequently, 6 liters of LB media, divided

into 3 Erlenmeyer containing 2 liters each, are infected with 10 ml per liter of pre-ampli�ed

bacteria and 0.5 ml per liter of infecting solution of viruses which contains around 1× 109

infecting phages per ml. This process is carried at 230 rpm and 37o C. The virus growth is

tracked by measuring the optical density (OD) at λ = 600 nm and stopped when the value

of OD reaches a plateau (see �gure 2.10).

Figure 2.10: Illustration of the virus production protocol. During the
pre-ampli�cation, an isolated colony of bacteria grows in 3 ml of LB at 230 rpm and
37o C for their later growth in another 100 ml of LB media. Then, the infection is carried
out by adding 20 ml of pre-ampli�ed bacteria and 1 ml of virus infecting solution to 2 liters
of LB media. Finally, the virus growth is tracked by measuring the absorption at λ=600
nm and stopped when the plateau is reached.

After this procedure, we have produced 6 liters of virus-bacteria mixture. Then, we

proceed with the puri�cation process which consists in the separation of viruses from the

bacteria solution by several centrifugation steps achieved as follows. First, E. coli cells

are removed by centrifuging the cultures twice at 6000 g for 20 minutes and collecting the

supernatant each time. Later, we deplete for 1 hour the viruses by adding 15 g per liter

of sodium chloride (NaCl) and 20 g per liter of polyethylene glycol with average molecular

weight 8 kDA (PEG8K) to induce the depletion of the phages. Then, the supernatant is

centrifuged again resulting in the precipitation of a viral mass in the pellet and a clear

supernatant which is removed without disturbing the pellet.

The pellet is re-dispersed in a few milliliters of distilled water. The remaining pieces of

bacteria are removed by a centrifugation step of 20 000 g for 45 minutes. In this step, the

bacteria are placed in the pellet and the supernatant is kept. Finally, in order to remove the

remaining polymer used for the depletion step as well as most of the molecular bioproducts,

the viruses are sedimented by a centrifugation step of 200 000 g (45000 rpm) for 3 hours.

The resulting pellet is then redispersed and dialyzed against the desired bu�er for future

reaction with Au NPs.

The concentration of viruses is determined by measuring the light absorption at λ = 269

nm corresponding to the maximum absorbance wavelength of M13 viruses. The optical

density of a suspension at 1 mg/ml across a 1 cm path is equal to 3.84 cm2/mg [84]. The
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ratio between absorbance at 269 nm and 244 nm is used to approximate the purity of the M13

viruses [85]. If the ratio is lower than expected, it may indicate the presence of contaminants

which absorb at 244 nm. A ratio of 1.41 indicates less than 1% of impurities [85]. The usual

yield for wild-type virus production is 20 mg/liter of LB medium while for the M13s(CgbpC)2

and M13l(CgbpC)2 strains the yield is slightly lower, i.e., about 15 mg/liter of LB medium.

After the production, we verify by DNA sequencing that the genetic modi�cations of

the virus tips are correctly inserted in the mutants. Moreover, we analyze their length and

dispersity by Transmission Electron Microscopy (TEM). Samples of about 1× 10−3 mg/ml

are settled onto O2 plasma treated carbon-coated grids and stained with 2% uranyl acetate.

Then, they are characterized from the images recorded with an AMT CCD camera mounted

on a Hitachi H-600 electron microscope operating at 75 kV.

In �gure 2.11, the length distributions measured using ImageJ software of the

M13s(CgbpC)2 and M13l(CgbpC)2 are plotted. The black line indicates a Gaussian �t to the

data indicating an average contour length of 1074 ± 99 nm and 1057 ± 43 nm respectively.

Moreover, we have calculated for both mutants a polydispersity index (PDI) (see section

3.3.2.1) of 0.09 and 0.04 respectively indicating a high monodispersity. Thus, we �nd that

their average length of L = 1.1 µm is slightly higher compared with the M13C7C and M13KE

strains for which it is found L = 1 µm [55]. This is consistent with the fact that the virus

length is proportional to the DNA length. Since our mutants have extra inserted peptides

it is expected that they are longer compared to the wild-type.

Figure 2.11: Characterization after virus production. Distribution of contour length
measured from TEM images (insets) for M13s(CgbpC)2 (left) and M13l(CgbpC)2 (right).
The Gaussian �ts indicates contour lengths of 1074 ± 99 nm and 1057 ± 43 nm as well as
polydispersity index (PDI) of 0.09 and 0.04 respectively.

2.2.2.1 Viruses functionalized with �uorescent dyes

The functionalization of the virus surface is possible thanks to the terminal amino acids and

Lysine of p8 proteins [42]. As shown in �gure 2.12, a N-hydroxysuccinimide (NHS) ester
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bound to a dye molecule links to the NH2 groups at the virus surface.

For the labeling process, a suspension of viruses at concentration of 1 mg/ml is dialyzed

against phosphate bu�er (PBS) at I = 200 mM and pH 7.8 and mixed with red or green

�uorescent dyes dissolved in a Dimethylformaide (DMF) solution. The excess of dyes is set

to be 3 dyes per major p8 coat protein taking care that the amount of DMF does not exceed

20% of the volume. Then, the reaction is carried under stirring at 300 rpm for 2 hours

at room temperature and overnight at 4oC. The resulting suspension is then extensively

dialyzed against Tris/HCl bu�er at I = 10 mM and pH 8.2 to remove the free dyes. After

this puri�cation, the number of dyes per virus can be calculated form the absorbance spectra

of the aqueous suspensions of the pure dye, the pristine mutant and the labeled suspension

(see reference [13] and supplementary material of [86]).

For the production of some of our hybrid gold-virus colloids we have used di�erent

fractions of full body labeled viruses with Alexa Fluor 488 or Dylight 550 which excitation

and emission spectra are shown in �gure 2.12 (b). This modi�cation, that does not a�ect

the virus length but only the diameter, is designed to allow for the direct visualization of

the viruses by �uorescence microscopy (see section 3.2.1). For a dilute suspension of rods

of high aspect ratio, i.e, L/d >> 1, the di�usion is almost insensitive to the rod diameter

(see chapter 3). Hence, we expect that the labeling does not a�ect signi�cantly the virus

behavior in colloidal suspensions.

Figure 2.12: Scheme of labeling process on M13C7C viruses. (a) The full body
functionalization with �uorescent dyes can be performed by the reaction between NH2 groups
and NHS ester functionalized dyes. (b) Excitation (dashed line) and emission (�lled full line)
spectra of Alexa Fluor 488 and Dylight 550.

2.3 Production of gold-virus colloids

As described in the previous section, the displayed double cysteines at the exposed coat

proteins p3 and p7 of the phages form disul�de bridges. This allows for binding metal

nanoparticles to the virus tips by a weak covalent bond [75]. In addition with the ionic

conditions that promote their interaction, we have constructed hybrid colloids made of gold

nanoparticles (Au NPs) bound to the tips of M13 mutants by self-assembly.
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Figure 2.13: Di�erent surface ligands at gold surface used for the production
of hybrid gold-virus colloids. Tannic acid (left) and citrate (right) capped gold
nanoparticles.

Figure 2.14: Characterization of the di�erent Au NPs suspensions. Size
distributions and TEM images for the batches of mean diameter (a) 10.6 nm, (b) 18 nm, (c)
31 nm and (d) 51 nm. Data was provided by the supplier. From dynamic light scattering
experiments it is found a PDI = 0.05, 0.07, 0.10 and 0.10 respectively.

For the production of the di�erent hybrid gold-virus structures of this work, we have

used tannic acid stabilized Au NPs of average diameters D = 10.6, 18 and 51 nm as well

as citrate stabilized Au NPs of D = 31 nm, all purchased from NanoComposix (see �gure

2.13). TEM images and size distributions for the di�erent batches are shown in �gure 2.14.

The PDI of each one has been estimated by Dynamic Light Scattering (DLS) as described in

section 3.3.2.1. The values found, PDI = 0.05, 0.07, 0.10 and 0.10 for the Au NP suspensions
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of diameters 10.6, 18, 31 and 51 nm respectively, indicate a high monodispersity, i.e., PDI

6 0.1 [87].

Figure 2.15: Concentration of Au NPs calculated from light absorption. (a) UV-Vis
spectra measured for stock suspensions of Au NPs of D = 18 nm and 31 nm. (b) Calculated
concentration from OD at 400 nm and 520 nm according to equations 2.1 and 2.2.

The concentration of the Au NPs is determined based on the UV-Vis light absorption

measured by NanoDrop One, Thermo., due to the plasmonic resonance. Two main methods

based on the absorption at 400 nm and at 520 nm are commonly used.

(i) Absorption at 400 nm:

The molar extinction coe�cient of Au NPs at 400 nm, ε400 = 2400 M−1cm−1 can

be used to determine the molar concentration of Au as CAu(0) = OD400/ε400 [88].

Assuming that the particles are spherical, the mass of one particle is calculated as:

m = ρAuVAuNPs with ρAu = 19.3 g/cm3 the density of Au and VAuNPs = πD3

6
the

volume of the Au sphere of diameter D. Then, the particle concentration is calculated

as:

CAuNPs =
CAu(0)MW

m
, (2.1)

with MW = 197 g/mol the molecular weight of Au.

(ii) Absorption at the plasmonic resonance:

From the speci�c molar extinction coe�cient, ε520, which depends on the nanoparticle

diameter D in nm as ε520 = 64714.9D(3.2) M−1cm−1 for D . 50 nm [55], the particle

concentration is calculated by:

CAuNPs =
OD520NA

ε520

, (2.2)

with NA the Avogadro's number.
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In �gure 2.15 are plotted the UV-Vis spectra measured for Au NPs of D = 18 nm and

31 nm. The optical density (OD) is taken from the spectra at 400 nm and 520 nm. Then,

the concentration is calculated using equations 2.1 and 2.2. As shown in the �gure 2.15

(b), the values of concentration obtained for Au NPs using the methods described above

are consistent with each other. For the estimation of the Au NPs concentration needed to

manufacture our hybrid gold-virus colloids, we have mostly used the method (ii) as it is

dependent of the NP size.

The production steps that promote the interaction of the di�erent M13KE mutants with

Au NPs by their tips depend on the following conditions:

• Electrostatic repulsion. Both elements are negatively charged so they repel each other.

In order to allow for their interaction, the electrostatic repulsion has to be screened. To

do so, we increase the number of free ions in suspensions by dialyzing the suspension

against di�erent bu�ers in a range of ionic strength conditions from I = 20 mM to I =

200 mM.

• Intensity of electrostatic repulsion. We know that the isoelectric point of viruses is

pIE = 4.5 [62], while the Au NPs are at pH= 5.4 for NPs stabilized with tannic acid

(pKa = 6) and pH = 7.2 for NPs stabilized with citrate (pKa = 6.4) [89, 90]. A pH

close to pIE decreases the overall charge of both components and consequently their

electrostatic repulsion. Thus, the pH of the suspension is varied by changing the bu�er

used for reaction. For example, Tris/HCl bu�er at pH 8.2 is changed for MESiii bu�er

at pH 6.2.

• Number of particles available for reaction. The molar excess ratio, α, de�ned as the

number of Au NPs per number of viruses available for reaction, in�uences in the

resulting �nal structure. This is expressed in terms of the particle concentration as:

α = [AuNPs]/[Viruses]. (2.3)

On one hand, when the number of viruses is reduced compared with the number of

available beads, for instance α ∼ 3, their reaction leads to the assembly of a single

virus to one NP with a lot of remaining unreacted Au NPs. On the other hand, if the

NPs are in signi�cantly less amount compared with viruses, i.e., α << 1, it is expected

that multiple viruses could assemble to a single NP.

• Virus concentration. The virus concentration at which the reaction is performed

in�uences the probability of gold-virus interaction and hence the resulting �nal

iiiMES is the common name for the compound 2-(N-morpholino)ethanesulfonic acid, a bu�ering agent
that has pKa value of 6.15 at at 20 °C.
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structure. The overlap concentration C∗ is the concentration after which two viruses

start to overlap. As shown in �gure 2.16, C∗ is calculated as the concentration of

�ctitious close packing spheres of diameter equal to one virus length, L. Thus, C∗

scales as:

C∗ ∼ MM13

4π
3

(L
2
)3NA

, (2.4)

Figure 2.16: Sketch of
C∗ concentration. This
is calculated assuming
spheres of diameter equal
the virus length.

withMM13 = 1.86×1010 mg/mol the �lamentous viruses

molecular weight and NA the Avogadro's number. For

workingequimolar conditions, i.e., one bead per virus, working

chanceat a virus concentration below C∗ reduces the chance

single that more than one virus interacts with a single bead,

opposite.while working at concentrations above C∗ does the

oppositeopposite.

In this work, we combine the M13C7C strain with Au NPs

to produce colloidal star particles made of multiple viruses

attached to a single bead as well as hybrid gold-virus colloids

made of a individual virus attached to a single nanoparticle

called matchstick-like particles (see �gure 2.3). The mutants

M13s(CgbpC)2 and M13l(CgbpC)2, are used to create hybrid colloids made of a single virus

with one nanoparticle attached to each tip named dumbbell-like particles. The detailed

production steps of each structure is described bellow.

2.3.1 Colloidal star particles

For the design of a suspension of colloidal star particles with valency n de�ned as the number

of viral arms per Au NP, we have used highly monodisperse Au NPs of D = 51 nm (PDI

= 0.1) and M13C7C viruses. The choice of the NP size was made considering the �ndings

in our group about the in�uence on the nanoparticle size on the average valency [55] which

proved that for a higher NP surface a higher number of viruses can be grafted.

The production is performed by mixing a suspension of Au NPs at concentration

CAuNPs = 1.1 × 1011 particles/ml with the corresponding amount of viruses in such a way

that the molar excess is 1/α = 100, i.e., that for 100 viruses there is 1 Au NP available

to react. Moreover, we have chosen to work at a virus concentration above C∗ in order

to promote the interaction of a single bead with multiple viruses. According to equation

2.4, for a virus length of 1 µm and close packing spheres having a volume fraction of 0.74,

C∗ = 0.043 mg/ml. Thus, we have worked at a concentration C ∼ 8.5C∗ = 0.34 mg/ml.

The virus mass needed for the reaction, mM13, is calculated as
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Figure 2.17: Colloidal star particles. (a) Schematic representation and TEM image
of the structure made of multiple viruses attached to a single Au nanobead. (b) Average
valency, < n >, i.e., number of viral arms, of the colloidal star particles as function of ionic
strength used for the reaction.

mM13 =
CAuNPs · VAuNPs

α
· MM13

NA

, (2.5)

with VAuNPs the volume of the Au NPs suspension. Next, the gold-virus mixture is dialyzed

against I = 20 mM Tris/HCl bu�er at pH 8.2 to screen their electrostatic repulsion leading

to their assembly. The reaction takes place overnight at room temperature and at stirring

rate of 300 rpm. Then, the ionic strength of the suspension is increased stepwise from I =

50 to 100 and 200 mM by dialysis followed by overnight reactions under stirring at room

temperature for each ionic condition.

The average valency, < n >, is determined from TEM images taken after each reaction

by counting the number of viral arms attached per Au NP (see �gure 2.18) . In �gure 2.17

are plotted the average valencies found for each step of the reaction. As shown in �gure 2.17

(b), < n > increases with ionic strength and nearly reaches a plateau for I > 100 mM.
Once the plateau is reached, the reaction is stopped by deceasing the ionic strength

via dialysis against a I = 0.5 mM Tris/HCl bu�er. The free viruses are then removed by

centrifugation. The resulting colloidal star particles are pelleting by applying 4000 g for 30

minutes. The supernatant containing the free viruses is carefully removed leaving in the

pellet only the star-like structures. These are redispersed and the procedure is repeated a

few times until the percentage of free viruses is below 10%.

As a result, we get a suspension of colloidal star particles with average valency of 23

viruses per gold nanoparticle. In �gure 2.18 is shown a large �eld of view TEM image of the

colloidal star particles as well as the distribution of valency found. From the Gaussian �t,

we obtain a PDI = 0.26 indicating a moderate polydispersity in the valency [91] (see section

3.3.2.1). For the optical microscopy observation of these structures, we have produced them

with 3 to 5 red-labeled viruses as well as a batch made of only green-labeled viruses. As

shown in �gure 2.17 (b), the use of labeled viruses does not a�ect signi�cantly the average

valency of the resulting colloidal stars.
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Figure 2.18: Valency of colloidal star particles. Large �eld of view TEM image of the
clean suspension, i.e., after removal of free viruses, (left) with average valency of < n >=
23± 6 and PDI = 0.26 calculated from the Gaussian �t of the distribution (right).

2.3.2 Matchstick-like particles

The production of matchstick-like particles mostly depends on the initial molar excess α.

Since we want to produce structures made of a single NP attached to a single virus tip, we

have to ensure that only one NP will interact with a single virus. Thus, we set a molar

excess of α = 3 and perform the reaction at a virus concentration below C∗ (C = 0.009

mg/ml' 1/5C∗) to reduce the probability of interaction of more than one virus per Au NP.

The choice of the previous conditions with an excess of beads results in the assembly of

a high number of matchstick-like particles compared with other structures such a diblocks

made of two viruses attached by one of their tips to a single NP. After the reaction, the

excess of non-reacted beads is removed by centrifugation.

To produce matchstick-like particles made of NPs of di�erent sizes (D = 10.6, 18 and 31

nm) we mix Au NPs at concentration CAuNPs ∼ 1× 1012 particles/ml with M13C7C viruses.

The mass of viruses needed, calculated with equation 2.5, is added to the suspension of

Au NPs. Then, in order to screen their electrostatic repulsion the suspension is dialyzed

against the selected bu�er. For tannic acid stabilized Au NPs (D = 10 and 18 nm) the

ionic strength is increased in one step to I = 20 mM while for citrate stabilized Au NPs

(D = 31 nm) it is increased stepwise from I = 10 to 20 mM increasing 5 mM each time.

The previous conditions assure that the citrate stabilized Au NPs do not aggregate due to

their lower stability compared with the tannic stabilized ones explained by the di�erence in

their surface ligand [55] (see �gure 2.13). The reaction occurs under stirring and at room

temperature overnight. Usually, the number of viruses which have grafted Au NPs after the

reaction at I = 20 mM is ∼ 90%. A higher yield could be expected if we continue to increase

ionic strength. However, aggregation of Au NPs has been observed above I = 40 mM for
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tannic acid stabilized NPs and above I = 25 mM for citrate stabilized ones [55]. Hence, we

stop the reaction at these conditions.

Figure 2.19: TEM characterization of matchstick-like particles. Large �eld of view
for viruses based structures made of Au NPs of (a) D = 10 nm, (b) D = 18 nm and (c)
D = 31 nm as diameter after puri�cation of the free Au beads.

The di�erence in density and shape of the two elements in suspension allows us to separate

them by simple centrifugation steps. To proceed with the puri�cation, where the NPs that

are not involved in hybrid structures go to the pellet while the matchstick-like particles stay

in the supernatant, we decrease the ionic strength to I = 0.5 mM by dialysis. At these ionic

conditions, we assure that the Au NPs do not aggregate when they are concentrated in the

pellet. For a height of the suspension, l, we apply during a time t, the acceleration:

a =
l

S · t
, (2.6)
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where S is the sedimentation coe�cient de�ned as the time for a particle to reach a maximum

speed as it falls through the suspension due to the applied acceleration [92]. This occurs

when the sum of the drag force and the buoyancy is equal to the centrifugal force. At the

in�nite dilute regime, S depends on the density and shape of particles [92, 93].

In order to have an easy separation and puri�cation by centrifugation, the sedimentation

coe�cient of the matchstick-like particles must be at least of one order of magnitude higher

than the one of the free NPs. For our spherical Au NPs, S depends on the particle diameter

D and is calculated as [55]:

SAuNPs =
ρAu − ρs

18η
·D2, (2.7)

where ρAu = 19.4 g/cm3 is the density of gold and ρs and η the density and dynamic viscosity

of the solvent. For water, the latest correspond to ρs = 1.0 g/cm3 and η = 0.001Pa · s at

T = 293 K.

For rod-shaped particles of high aspect ratio (L/d� 1), the sedimentation coe�cient in

terms of the mass, m, and volume of the particle, Vp, is given by [55, 93]:

Srod =
ln
(
L
d

)
3πηL

(m− ρsVp) , (2.8)

where L and d are the length and diameter of the rod. For the matchstick-like particles, we

use the approximation that the volume of the Au NP at the tip of the rod is homogeneously

spread on the surface of the rod, thus we estimate the sedimentation coe�cient as in equation

2.8 resulting in [55]:

Smatchstick =
ln 3L3

2D3+3Ld2

6πηL
·
[
πD3

6
(ρAuNPs − ρs) +

πLd2

4
(ρM − ρs)

]
, (2.9)

with ρM = 1.285 g/cm3 the density of the �lamentous virus [94]. From equation 2.9, it follows

that for L = 1 µm and d = 7 nm, Smatchstick = 1.1× 10−11 s, 3.5× 10−11 s and 1.51× 10−10 s

for matchstick-like particles made of Au NPs of D = 10, 18 and 31 nm respectively.

The calculated SAuNPs and Smatchstick as well as the applied conditions for the di�erent

productions are summarized in table 2.2. Note that SAuNPs of D = 10 nm and 18 nm

changes by one order of magnitude with respect to the corresponding Smatchstick. For this

reason, the experimental conditions applied are the same as the theoretical ones. However,

for Au NPs of D = 31 nm, the sedimentation coe�cients are of the same order of magnitude

and some structures start to go to the pellet when the theoretical value is applied. Hence,

we decrease the acceleration and repeat the procedure many times in order to keep the

maximum of structures as possible and therefore not decrease too much the yield. The

sample is characterized by TEM and the centrifugation is applied until the percentage of

free beads is below 10%.

For the TEM characterization of the resulting suspension, we estimate the fraction of
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Table 2.2: Summary of Au NPs sedimentation coe�cients and applied centrifugation
conditions for a suspension of height 3 cm.

Diameter SAuNPs Smatchstick Theoretical a× t Experimental a× t
[nm] [s] [s] [103g × s] [103g × s]

10 1.0× 10−10 1.1× 10−11 11.7× 2700 11.0× 2700

18 3.3× 10−10 3.5× 10−11 5.0× 1800 5.0× 1800

31 9.8× 10−10 1.5× 10−10 1.7× 1800 0.5× 1800
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Figure 2.20: Production of matchstick-like particles. (a) TEM images of
matchstick-like particles made with di�erent nanoparticle sizes, D = 10 nm, 18 nm and
31 nm from top to bottom. (b) Histogram representing the fraction of colloidal structures
and free breads found in each batch. The fractions, f(structure), are calculated as function
of the total number of viruses, Tvir, for the structures and as function of the total number
of beads, Tbeads, for the percentage of free NPs.

structures f(structure) = Ts/Tvir as the ratio between the total number of viruses involved

in a given structure, Ts, and the total number of virus, Tvir. In �gure 2.20 are shown the

distributions of our matchstick-like suspensions. For the three NP sizes, we �nd ∼ 80% of

matchstick-like particles, ∼ 15% of other structures (mostly two viruses bind to a single NP)

and∼ 5% of free viruses. Moreover, we have estimated, in terms of the total number of beads,

Tbeads, that the percentage of free beads is below 10% (see inset of �gure 2.20). In �gure 2.19

are shown large �eld of view TEM images of the di�erent batches of matchstick-like particles

made of Au NPs of D = 10, 18 and 31 nm taken after the puri�cation of non-reacted beads.

As �nal step, we estimate the concentration of structures for a given sample. This is

calculated from the OD of the suspension and given in terms or the virus concentration

assuming that for each bead there is a virus that has reacted with one tip, i.e.,

Cv = Cmatchstick =
CAuNPsMM13

NA

(2.10)
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with CAuNPs given by equation 2.2 and MM13 = 1.86× 1010 mg/mol the molecular weight of

the viruses.

2.3.3 Dumbbell-like particles

In order to create dumbbell-like particles, we have worked with the virus mutants

M13s(CgbpC)2 and M13l(CgbpC)2 for which we expect to bind two Au NP one at each

virus tip. The reaction conditions are similar as the ones for the matchstick-like particles.

However, for this case we have increased the excess of Au NPs according to the two virus

tips to be functionalized. Thus, we set a molar excess of α = 6 and perform the reaction at

a virus concentration below C∗ (C = 0.02 mg/ml). Since we want to avoid that more than

one virus reacts with the same NP we also have chosen to work with a small NP size (D =

10 nm). The amount of viruses added to the Au NP suspension at CAuNPs ∼ 1012 part/ml

is calculated according to equation 2.5. After both components are mixed, the suspension is

dialyzed against the selected bu�er. First we use a Tris/HCl bu�er at pH 8.2 and increase

stepwise the ionic strength form I =20 mM to 40 mM. Then, in order to decrease the intensity

of the electrostatic repulsion, the pH is changed to 6.2 by dialysis against a MES bu�er at I

= 40 mM. Each reaction takes place at stirring rate of 300 rpm and at room temperature.

Figure 2.21: TEM characterization of the M13l(CgbpC)2 reaction with Au NPs
of D = 10 nm. (a) Dumbbell-like particle. (b)-(c) Large �eld of view of the structures
where also three free NPs can be seen in (c).
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In �gure 2.21 are shown TEM images of the suspension after puri�cation of the non-reacted

beads by centrifugation.

2.3.3.1 In�uence of the virus mutant

We have studied the in�uence of the p3 and p7 genetic modi�cations done for the

M13s(CgbpC)2 and M13l(CgbpC)2 strains by quantifying the percentage of functionalized

tips after their interaction with Au NPs in similar conditions.

The double tip binding a�nity of these mutants allows for the formation of more complex

morphologies such as the ones shown in �gure 2.22. These hybrid colloids are called in terms

of the number of Au NPs and viruses that are involved in the structure as A:B with A the

number of Au NPs and B the number of viruses. For instance, a matchstick-like made of

1 NP and 1 virus is called 1:1 while the dumbbell-like made of two beads and one virus is

called 2:1. Relative to each one, the yield of reaction is calculated dividing the number of

tips that have bound to Au NPs over the total number of tips. Thus, for the 1:1 as well as

for 1:2 structures, whose viruses have reacted only by one virus tip the yield is 50%, while

for

A : B  s t r u c t u r e s

R e a c t e d  t i p s
1 0 0  %5 0  % 7 5  %

1 : 1

2 : 1

3 : 21 : 2 2 : 2

Figure 2.22: A:B structures as function of reacted tips. A represents the number of
Au NPs involve in the morphology while B the number of viruses. The yield of reaction is
estimated by the ratio between the number of tips that have been bound to Au NPs and the
total number of virus tips.
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for the 2:1 and 3:2 whose virus tips are completely bounded to Au NPs, the yield is 100%

(see �gure 2.22).

In the following we describe our observations after each set of conditions for both

mutants having cysteine groups displayed at both virus ends.

• M13s(CgbpC)2

In �gure 2.23 are summarized the distribution of structures, percentage of reacted tips

and molar excess found by TEM after each step.

After the reaction at I = 20 mM and pH 8.2, the M13s(CgbpC)2 mutant exhibits a yield

of ∼ 50% tips that have linked to Au NPs mainly involved in the 1:1 morphology. As the

ionic strength is increased to I = 40 mM, the yield rises up to ∼ 72% and the distribution

is balanced between 1:1 and 2:1 structures. Under these conditions, some aggregation of Au

NPs is observed which is associated with a decrease of the initial molar excess α. Finally,

when the pH is decreased to 6.2, a maximum yield of ∼ 80% is reached. Moreover, a

majority of 2:1 structures is found. The �nal state of this suspension is composed of ∼ 40%

dumbbell-like and ∼ 30% matchstick-like particles.

Figure 2.23: Reaction of M13s(CgbpC)2 strain and Au NPs of D = 10 nm. Left:
Distribution of A:B structures and free beads. Right: Summary of reacted tips and molar
excess after each set of reaction conditions.

• M13l(CgbpC)2

For the M13l(CgbpC)2 mutant, the distribution of structures, percentage of reacted tips

and molar excess found by TEM after each set of conditions are summarized in �gure 2.24.

Similar as the previous mutant reaction results, at I = 20 mM and pH 8.2, about 50% of
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the M13l(CgbpC)2 tips have bound to Au NPs. When the ionic strength is raised to I = 40

mM, a signi�cant increase of the yield is observed. In this case, the percentage of reacted

tips reaches ∼ 84% which are involved mostly in the 2:1 morphology. Last, when the pH is

decreased to 6.2 at the same ionic conditions, the yield reaches ∼ 88% and the number of

2:1 increases even more. The conditions are not push further since beyond, aggregation of

free NPs starts to prevail. The distribution at the �nal conditions corresponds to ∼ 60%

dumbbell-like structures and ∼ 20% matchstick-like particles.

Figure 2.24: Reaction of M13l(CgbpC)2 strain and Au NPs of D = 10 nm. Left:
Distribution of A:B structures and free beads. Right: Summary of reacted tips and molar
excess after each set of reaction conditions.

The previous observations have a direct relation with the genetic modi�cation of both

mutants. As described in section 2.2.1, the binding a�nity of the virus tips is directly related

with the presence of cysteine groups (cys-cys) accessible for interaction with Au NPs via a

weak covalent bond.

The p3 protein modi�cation of these mutants is similar as the one of the M13C7C strain,

i.e., the vector added close to the N terminal have a peptide encoded by seven amino acids

�anked by two cysteines. This genetic modi�cation allows us for comparing our �ndings with

the previously obtained for the production of matchstick-like particles. For an excess of Au

NPs and virus concentration below C∗, about 45% of the M13C7C tips have been grafted to

one bead. In the same conditions, both of our new mutants exhibit ∼ 50% of tips that have

bound to Au NPs. Assuming that the reactivity of the proximal (p3) tip is the same as for

the M13C7C mutant, it is expected that the ∼ 5% di�erence in the number of reacted tips

at these conditions stems from the interaction of beads via the second tip (distal end, p7).

However, since the p7 proteins are not as exposed as the p3 ones, they are not as accessible

for binding Au NPs until the repulsive interaction of both component is screened even more.



34 2.3. PRODUCTION OF GOLD-VIRUS COLLOIDS

For this reason, we do not observe a signi�cant increase until the ionic strength reaches I

= 40 mM with pH 6.2 for which a maximum percentage of reacted tips of 80% and 88% is

found for the M13s(CgbpC)2 and M13l(CgbpC)2 respectively.

The di�erence in the �nal yields of these mutants is related to the spacer used before the

CgbpC sequence at the p7 protein end (see �gure 2.8). This give us an insight of the e�ciency

of these spacers to make the cysteine groups more exposed for their interaction with Au NPs.

Considering that 45% of the yield corresponds to the binding at the �rst tip, we estimate

∼ 35% and ∼ 43% the yield of the second tip for the short and long spacer respectively.

Thus, we conclude that the encoded spacer in the M13l(CgbpC)2 is more e�cient to make

the cysteine groups accessible for reaction with Au NPs.

2.3.3.2 Puri�cation steps

For the future study of dumbbell-like particles, we have proceeded with the removal of free

beads present in suspension produced with M13l(CgbpC)2 where the maximum amount of

this morphology is found. This sample is a mixture of multiple structures of unknown

sedimentation coe�cients. For this reason, we have applied lower acceleration for the

centrifugation than the estimated one for Au NPs of D =10 nm (see table 2.2). In this case,

we have done multiple steps of 5000 g× 30 min. However, even for gentle centrifugation

conditions, some structures are sedimented in the pellet. The �nal distribution of structures

is summarized in �gure 2.25. This sample is used for the study of its dynamics in chapter 4.

Figure 2.25: Characterization of the dumbbell-like morphology after the
puri�cation steps. Left: Histogram representing the fraction of A:B structures found.
Right: Large �eld of view TEM image of the �nal state of the structures (3 dumbbell-like
+ 1 matchstick-like particles).



2.4. CONCLUSION AND PERSPECTIVES 35

2.4 Conclusion and perspectives

In this chapter, we have introduced the genetic modi�cation of the M13KE phage designed

to promote the grafting of Au NPs at one and two virus tips with the aim to construct

complex structures. This tip binding a�nity for Au NPs has been designed based on the

interaction of cysteine groups at the virus tips and Au NPs via a weak covalent bond.

We have used the M13C7C mutant, a genetically modi�ed strain which possesses extra

cysteine groups only at the p3 proteins of that virus tip, to reproduce matchstick-like and

colloidal star structures previously found in literature [26, 55]. Our contribution is the study

of the consequences of the genetic modi�cation done at the p7 proteins of the M13KE virus

which are not as exposed to the solvent for their functionalization as the p3 proteins. This

genetic modi�cation has allowed us for producing a novel gold-virus colloid, the dumbbell-like

structure made by a single virus with one bead attached to each tip.

Here, we have introduced the mutants M13s(CgbpC)2 and M13l(CgbpC)2 for which it

has been inserted at both virus tips a gold binding peptide between two cysteine groups

CgbpC, a peptide sequence similar to the one at p3 of the M13C7C mutant. These novel

strains di�er with each other by the spacer that have been added before the encoded peptide

at the p7 proteins with the aim to make it more accessible for their interaction with Au NPs.

The binding a�nity for Au has been tested by measuring the percentage of reacted tips

at the same reaction conditions. We have found a maximum yield of 80% and 88% when the

conditions are I = 40 mM pH 6.2 for the M13s(CgbpC)2 and M13l(CgbpC)2 respectively.

Considering that 45% of the yield corresponds to the binding at the p3 proteins, these

represent a maximum of ∼ 35% and ∼ 43% for the binding at the p7 proteins. Thus, we

conclude that the long negatively charged spacer used in the M13l(CgbpC)2 mutant promotes

a higher e�ciency of the second tip binding a�nity by making more accessible the cysteine

groups for their interaction with gold.

Our �ndings have proved that the p7 proteins can be modi�ed to promote the grafting

of Au NPs. However, in comparison with the p3 proteins, the electrostatic repulsion has to

be screened signi�cantly more in order to interact with Au NPs. This is a process that can

still be optimized. In this direction, we expect that varying some features such as the charge

and length of the spacer used to expose the p7 proteins could improve the binding a�nity

of the second tip.

After an optimization of the binding a�nity for Au (mostly in the distal end), a new

type of hybrid colloids such as lattice structures and oligomeric chains could be constructed.

For their production other reaction conditions have to be explored. For instance, in order to

produce oligomeric chains we suggest to work at a virus concentration close to the overlap

one, C∗. This reaction could be carried in two steps in order to assure that no more than two

virus tips will interact with a single bead. First, the production of matchstick-like particles

could be performed at low ionic conditions with a high molar excess. Then, after the removal

of non-reacted beads, the concentration of the suspension could be increased to ∼ C∗ and
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the ionic conditions could be changed to promote the reaction with each other. Similarly,

for the construction of lattice structures both nanoparticle size and virus concentration have

to be tuned in order to �nd optimal conditions.
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3.1 Study of colloidal systems

Colloids are suspensions of insoluble particles in the size range of ∼10 nm to ∼1 µm dispersed

in a �uid medium [2]. These particles exhibit the so called Brownian motion, a spontaneous

and random movement attributed to the thermal �uctuations characteristic of these scales

[95]. The research interest of these systems stems from both a fundamental perspective and

for their relevance in technological applications [25, 96, 97].

Recent advances in the chemical synthesis and fabrication of hybrid colloidal systems

composed of inorganic materials and organic components have resulted in a wide variety of

complex structures such as shape-anisotropic particles [98], micro-capsules [99] and patchy

particles [100]. These novel hybrid colloidal molecules have speci�c characteristics given by

their organization and by the materials that composed them. Investigating the dynamics and

structure of these particles is a necessary step towards the understanding of their properties

as well as their potential applications in many �elds [51, 54, 101].

One of the di�culties in the study of colloidal systems lies in obtaining accurate

information at these time and length scales which is essential to extract the dynamics.

Common experimental techniques include X-ray, neutron, laser and light scattering as

well as various optical microscopy modalities such as �uorescence, di�erential interference

contrast and confocal microscopy. On one hand, light scattering techniques provide extensive

information on the spatial and temporal correlations between particles, typically in the form

of structure factors and intermediate scattering functions [102�104] . On the other hand,

optical microscopy, paired with image recognition algorithms directly examine the dynamics

and structural evolution of colloidal systems [105, 106]. However, existing limitations

regarding particle sizes, volume fractions and accessible time scales as well as restrictions

relative to the optical properties of the particles and solvent have to be considered when

examining a particular system.

In chapter 2, we have introduced the bacteriophage based hybrid structures subject

of study of this work. These are composed of spherical gold nanoparticles and rod-like

bacteriophages. In this chapter we outline the principles of the techniques we use for the

understanding of the dynamics and structure of these systems: single particle tracking and

dynamic light scattering.

3.2 Single particle tracking

Single-particle tracking (SPT) is a popular tool used to quantify the dynamics of individual

particles in colloid science and soft matter physics [106]. This technique is based in

the possibility of directly visualize colloids. By means of optical microscopy techniques,

multiple particles are located on a continuous sequence of frames in order to reconstruct and

analyze the resulting single-particle traces. From this approach it is possible to measure the

mean squared displacement to describe the motion and the radial distribution function to
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characterize structure [107, 108].

In order to obtain an accurate SPT measurement, the quality of our video microscopy

recording has an important impact. In the following, we identify the optical microscopy

principles implemented for the observation of our hybrid gold-virus colloids.

3.2.1 Optical microscopy observation

A precise visualization of particles depends on the shortest distance between two points

on a plane that can still be distinguished by the observer as separate entities. This, also

known as the optical resolution, is limited by di�raction [105]. For a microscope objective

lens with no aberrations, the three dimensional di�raction pattern near the focal point is

symmetrically periodic along the axis of the microscope as well as radially around this axis.

When the three-dimensional di�raction pattern is projected in the focal plane, it is observed

as two-dimensional di�raction pattern, the Airy disk (see �gure 3.1).

For objects illuminated with a large-angle cone of light, the light waves that form adjacent

Airy disks are incoherent and thus do not interfere with each other. Then, it is possible to

determine the minimum separation that can be resolved with a particular microscope in the

image plane. Let's de�ne D as the center-to-center distance of two adjacent illuminated

particles with rspot equal the radius of the Airy disk. As shown in �gure 3.1 (a), the sum of

the di�raction patterns for D < rspot results into a single spot and into barely two spots for

D = rspot, while for D > rspot it is clearly retrieve the two patterns.

Hence, for well-corrected objective lenses with uniform circular aperture, the smallest

distance resolvable between two adjacent points is found when the centers of their Airy disks

are separated by D = rspot. This, also known as Rayleigh criterion, is given by [105]:

dmin =
1.22λ

2N.A.
=

1.22λ

2n sin(α)
, (3.1)

where λ is the wavelength of the light, N.A. is the numerical aperture of the objective, n

is the index of refraction of the immersion medium between the sample and the objective,

and α is half the maximum light-collecting angle of the objective (see �gure 3.1 (b)). Thus,

the optical resolution can be increased by using high-index immersion medium, i.e., water

or oil instead of air and by increasing the light-collecting angle of the objective α, i.e., the

numerical aperture.

From equation 3.1, it follows that for a microscope with an oil immersion objective of

N.A. = 1.3 and green illumination of λ = 532 nm the limit of resolution is about dmin =

250 nm. Despite this, an object with size much smaller than dmin can still be visible in a

standard optical microscope if the light intensity of the object is high enough compared to

the overall background intensity, i.e., if the image has su�cient contrast and if the acquisition

time of observation is shorter than its dynamics. However, its image results in a spot having

a radius of rspot = dmin [109]. The elements that compose our hybrid gold-virus assemblies
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are rod-shaped �lamentous viruses of length L = 1 µm and diameter d = 7 nm as well as

spherical gold nanoparticles of diameters from 10 to 50 nm. Since the diameter of our viruses

are lower than the optical resolution we expect from our observations to be able to visualize

1 µm rods of hundreds of nanometers in diameter. Similarly, that our gold nanoparticles are

imaged as spots of hundred of nanometers which won't di�er too much in size.

(a) (b)

Figure 3.1: (a) Schematic representation of the Rayleigh criterion. Di�raction
limit (lower panel) of two objects (upper panel) when (i) D < rspot, (ii) D = rspot and
(iii) D > rspot. Adapted from reference [109]. (b) Scheme of the objective numerical
aperture. The resolution limit of optical microscopes depends on the numerical aperture
of the system de�ned as N.A. = n sin(α).

In the same way that the lateral resolution is de�ned for distances within the plane of

focus, we can describe the depth over which the �ne focusing control of the microscope can

be adjusted without diminishing the sharpness of the image. This, also known as depth of

�eld or depth of focus, is proportional to the wave optical depth [109]:

dz '
λn

(N.A.)2
. (3.2)

Note from equations 3.1 and 3.2 that the depth of focus is reduced inversely proportionally

with the square of N.A. while the lateral resolution with the �rst power of N.A. Thus, the

axial resolution is more a�ected than the lateral one by the objective N.A.

From an oil immersion objective (n = 1.52) of N.A. = 1.3 and green illumination of

λ = 532 nm it follows that the axial resolution is dz ∼ 480 nm while the lateral one, i.e., in

the XY plane is d ∼ 250 nm. As result, when an object is vertically displaced on the order

of dz it will be imaged as a blur spot.

Thus, with optical microscopy observation it is possible to visualize objects in a thin

optical section for which a microscope can produce clear images of focal planes. The optical

microscopy techniques used for the visualization of our structures are descried below.
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3.2.1.1 Fluorescence microscopy

Fluorescence microscopy is a technique that allows to study materials which can be made to

�uoresce either in its natural form or when treated with labeling dyes. When a �uorescent

particle is irradiated at the absorption wavelength it results in the emission of �orescent light

which has commonly a longer wavelength [95] (see �gure 2.12). A �lter cube, consisting of

excitation and emission �lters and a dichroic mirror, is placed in the optical path to separate

the emission signal (see �gure 3.2 a)). This ensures that only the emitted light arrives to

the camera resulting in �uorescing areas shining against a dark background with su�cient

contrast to allow detection.

b )a )

Figure 3.2: Fluorescence microscopy. a) Schematic diagram of the �uorescence
microscopy setup. b) Images showing matchstick-like (top) and colloidal star particles
(bottom). Scale bars represent 2 µm.

For our �uorescence microscopy observations we use an inverted microscope Olympus

IX71 equipped with a 100x oil-immersion objective PlanAPO of N.A. = 1.4, a Omicron

LedHub light engine as excitation light source and a Neo sCMOS camera. In �gure 3.2

b), are shown �uorescence microscopy images of matchstick-like and colloidal star particles

made of viruses labeled with �uorescent dye molecules (see section 2.2.2). Note that the

single virus is pictured as a L ∼ 1 µm rod of diameter d ∼ 300 nm which is consistent with

the lateral resolution of our experiment.

Thanks to this technique it is possible to visualize only the viruses composing the

structures to extract the dynamics information. However, two main limitations of this

technique have to be considered. The �rst one is due to the intrinsic weak signal of the

�uorescent dyes which sometimes does not provide the su�cient contrast for visualization

and the second is that the observation time is limited by the �uorescence lifetime of the dye,



42 3.2. SINGLE PARTICLE TRACKING

i.e., the maximum time before it photo-bleaches, which complicates long time recordings.

3.2.1.2 Dark-�eld microscopy

A scheme of dark-�eld microscopy con�guration is shown in �gure 3.3. For this arrangement,

the objective must have smaller numerical aperture than the dark-�eld condenser [110]. This

forms a hollow cone of light when the sample is illuminated (see �gure 3.3). Due to the lower

N.A. of the objective, only the light scattered by particles whose refractive index is di�erent

from the surrounding medium arrives to the camera. Thus, the particles in the sample

appear bright with a dark background.

b )a )

Figure 3.3: Dark �eld microscopy. a) Schematic representation of the dark-�eld
microscopy setup. b) Image of colloidal star particles made of 50 nm gold nanobeads.
Scale bar represents 2 µm.

Here, we performed dark-�eld imaging using an Olympus UPlanFLN 100x Oil Objective

of adjustable N.A. (from 0.6-1.3) and a Olympus U-DCW oil dark �eld condenser (N.A.

1.2-1.4). In �gure 3.3 b) it is shown a dark-�eld image of colloidal star particles made of

50 nm gold beads. The contrast in the image comes from the absorption and scattering of

the light illumination by the gold nanoparticles. The variation of scattering intensity can be

in part attributed to size e�ects i.

With this technique we are able to extract the information of the dynamics from the

direct visualization of the gold nanobeads composing the structures without limitation of

recording time. The main constrain of this method is the nanoparticle size. As the diameter

decreases, the scattered intensity does the same in a power of sixth resulting in a low contrast.

Moreover, smaller NPs experience higher di�usivity which makes the visualization more
iAccording to the Rayleigh scattering theory the scattering intensity increases with the power sixth of

the particle diameter, i.e., I ∼ (d
2 )6 [103].
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di�cult. The virus attached the Au NPs composing our matchstick-like structures slows

them down enabling their visualization. Nevertheless, for particles smaller than 30 nm in

diameter the intensity signal is not enough to have su�cient contrast for their detection.

3.2.2 Mean square displacement analysis

In order to characterize the dynamics of our hybrid gold-virus colloids, the Mean Squared

Displacement (MSD) is calculated relying on the individual trajectories traced down by

optical microscopy observation. For this purpose, a custom-written MATLAB code is used.

The procedure of extracting a particle trajectory is represented in �gure 3.4 and achieved as

follows. First, an optical microscopy technique is chosen accordingly to the system of study.

For example, �uorescence microscopy allows visualizing the center of mass at the viruses

composing the matchstick-like particles while dark �eld microscopy enables the observation

of the bead at the center of the colloidal star structures. Next, a series of images are taken

at a given frame rate. For each particle in a frame the center of mass is determined by the

localization of the intensity peaks. In this way, the positions of each particle are determined

with pixel accuracy. Then, the acquired positions are linked to reconstruct the trajectories

using an implementation based on the work by Crocker and Grier [111].

Figure 3.4: Steps of single particle tracking. The trajectory reconstruction consists
of several steps. First, a series of images are recording with optical microscopy and the
individual particles are localized at a given time. Then, the positions are related in time to
reconstruct the trajectories of a single particle.

For multiple trajectories, the MSD is calculated as the average of the squared distance

between the particle's start and end positions for all lag time in one trajectory as[108]:

MSD(tlag = m∆t) ≡ 1

N −m

N−m∑
i=1

[r(ti +m∆t)− r(ti)]
2 , (3.3)

where rj(ti + m∆t) is the particle position with rj(ti) as the starting point at the time

interval of m∆t, N is the total frames of the particle trajectory, ∆t is the acquisition time
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of each frame and m is an integer. The MSD can also be de�ned as an ensemble average

over the probability density Gs(r) of �nding a particle at position r(t) at time t [112]:

MSD =

∫
G(r, t)r2dr. (3.4)

G(r, t) is known as the self-Van Hove function and can be directly calculated form the

particles positions as:

G(r, t) =
1

N

N∑
i=1

δ[r(t) + ri(0)− ri(t)]. (3.5)

In complex systems, the MSD is generalized for n dimensions by the power law [113]:

MSD = 2nD‖,⊥t
γ
‖,⊥, (3.6)

where D‖,⊥ and γ‖,⊥ are the di�usion rate and di�usion exponent in the parallel (‖) and
perpendicular (⊥) directions to the particle axis respectively. As shown in �gure 3.5 for the

simplest case, γ = 1 corresponds to a random Brownian motion with DT the translational

di�usion coe�cient, γ < 1 represents subdi�usive behavior which is characteristic of crowded

systems and γ > 1 is signature of superdi�usion which can be observed for self-propelled

motion, i.e., particles with speed v for which is found MSD ∼ v2t2 [114].

Figure 3.5: Typical di�usion regimes characterized by MSD. In equilibrium (blue
line), a linear dependence on t is expected for motion in simple liquids. In crowded
environments (red line), a subdi�usive regime is expected. By contrast, a superdi�usive
motion (green line) often indicates self-propulsion. Adapted from reference [115].

From equation 3.6, it follows that for Brownian di�usion, i.e., γ = 1, the self-di�usion

coe�cient can be determined from the slope of a linear �t to MSD vs time. At the in�nite

dilute regime, the translational di�usion coe�cient, Dsphere
T , of spherical particles of radius

a is given by equation 1.1. For the case of rod particles of length L and diameter d [102]:
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DRod
T =

1

3
(D‖ + 2D⊥) =

kBT

3πηL
ln

(
L

d

)
and DRod

R =
3kBT

πηL3
ln

(
L

d

)
(3.7)

with

D‖ =

(
kBT

2πηL

)
ln

(
L

d

)
and D⊥ =

1

2
D‖ =

(
kBT

4πηL

)
ln

(
L

d

)
(3.8)

the di�usion coe�cients parallel and perpendicular to the rod axis in the slender rod limit,

i.e., L >> d.

In this way, from the particles trajectories extracted by SPT it is possible to get

information on the dynamics of a particular system. In order to get reliable information

on the di�usion coe�cient, it is needed to evaluate above 60 tracks and to lower the variance

in the calculated value around 90 traces [116]. Moreover, other experimental parameters

such as the frame rate have to be considered to have access to all the dynamic information.

For instance, to derive the speed of self-propelled systems one needs to achieve a frame rate

su�ciently high enough for the acquisition time to be signi�cantly lower than the relaxation

time, τ = (DR)−1, equal to the inverse of the rotational di�usion coe�cient of the particles

being studied.
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Figure 3.6: TEM statistics of the matchstick-like particles of D = 50 nm Ag Left:
Distribution of structures in percentage of viruses. Right: TEM images of the structures
found in suspension.

In the following example we report the results of the MSD calculation on matchstick-like

particles compose of silver nanoparticles of diameterD = 50 nm and full body labeled viruses.

The structures distribution and TEM image of this system is shown in �gure 3.6. For the

experiment, we have prepared a suspension of ∼ 50% water-glycerolii mixture of viscosity

iiGlycerol is an organic compound containing multiple hydroxyl groups commonly used in �uid mechanics
to adapt a liquid density [117].
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η = 6.6 × 10−3 Pa · s and a structure's concentration of Cv = 1 × 10−4 mg/ml. These have

been observed though �orescence microscopy allowing us to track the rod-shaped viruses

trajectories. The video recording is taken at a rate of 127.9 frames per second (fps), i.e.,

acquisition time of ∼ 8 ms, in order to have access to all the dynamics of L = 1 µm rods for

which it is found τ = (DR)−1 ∼ 50 ms.

From the SPT analysis of our movies we have extracted the positions of the center of

mass of the viruses in a two-dimensional plane (objective focus plane) for ∼ 65 traces.

From these, we have calculated the MSD of the structure. In �gure 3.7 is plotted the

log-log representations of the averaged MSD for which it is found a nearly di�usive behavior,

i.e., γ = 1. According to equation 3.6, the linear �t for the MSD in two dimensions

corresponds to: MSD = 4DT . Hence, we �nd that the translational di�usion coe�cient

of the matchstick-like particles at these conditions is DT = 0.34 µm2/s.
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Figure 3.7: MSD of matchstick-like particles made of 50 nm silver. For a virus
concentration of 1 × 10−4 mg/ml in a viscous medium of η = 6.6 × 10−3 Pa · s it is found
a di�usive regime, i.e., γ = 1. The di�usion coe�cient DT = 0.34 µm2/s is calculated
according to equation 3.6 for two dimension.

In our group, it has been previously obtained by SPT the di�usion coe�cient, DT =

2.25 µm2/s, for matchstick-like particles in water, i.e., at viscosity η = 1 × 10−3 Pa · s [55].
This value is consistent with the one we obtain considering the change in viscosity. Moreover,

we compare this results with the theoretical value for rods of L = 1 µm given by equation

3.7. For η = 1 × 10−3 Pa · s and η = 6.6 × 10−3 Pa · s it is found DT = 2.0 µm2/s and

DT = 0.32 µm2/s respectively. Thus, from our experimental observations, we conclude that

the di�usion of the matchstick-like structure is similar to the one of single rod-shaped viruses.
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3.3 Dynamic light scattering principles

Another experimental technique commonly used for particle size analysis and di�usion

coe�cients determination in colloidal science [118�120] is Dynamic Light Scattering (DLS).

When a monochromatic light source impinges on a single molecule of polarizability α, the

incident light induces a dipole moment which varies with time [121]. The resulting electric

�eld emitted from each molecule is consecutively a secondary source of light, the scattered

light. This secondary source of light will either result in mutual destructive phases or mutual

constructive ones which are detectable as intensity �uctuations [103].

For a typical DLS setup, as shown in �gure 3.8, a laser beam is used to illuminate a

suspension with scattering particles. This incident source of light is a plane electromagnetic

wave [102]:

Ei(r, t) = n̂iE0 exp i [ki · r− ωit] , (3.9)

of wave length λ, frequency ωi, amplitude E0 and polarization n̂i perpendicular to the initial

propagation vector ki. After the light passes trough the sample, the scattered intensity is

recorded as a function of the observation angle θ where the detector is placed. Assuming

that the scattering process is elastic, the magnitude of the �nal propagation vector kf of the

scattered electric �eld E(r, t) remains the same after the scattering process, i.e.:

| ki |=| kf |=
2πn

λ
,

with n the refractive index of the solvent. Then, the magnitude of the resulting scattering

vector q ≡| ki − kf | is given by [102]:

q =
4πn sin

(
θ
2

)
λ

. (3.10)

An analyzer placed in front of the detector permits that only the scattered light of

polarization n̂f arrives to it. Due to the di�usive behavior of the particles in suspension, the

intensity of the scattered light �uctuates with respect to time. In order to determine how

rapidly the intensity �uctuates, the correlator computes the second order correlation function

or intensity correlation function G2(q, t) ≡ 〈I(q, t′)I(q, t′ + t)〉, expressed as an integral over

the product of intensities at time t′ and delay time t′+t. The G2(q, t) is commonly expressed

in its normalized form as:

g2(q, t) =
〈I(q, t′)I(q, t′ + t)〉
〈I(q, t′)〉2

, (3.11)

where t is the lag time between two time points. In equation 3.11, the brackets represent

average over the duration of the experiment t′, also known as run time.

The intensity correlation function is related to the �rst-order correlation function
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G1(q, t) ≡ 〈E(q, t′)E(q, t′ + t)〉 of normalized form:

g1(q, t) =
〈E(q, t′)E(q, t′ + t)〉
〈E(q, t′)E∗(q, t′)〉

, (3.12)

which corresponds to the correlation of the scattered electric �elds at time t′ and t′ + t.

Assuming that the scattering process is homodyne, i.e., that only scattered light arrives to the

detector and that the photon counting is a random Gaussian process, the two autocorrelation

functions g1(q, t) and g2(q, t) can be coupled to each other thanks to the Siegert relation [118]:

g2(q, t) = 1 + β | g1(q, t) |2, (3.13)

where β is known as the coherence factor that depends on detector area, optical alignment

and scattering properties of the particles.

The DLS setup used in this work is an ALV laser goniometer, with a 632.8 nm HeNe

linearly polarized laser and an ALV500/EPPiii digital correlator of minimum lag time t = 200

ns = 2× 10−4 ms. The range of angles allowed for this experimental setup is 30o < θ < 150o

and therefore a range of 6.85× 10−3 nm−1 < q < 2.56× 10−2 nm−1.
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Figure 3.8: Schematic representation of dynamic light scattering (DLS)
experimental setup. An incident beam of polarization n̂i is directed toward the sample
which scatters in all directions. The resulting scattering vector q is de�ned in terms of the
initial and �nal propagation vector as q ≡| ki−kf |. The analyzer selects only the scattered
light with polarization n̂f that arrives to the detector placed at a given angle θ. For a given
run time the detector measures the scattered intensity (top graph) from which the correlator
computes the intensity correlation function (bottom graph).

3.3.1 Spectral distributions of molecules of arbitrary shape

In a dilute solution of molecules of arbitrary shape, it is convenient to consider the basic

scattering element to be a �segment� of the main molecule. Each one is subdivided into m

iiiExternal correlator connected to the PC via a EPP board. From ALV-GmbH Technology.
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identical segments which are chosen in such a way that its maximum size l is small compared

to 1/q i.e., ql � 1. This means that each segment can be considered as a scatter point and

that there is no signi�cant intra-segment interference. When these conditions are ful�lled

and the solution is su�ciently diluted so segments of di�erent molecules do not interact with

each other, the scattered �eld correlation function is given by [102]:

g1(q, t) = 〈N〉 〈αif (0)αif (t)〉S(q, t), (3.14)

where N is the number of illuminated molecules, αif ≡ ni · α · nf is the projection of the

polarizability tensor α onto the initial and �nal polarization directions of the light wave and

S(q, t) ≡ 1

m2

〈
(exp (iq ·Rt))

(
m∑
i=1

m∑
j=1

exp (iq · [ri(t)− rj(0)])

)〉
(3.15)

is the dynamic form factor. In equation 3.15, Rt represents the displacement of the center

of mass of a molecule in the lag time t and ri,j(t) the molecular segmental positions whose

summation is done over segments belonging to the same molecule.

Note from equation 3.14 that the elements of the molecular polarizability tensor αif
change with time because of the molecular reorientation. Hence, the correlation function

〈αif (0)αif (t)〉 is purely local and does not depend on q. The only q dependence in equation

3.14 is the dynamic form factor of a single molecule.

Consequently, it is possible to obtain information on the structure of the molecules within

a system from the scattered �eld correlation function g1(q, t) which is linked to the intensity

correlation function measured by DLS through equation 3.13. The dynamic form factors of

spheres and rod-like particles have to be considered for the purpose of this work.

3.3.1.1 Form factor of ideal spherical particles

For a system of ideal spherical particles of uniform polarizability and radius r which are

divided in m equal segments, the sum in equation 3.15 is not time-dependent since the only

relative segmental motion allowed is rotation. This can be seen from the fact that the m

identical segments are arranged radially from the center of the sphere (see �gure 3.9). Thus,

for an ideal sphere, equation 3.15 becomes:

S(q, t) = 〈exp(iq ·Rt)〉S(q), (3.16)

where S(q) is the form factor for a sphere which may be written as [102]:

SSphere(qr) =

[
3

(qr)3 (sin(qr)− qr cos(qr))

]2

. (3.17)hey
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Figure 3.9: Schematic representation of
a sphere of radius r divided in m equal
segments.

This expression corresponds to an oscillating

function whose �rst minimum is found at

qr = 4.49 as shown in �gure 3.10 (a). In

common DLS experiments the wave vector is

q ∼ 10−2 nm−1 while the radius of spherical

nanoparticles can be as small as r ∼ 1 nm.

Hence, qr will be in the order of magnitude of

10−2 which means that the form factor will be

∼ 1. The latest is consistent with the Guinier

approximation which indicates that for small

angles, i.e., q << 1, the form factor will be

proportional to the radius of gyration Rg
iv as

S(q) ' 1− (qRg)2

3
for spheres until qRg ∼ 1.3 [122].

The dynamics of a spherical particle is found in the coe�cient of the form factor (equation

3.16). Also known as self-intermediate scattering function, Fs(q, t) ≡ 〈exp(iq ·Rt)〉 is related
to the self-Van Hove function Gs(r, t) (see section 3.2.2) by an inverse Fourier transform as

[102]:

Gs(r, t) = (2π)−3

∫
exp(−iq · r)Fs(q, t)d3q. (3.18)

For a particle to su�er a displacement r in the time t, Gs(r, t) = 〈δ(r−Rt)〉 . As time

progresses, it is expected that the spherical particle will perform a random walk, i.e., that

the particle di�uses by a translational di�usion process of di�usion coe�cient, DT (e.q. 1.1).

Then, Gs(r, t) can be regarded as the solution to the di�usion equation

∂

∂t
Gs(r, t) = DT∆2Gs(r, t), (3.19)

subject to the initial condition Gs(r, 0) = 〈δ(r)〉 = δ(r). The spatial Fourier transform of

equation 3.19 gives

∂

∂t
Fs(q, t) = −q2DTFs(q, t). (3.20)

Subject to the boundary condition Fs(q, 0) = 1, equation 3.20 has as solution:

Fs(q, t) = exp(−q2DT t) = exp

(
−t
τ

)
. (3.21)

Thus, we conclude that the dynamic form factor of spheres is a single exponential decay

ivThe radius of gyration Rg is de�ned as the root mean-square radius of a macromolecule as: R2
G =

〈∑m
i=1(ri−Rt)

2〉
m [102].
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function of decay time τ = (q2DT )−1. Then, equation 3.16 is expressed as [102]:

S(q, t) = exp(−q2DT t)S(q). (3.22)

For ideal spheres of radius r, DT is given by the Stokes-Einstein relation of equation 1.1:

DT = kBT
6πηr

, in terms of the absolute temperature T and viscosity of the solvent η. Since water

has a viscosity η ∼ 0.001 Pa · s, the translational di�usion coe�cient in aqueous solution at

room temperature isDT ∼ 2r−1×10−1 µm2/s, with r in µm. For visible light and a scattering

angle θ ∼ 90o, the wave vector given by equation 3.10 corresponds to q ∼ 10−2 nm−1. Then,

q2DT ∼ r−1×10 s−1 and therefore the decay time is of the order τ ∼ r×10−1 s which means

that Fs(q, t) decays more slowly for larger particles. For instance, for spheres of radius

r ∼ 0.01 µm = 10 nm, τ ∼ 10−3 s while for spheres of radius r ∼ 1 µm, τ ∼ 10−1 s. In the

case of not aqueous solutions, the decay time τ will shift accordingly due to the change of

viscosity. A higher viscosity medium will decrease DT and consequently increase τ while a

lower viscosity medium will decrease it.

3.3.1.2 Form factor of thin rod-like particles

For a system of rod-like particles of diameter d negligible compared to the wavelength of the

light, i.e., qd << 1, the m identical optically isotropic segments are arranged along a line of

length L (see inset of �gure 3.10 (a)) . Thus, to the light wave, the rod is a distribution of

polarizable segments along a straight line. Since all the segments are arranged along a line,

the position of one segment relative to the center of mass of the rod is parallel or anti-parallel

to a given vector pointing along the rod. Hence, it only has to be described by the segmental

motion along the rod which satis�es a translational-rotational di�usion equation.

For a system of long thin rod-like particles of aspect ratio p = L/d, i.e., p >> 1 the

translational and rotational di�usion coe�cients in the dilute regime are given by equation

3.7. Under the assumption that the rotational and translational motions may be decoupled,

the dynamic form factor is expressed as [123]:

S(q, t) =
∑
l even

S l
2
(qL) exp

(
−
[
q2DT + l(l + 1)DR

]
t
)

=S0(qL) exp(−q2DT t) + S1(qL) exp
[
−(q2DT + 6DR)t

]
+ S2(qL) exp

[
−(q2DT + 20DR)t

]
+ ...

(3.23)

where S l
2
(qL) is de�ned in terms of the spherical Bessel functions, jl, as

S l
2
(qL) = (2l + 1)

[
2

qL

∫ qL
2

0

jl(z)dz

]2

. (3.24)

From equation 3.23 it follows that the dynamic form factor of a long thin rod-like particle



52 3.3. DYNAMIC LIGHT SCATTERING PRINCIPLES

consists in a sum of exponentials of weighting factors Si(qL). Then, the form factor of long

thin rods is de�ned as the sum of the weighting factors:

SRod(qL) ≡
∞∑

l even

S l
2
(qL). (3.25)

The �rst four terms of the sum, S0(qL), S1(qL), S2(qL) and S3(qL) are plotted in

�gure 3.10 (b). In the limit of very low qL, the form factor is only composed by

S0(qL). As qL increases, the following terms increase while S0(qL) does the opposite.

Approximately for qL > 3, S1(qL) starts to contribute to the form factor and for qL > 5

it becomes an important part of it. Note that its contribution ranges from 12% of the

total SRod(qL) at qL = 5.2 to ∼ 58% at qL = 10 [123]. The terms S2(qL) and S3(qL) are

negligible for qL < 8 but increase to 10% of SRod(qL) for qL = 10 and qL = 14.8 respectively.
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Figure 3.10: Form factor of simple model systems. (a) The form factor of a sphere of
radius r, SSphere(qr), corresponds to an oscillating function which �rst minimum is found at
qr = 4.49. For the limit of small angles i.e., q → 0, the form factor of a rod SRod(qL) → 1
as for the case of spheres. (b) The form factor of a thin long rod SRod(qL) is a sum of the
elements Si(qL). The primary mode, S0(qL), diminishes as qL increases while the following
terms do the opposite. The contributions of S1(qL), S2(qL) and S3(qL) rise to about 10%
of SRod(qL) for qL > 5, qL > 10 and qL > 15 respectively.

Thus, at low qL the dynamic form factor S(q, t) of thin long rods is a single exponential

decay which contains only the translational information. As qL increases, S(q, t) corresponds

to the sum of exponential decays for which the rotation of the rod also contributes. This

contrasts with the dynamic form factor of ideal spherical particles or radius r which does

not have any rotational contribution even at qr >> 1. This can be seen from the fact that

for a given volume element of a sphere which rotates to a new location there will always be
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an identical element to replace it. Moreover, from equations 3.23 and 3.25 it follows that

the dynamic form factor is almost insensitive to the rod diameter. For a rod of L = 1 µm

measured in a DLS setup of λ = 632.8 nm in the rage of 30o < θ < 150o, qL changes from

6.8 made up of multiple exponential decays. For this case, it is recommended to limit the

range to 6.8 < qL < 12.2 (30o < θ < 60o) where S(qL) is composed mostly by the �rst two

terms S0(qL) and S1(qL) (see section 3.3.3).

3.3.2 Dynamic light scattering experiment of isotropic particles

To make the connection between the DLS principles and the experimental data, we recall

the expression of the scattered �eld correlation function given by equation 3.14:

g1(q, t) = 〈N〉 〈αif (0)αif (t)〉S(q, t), (3.26)

where the projection of the polarizability tensor αif ≡ ni ·α ·nf has been written in general

notation for the geometry de�ned by the scattering plane formed by the initial and �nal

wave vectors of the light ki and kf . As shown in �gure 3.11, two di�erent polarization

con�gurations are considered. For the V V con�guration or Polarized DLS, the polarization

of incident light n̂i and scattered light n̂f are vertically aligned respectively to the scattering

plane. For the V H con�guration, also called Depolarized DLS, the n̂i is vertically aligned

while the n̂f is horizontally oriented within the scattering plane. The Depolarized DLS

(DDLS) is highly sensitive to the polydispersity or changes in size or conformation [123].

However, for this con�guration there is a high di�culty to obtaining high-quality data due

to the weakness of the depolarized signal compared to the polarized one [124]. Hence, we

limit our study to the DLS con�guration for which we obtained a good quality signal in our

systems.

In the DLS experiment for which n̂i = n̂f = ẑ, the projection of the polarizability tensor

corresponds to αZZ and its �uctuation is denoted by δαZZ .

For an ideal sphere with isotropic polarizability, δαZZ = 1. Hence, combining equations

3.22 and 3.26 the scattered �eld correlation function reduces to:

g1(q, t) = 〈N〉 exp(−q2DT t)S(qr) (3.27)

with S(qr) given by equation 3.17. From equation 3.13 and 3.27 it follows that the intensity

correlation function, g2(q, t), of ideal spheres is:

g2(q, t)− 1 = β
′
exp(−2q2DT t). (3.28)

with β
′

= β[〈N〉S(qr)]2. Thus, the intensity correlation function of spherical particles is

a single exponential decay of decay time τ ≡ (2q2DT )−1. In this case, the hydrodynamic

diameter, dH , can be de�ned as the diameter of an hypothetical hard sphere that di�uses in
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Figure 3.11: Dynamic light scattering con�gurations. For the scattering plane de�ned
by the wave vectors ki and kf (blue), the Polarized DLS con�guration (left) places the
polarization of the incident light, n̂i, and scattered light, n̂f , vertically respectively to it.
For the Depolarized DLS con�guration (right), the n̂i is vertically aligned while the n̂f
horizontally oriented within the scattering plane. φ represents the angle between n̂f and the
plane formed by n̂i and kf (green) while ψ the angle between kf and n̂i.

the same way as the particle being measured:

dH ≡
kBT

3πηDT

, (3.29)

withDT obtained from the analysis of the experimental data with equation 3.28. DT depends

not only on the bare size of the spherical particle but also on any surface structure as well as

on the ionic strength of the solvent [125, 126]. Typically, a low ionic strength medium, i.e.,

high κ−1, reduces the di�usion of a particle which results into a larger apparent hydrodynamic

diameter, while a high ionic strength medium (low κ−1) does the opposite resulting into a

closer estimation of the bare size [125].

3.3.2.1 Polydispersity of suspension

Another parameter that in�uences the di�usion measured by DLS is the polydispersity of

spherical colloidal particles which production process can result in a size distribution of

�nite width. For such case, the cumulants method proposed by D.E. Koppel [127], provides

a mean value of the di�usion coe�cient over the set of polydisperse particles. To do so, it

is derived the cumulative-generating function K(−t,Γ) ≡ ln[g1(q, t)]. The mth cumulant of

the distribution function km(Γ) is given by the mth derivative of K(−t,Γ) as [128]:

km(Γ) =
dmK(−t,Γ)m

d(−t)
|−t=0 . (3.30)

The basis of the cumulant method lies in expanding ln[g1(q, t)] in terms of the cumulants of

the distribution. This relation follows from the fact that the mth cumulant is the coe�cient

of the (−tm)/m! term in the Taylor expansion of K(−t,Γ) about t = 0 expressed as:
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ln[g1(q, t)] = −k1t+
k2

2!
t2 − k3

3!
t3 + ...+ (−1)n

kn
n!
tn. (3.31)

Combining equation 3.31 with the Siegert relation given by equation 3.13, an expression for

the measured g2(q, t) is obtained:

g2(q, t)− 1 = β exp

(
−Γ̄t+ k2t

2 − k3

3
t3...

)
, (3.32)

where the �rst cumulant Γ̄ is the mean of Γ ≡ 2q2DT that yields to the average translational

di�usion coe�cient D̄T . The second cumulant k2 provides a quantitative measure for the

polydispersity of the di�usion coe�cient distribution by the polydispersity index (PDI). This

is de�ned as the width or spread of the particle size distribution and is given by [103]:

PDI =
k2

Γ̄2
, (3.33)

which is valid for small size polydispersities ∆dH/ 〈dH〉 ≤ 20% [118]. For a Gauss distribution

the PDI is given by PDI = σ/d with σ the variance and d the mean diameter. A suspension

which exhibits PDI ≤ 0.1 is considered to be highly monodisperse, for values between 0.1˘0.4

and ≥ 0.4 is considered to be moderately and highly polydisperse respectively [91].

3.3.2.2 Experimental parameters

In order to obtain the characteristic intensity correlation function g2(q, t) of equation 3.28,

the experimental parameters to be tuned are the run time, i.e., the duration of the experiment

for which the scattering signal is measured and the range of angles where the detector is

placed. The selection of the run time mostly depends on the typical decay time of the

system. The correlator computes the time autocorrelation of the intensity signal which has

a decay time τ = (2q2DT )−1 and is proportional to the number of particles. For systems

with a higher decay time, i.e., for large particles or dispersion with high viscosity, a run

time higher than the decay time decreases the statistical noise of the decay. The choice of

angle depends on the contribution of the form factor S(qr). For a typical size of r = 10 nm

measured in the range of angles 30o < θ < 150o the product qr results in 0.07 < qr < 0.2

while for r = 200 nm, qr results in 1.37 < qr < 5.11. For the �rst case, the form factor

SSpheres(qr) ∼ 1 (see �gure 3.10) hence there is not preferred angle choice. For the second

case, since the form factor has its �rst minimum at qr = 4.49, the choice is preferentially for

the lower angles where the form factor is closer to 1.

3.3.3 Intensity correlation function of rod-like particles

For rod-like particles, the components of the polarizability denoted as α‖ and α⊥ will describe

how easily electrons are displaced parallel to and perpendicular to the rod axis. If α‖ > α⊥,

electrons move preferentially in a parallel direction to the rod axis. This is the case of
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synthetic rods of di�erent materials [129, 130]. However, for the case of helical rods such

as polypeptides, DNA and viruses there is often much less di�erence between α‖ and α⊥

[123, 131].

Pecora [102] has shown that in the general case, the spectral density of scattered light by

anisotropic particles is represented by the sum of the isotropic and anisotropic components:

I(q, ω) = Iiso(q, ω) + Ianiso(q, ω) (3.34)

with

Iiso(q, ω) =
ρ

2π
Λ2 cos2(φ) sin2(ψ)α2

IS(q)Siso(q, ω) (3.35)

and

Ianiso(q, ω) =
ρ

30π
Λ2(3 + cos2(φ) sin2(ψ))Saniso(q, ω), (3.36)

where ρ ≡ N
V
is the particle number density, Λ is an optical contrast factor, αI ≡ (2α⊥+α‖)/3

and S(q) the particle form factor [130]. As represented in the green scheme of �gure 3.11,

the angle between the wave vector of the scattered light and the polarization of the incident

light is denoted ψ, while φ is the angle between the polarization vector of the scattered

light and the plane formed by the wave vector of the scattered light and the polarization of

the incident light. Thus, for the V V con�guration it follows that cos2(φ) sin2(ψ) = 1. The

isotropic contribution of the dynamic form factor is given by the Lorentzian

Siso(q, ω) =
2q2DT

ω2 + (q2DT )2
, (3.37)

while the anisotropic contribution consists of a sum of multiple Lorentzians. For the

particular case of particles with cylindrical symmetry whose dynamic form factor is composed

by only the �rst two terms of the sum in equation 3.23, the latter reduces to:

Saniso(q, ω) =
(α⊥ − α‖)2

3

2(q2DT + 6DR)

ω2 + (q2DT + 6DR)2
. (3.38)

The scattered �eld correlation function, g1(q, t), is related to the Fourier transform of the

isotropic and anisotropic contributions of the dynamic form factor, S̃iso and S̃aniso, as [130]:

g1(q, t) = S̃iso(q, t) + S̃aniso(q, t). (3.39)

Therefore, for the V V con�guration:

gV V1 (q, t) = A exp
(
−DT q

2t
)

+B exp
[
−(DT q

2 + 6DR)t
]
, (3.40)

with
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A =
αI

α2
I + (α⊥ − α‖)2

and B = 1− A. (3.41)

Applying the Siegert relation given by equation 3.13, we get a general equation for the

intensity correlation function of anisotropic particles experimentally measured by Polarized

DLS [123]:

gV V2 (q, t)− 1 = β{A2 exp(−Γt) + 2AB exp [−(Γ + ∆/2)t] +B2 exp [−(Γ + ∆)t]}, (3.42)

where Γ ≡ 2DT q
2 and ∆ ≡ 12DR. Note that equation 3.40 reduces to the ideal sphere

case of equation 3.27 when α‖ = α⊥. This can be seen from the fact that A → 1 and

B → 0 for equal parallel and perpendicular polarizabilities. Then, the �rst term of equation

3.40 involves the isotropic part of the polarizability tensor and is independent of the rotations.

As mentioned earlier, the selection of the run time depends on the decay time. For

this case, the corresponding decay time is approximately τ = 1/Γ of equation 3.42 since

Γ + ∆ ∼ Γ. In an aqueous solution, for rods of length L = 1 µm measured at an angle

θ ∼ 90o, i.e., q ∼ 10 µm−1, the decay time is of the order of τ ∼ 1 ms. Selecting a run time

higher than this value will decrease statistical noise. Now, the choice of angle depends on

the S(qL) given by equation 3.25 preferring the short angles where S(qL) ∼ 1. In addition,

the range of angles for which the approximation of the dynamic form factor composed only

by the �rst two terms of equation 3.23 corresponds to 0 < qL < 12.2. Then, for rods of

L = 1 µm the preferred choice of angles is 30o < θ < 60o.

3.3.4 Di�usion coe�cients from Intensity correlation function

In order to gain reliable information on the di�usion coe�cients of the particles under

investigation we will apply di�erent methods for data analysis. These are described below.

3.3.4.1 CONTIN analysis method

For ideal optically isotropic particles, the intensity correlation function is a single exponential

decay:

g2(q, t)− 1 = β exp(−Γt), (3.43)

of decay rate Γ ≡ 1/τ . A more general expression, which includes the case of anisotropic

particles as well as the case of polydisperse systems, comes from a discretization of the

previous problem:
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g2(q, t)− 1 =
N∑
i=1

ai exp(−t/τi), (3.44)

where the intensity correlation function is given by a sum of exponential decays of decay

times τi = 1/Γi. Here, ai is the weighting factor that involves the coherence factor β and

the polarizability terms. The case i = 1 reduces to the example of monodisperse spherical

particles of equation 3.28 with a1 = β, while i = 3 corresponds to the case described in

equation 3.42 with a1 = βA2, a2 = 2βAB and a3 = βB2. For the limit of N →∞, equation

3.44 is written as the inverse Laplace transform (ILT) of a continuous function of decay times

G(τ), as:

g2(q, t)− 1 =

∫ ∞
0

G(τ) exp(−t/τ)dτ. (3.45)
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Figure 3.12: CONTIN analysis of polystyrene nanoparticles of diameter
d = 100 nm. a) Intensity correlation function in the range of angles 30o ≤ θ ≤ 150o

and angular step 10o. b) Inverse Laplace transform (ILT) and integrated area computed for
some of the experimental data.

The CONTIN analysis method attempts to retrieve the full decay time distribution by

computing the ILT seeking G(τ) > 0 as a sum of δ-peaks which recover equation 3.44.

The method has been encoded in a very popular and widely used program package by S. W.

Provencher [132]. This package delivers the detailed shape of the decay times of the intensity

correlation function by a mathematical linearization of the original problem which results

on a continuous distribution of decay times G(τ) normalized by βτ (see appendix I) .

In the following example, polystyrene nanoparticles of diameter d = 100 nm and PDI =

0.01 at concentration C = 7.7 × 1010 part/ml in I = 0.5 mM Tris/HCl bu�er are analyzed

by the CONTIN method. The ILT is computed using the CONTIN package of the software

Origin 2020 (Origin Lab Corp). The experimental intensity correlation functions obtained by

DLS in the range of angles 30o ≤ θ ≤ 150o and the computed ILTs are plotted in sub�gures
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3.12 a) and b) respectively.

The decay times τi for each intensity correlation function are obtained from the central

position of the intensity peaks at the ILT plot. The decay rates Γi = 1/τi are estimated and

plotted versus the square of the scattering vector q = 4πn sin
(
θ
2

)
/λ in �gure 3.13 b). From

equation 3.28 it follows that for ideal spherical particles:

Γ = 2q2DT . (3.46)

Hence, the q2 dependency of Γ1 is a single straight line with a slope 2DT .
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Figure 3.13: Estimation of DT from the CONTIN analysis. a) The decay rates
Γ = 1/τ are calculated with the τi obtained from the central position of the intensity peaks
in the ILT plot. The q2 dependence is a line with slope 2DT . b) The �tting range is chosen
for the angles for which the value of the ratio Area/τ = β is bellow 10% of the average.
Hence, the experimental translational di�usion coe�cient of 100 nm polystyrene spheres
corresponds to DT = 3.85± 0.1 µm2/s.

As shown in �gure 3.13 a), for the full range of angles measured it is found a linear

dependency of Γ = (7.7 ± 0.8 µm2/s)q2. In �gure 3.13 b) is plotted the ratio between the

integrated area below the ILT and the decay time β = Area/τ which indicates the noise in

the experimental data (see appendix I). Note that the data points at 30o and 40o are 10%

higher than the average value 0.954. As described in the appendix I, we have chosen to

discard the data for which β is above 10% in order to reduce the error in the estimation of

DT . Thus, the selected range for the linear �t is 50o < θ < 150o. Following equation 3.46,

the di�usion coe�cient for 100 nm polystyrene nanoparticles measured by DLS corresponds

to DT = 3.8 ± 0.1 µm2/s. For spheres of 100 nm in an aqueous medium (η = 1.005 mPa · s)
at room temperature (273 K), the theoretical value of translational di�usion coe�cient

(equation 1.1) is DT = 4.3 µm2/s. The observed di�erence is consistent with the fact that

we measure by DLS the hydrodynamic size, i.e., the equivalent sphere diameter dH given by

equation 3.29 from which we obtain dH = 112.4±2.9 nm. The previous value is in agreement
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with the expected double layer of ions present around charged particles [125, 126] for which we

approximate dH ∼ d+2κ−1 with κ−1 the Debye screening lengthv. For the ionic conditions of

our experiment I = 0.5 mM, κ−1 = 13.6 nm and hence dH = 100 nm+2(13.6 nm) = 127.2 nm.

3.3.4.2 Global �tting method

For a global �t method, a complete set of intensity correlation functions g2(q, t) measured

for di�erent angles are obtained and simultaneously analyzed by �tting equation 3.42 from

two di�erent approaches: the independent global �t and the dependent global �t.

In the �rst approach, we used the general equation of anisotropic particles (equation

3.42):

g2(q, t)− 1 = β{A2 exp(−2DT q
2t) + 2A(1− A) exp

[
−(2DT q

2 + 6DR)t
]

+ (1− A)2 exp
[
−(2DT q

2 + 12DR)t
]
},

(3.47)

where A, DT and DR are treated as global parameters, q2 is �xed depending of the angle

according to equation 3.10 and β, which is function of q, i.e. β(q) = β(θ) (see section 3.3.2),

is allowed to vary between the intensity correlation functions at di�erent angles.

However, it is known that the DT and DR are dependent of the dimensions of the object

such as r for the case of spheres and L and d for rods (equations 1.1 and 3.7). Thus, in

the second approach, for which we consider that our gold nanoparticles are not perfectly

spherical (see �gure 2.14), we reduce the degrees of freedom by writing the DT and DR of

equation 1.1 in terms of the correspondent hydrodynamic diameter dH of equation 3.29. This

leads to the dependent global �t applicable to spherical particles with a weak anisotropy:

g2(q, t)− 1 = β{A2 exp(− 2

3dH
Λq2t) + 2A(1− A) exp

[
−(− 2

3dH
Λq2t+

3

d3
H

)t

]
+ (1− A)2 exp

[
−(− 2

3dH
Λq2t+

6

d3
H

)t

]
},

(3.48)

where Λ ≡ kBT
πη

is a �xed parameter which depends on the conditions of the system, A and

dH are global parameters, q2 is �xed for each angle and β varies for di�erent angles. This

approach is valid under the assumption that in real systems the spherical particles have some

degree of anisotropy either geometrically or optically which makes possible to extract the

rotational information.

In �gure 3.14 it is shown the independent global �t applied to the intensity correlation

function obtained by DLS in the range 30o ≤ θ ≤ 150o for polystyrene nanoparticles of

diameter d = 100 nm in ionic conditions I = 0.5 mM. The intensity correlation functions

vThe Debye screening length is a measure of the distance that the counter-ions extend away from a
charged colloidal surface. For electrolyte solutions, κ−1(nm) = 0.304√

I(M)
, with I the ionic strength [133]
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(scattered points) and the global �ts (full lines) for di�erent angles are plotted in the sub�gure

(a) while the resulting �t parameter β is plotted in sub�gure (b). The values obtained for

the global parameters are A = 0.962, DT = 3.68± 0.01 µm2/s and DR = 2309.6± 301.7 s−1.
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Figure 3.14: Independent global �t analysis of polystyrene nanoparticles of
diameter d = 100 nm. (a) Global �t (full lines) of the intensity correlation functions
(scattered points) in the range of angles 30o ≤ θ ≤ 150o. (b) Resulting �t parameter β
for all the angles. The values found for the global parameters are A = 0.992 ± 0.001,
DT = 3.68± 0.01µm2/s and DR = 2309.6± 301.7 s−1.

The expected value of translational di�usion coe�cient for 100 nm spheres is DT =

4.3 µm2/s. The observed di�erence with the value obtained from the global �t is consistent

if we account for the hydrodynamic diameter of the particles, i.e., dH = 116.1 ± 0.3 nm.

For the interpretation of DR, we compare the experimental value with the one calculated

for a sphere of diameter dH according to equation 1.1: DR = 924.5 ± 7.2 s−1. We observe

that the DR obtained from the global �t di�ers from about a factor 2.5 from the expected

value. This could in part stem from to the weak anisotropy of the particles being measured

which contribution to the second term of equation 3.42 containing the rotational information

is negligible. For this case, we propose to use the dependent global �t for which the link

between DT and DR facilitates the interpretation of the results, as shown in �gure 3.15.

The dependent global �t applied to the intensity correlation function of polystyrene

nanoparticles of diameter d = 100 nm is summarized in �gure 3.15. The values obtained

for the global parameters are A = 1 and dH = 113.6 ± 0.2 nm. From the obtained value

of dH it follows that the di�usion coe�cients of the 100 nm polystyrene nanoparticles are

DT = 3.76± 0.1 µm2/s and DR = 873.9± 4.5 s−1.

The results obtained from each approach agree with each other. Then, it is found that

the experimental di�usion of our polystyrene particles of d = 100 nm at concentration

C = 7.7×1010 part/ml in I = 0.5 mM Tris/HCl bu�er corresponds to DT = 3.7±0.1 µm2/s.

In the following chapters, we implement and combine these methods for the interpretation
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of the experimental results.
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Figure 3.15: Dependent global �t analysis of polystyrene nanoparticles of diameter
d = 100 nm. (a) Global �t (full lines) of the intensity correlation functions (scattered
points) in the range of angles 30o ≤ θ ≤ 150o. (b) Resulting �t parameter β for all the
angles. The values found for the global parameters are A = 1 and dH = 113.6± 0.1 nm.
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Appendix I. CONTIN analysis details

In this appendix we review the implementation of the CONTIN, a constrained regularization

method for inverting data, emulated in the Origin 2020 software package. For this purpose

we have simulated intensity correlation function curves for di�erent examples of equation

3.44 and extracted the dynamics by the implementation of this method.

Ideal spheres

For ideal spherical nanoparticles of translational di�usion coe�cient DT , the simulated

intensity correlation function equation corresponds to:

y = β exp(−x/τ), (3.49)

where β is the coherence factor and τ = 1/Γ = 1/(2q2DT ) with q given by equation 3.10.
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Figure 3.16: Summary of CONTIN analysis method applied to simulated
intensity correlation functions of spheres of DT = 1 µm2/s, at θ = 30o,90o,150o

and coherence factor β = 0.5,1.

In �gure 3.16 we have plotted the simulated intensity correlation functions for DT =
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1 µm2/s, at θ = 30o, 90o, 150o and β = 0.5, 1. In the ILT plot are shown the computed

curves using the CONTIN package. Since the simulated curves are composed by a single

exponential decay it is expected to �nd a single peak at center position τ .

To address the question of why the intensity of the peak varies we have calculated the

integrated area under the curve around the peak and normalize it by τ . We found that for

the curves simulated with β = 1 the normalized parameter, Area/τ , is 1 with an error bar

of 3% while for the curves simulated with β = 0.5 the normalized parameter is 0.5 with an

error bar of 4%. This gives us an insight on the meaning of the intensity of the peaks in the

ILT plot which varies in such a way that the area below the curve corresponds to βτ .

Then, the calculated Γ is plotted as function of q2. For this case, the obtained value using

the CONTIN method is the same as the one used for the simulated curve with an error bar

of less than 3%. Hence, the obtained translational di�usion coe�cient from the CONTIN

method corresponds to DT = 1± 0.01 µm2/s.
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Figure 3.17: Summary of CONTIN analysis method applied to simulated
intensity correlation functions of spheres of DT = 1 µm2/s, at θ = 30o,90o,150o

and coherence factor β = 1, for di�erent noise levels.

In order to get a better understanding of the results obtained by the CONTIN analysis

applied to real data, we simulated curves with an added Gaussian noise. In �gure 3.17 we
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plotted the simulated intensity correlation functions for a system of DT = 1 µm2/s for the

angles θ = 30o, 90o and 150o with noise of 0.05%, 2% and 5% respectively.

As shown in the ILT plot, the computed curves exhibit a single peak that broadens as the

noise increases and consequently the intensity decreases to compensate for keeping constant

the area βτ . Moreover, as shown in the inset, arti�cial peaks with no physical meaning are

generated due to the presence of noise. The normalized parameter Area/τ calculated from

the area under the main peak and its central position shows a higher dispersion from the

expected value as the noise increases, rising the error bar to 12% for a 5% noise. Hence,

the calculated Γ from the CONTIN method shows a higher error resulting in a estimated

di�usion coe�cient of DT = 1.12µm2/s. This con�rms that for getting a high accuracy

in the measurement of DT , it is required high quality data which depend on the speci�c

experimental conditions of the system. Moreover, it becomes clear that the normalized

parameter Area/τ functions is a measure of how noisy the data is. Then, if one of the

experimental data in the set of angles is signi�cantly out of the average, we have to discard

it in order to decrease the error of the estimation of DT through the linear �t of Γ.

Binary mixtures

For an ideal binary mixture, the intensity correlation function could be treated as a sum of

two exponential decays of decay times τ1 and τ2. For this case, we use i = 2 of equation

3.44:

y = β [A1 exp(−x/τ1) + A2 exp(−x/τ2)] , (3.50)

where A1 and A2 are weighting factors which ful�ll A1 + A2 = 1 [134].

In �gure 3.18 are shown the intensity correlation functions of a binary mixture of DT1 =

1 µm2/s, DT2 = 0.25 µm2/s, β = 1 and θ = 30o, 90o and 150o for di�erent weighting

factors. The ILT plot shows that there are two peaks per curve whose intensity varies in

accordance with the weighting factor. For instance, the simulated curve θ = 30o which has

equal weighting factors A1 = A2 = 0.5 results in equal intensity of the ILT peaks while

the simulated curves θ = 90o and 150o with waiting factors A1 = 0.8 and A2 = 0.2 result

in di�erent intensities of the ILT peaks. Hence, the normalized parameter Area/τ give

us an estimation of the weighting factors and thus the contribution of the corresponding

exponential decay to the intensity correlation function. Here, there are two calculated Γ

plotted as function of q2 from which we calculate DT1 = 1.03 ± 0.02 µm2/s and DT2 =

0.26± 0.01 µm2/s. These values are in agreement with the simulated data.
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4.1 Hybrid gold-virus colloids

Hybrid colloidal particles are made of two or more di�erent elements, typically inorganic

compounds, such as metallic nanoparticles (NPs), and organic materials, such as

biomolecules, DNA, polymers or phages [96, 135]. For this type of hybrid materials, the

NPs provide the physical properties of interest, such as optical absorption, scattering

or magnetic response while the organic material provides colloidal stability, versatility

for further functionalization through suitable surface chemistry and also organization, for

instance, rod-shaped viruses which posses liquid crystal properties work as templates for

novel architectures [26, 28]. The interest of many research �elds in the development and

characterization of hybrid colloids lies in their potential applications in energy storage [51],

drug delivery [33], stimuli-responsive smart materials [36], etc.

Recently, �lamentous phages have been used for the development of novel hybrid

materials due to their facility to be genetically modi�ed to display peptides or proteins

with speci�c a�nity for desired molecules or materials [27, 74]. Moreover, thanks to their

monodispersity in size and their ability to self-assemble into liquid crystalline phases, they

are excellent candidates for the design of structurally ordered hybrid materials [136].

In our group we have developed an e�cient method for the conjugation of metal NPs with

�lamentous M13 viruses [26, 55] based in the genetic modi�cation of the M13KE strain. In

chapter 2, we have described the speci�c modi�cation performed on the p3 and p7 proteins

to obtain viruses with a�nity for noble metal nanoparticles in one or both virus tips (see

�gure 4.1). The M13C7C mutant which only di�ers from the M13KE one by the number

of cysteine residues displayed on the p3 proteins has shown a high e�ciency to graft gold

(Au) NPs at one virus tip. The new mutants introduced in chapter 2, M13s(CgbpC)2 and

M13l(CgbpC)2 are able to bind Au NPs on both tips thanks to the genetic modi�cation

we have done on the p7 proteins. These genetically engineered phages are used as building

blocks for hybrid gold-virus colloids such as the matchstick-like and dumbbell-like particles

shown in �gure 4.1.

In this chapter, we investigate by Dynamic Light Scattering (DLS) the self-di�usion of

Figure 4.1: Schematic representation of hybrid gold-virus colloids. The genetically
modi�ed M13KE phage is used as building block for hybrid gold-virus colloids. Their
self-assembly with Au NPs results in matchstick-like and dumbbell-like particles.
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our hybrid colloids composed by a single virus and one or two Au NPs attached to their

tips. For the matchstick-like particles, we explore the e�ect of the NP size in a wide range

of concentrations. Thus, we compare and interpret the di�erences in the dynamics observed

with previous experiments performed by single particle tracking (SPT) [55]. Finally, we

evidence and analyze quantitatively the �exibility of p3 proteins of the virus tip.

4.2 Dynamic light scattering of gold-virus systems

The advantage of using the DLS technique for studying our hybrid gold-virus structures

comes from the di�erence in contrast of the elements that compose the structures. For

instance, the scattering of Au NPs prevails over the one of the organic viruses which in

suspension are mostly transparent.

For this study, we use the DLS theory of spherical particles and long thin rods described

in chapter 3 which holds only for the in�nite dilution limit, i.e., when the particles do not

interact with each other. Here we consider the overlap concentration of the viruses C∗

(equation 2.4) as the highest concentration before the structures start to interact. This

assumption considers that the diameter of the bead attached to the virus tip, between 10 to

30 nm, is negligible compared to the virus length equal to the one of the structure, L ∼ 1 µm.

Hence, we estimate C∗ = 0.04 mg/ml for matchstick-like structures made of M13C7C viruses

of L = 1 µm and C∗ = 0.03 mg/ml for dumbbell-like particles considering L = 1.1 µm the

length of the M13l(CgbpC)2 mutant that we have used to produce them. As explained

in section 2.3.2 the concentration of the structures, Cv, is calculated from the OD of the

suspension given by the number of Au NPs involved in the structures (equation 2.10).

In this section, we discuss �rst the DLS measurements on the two components of our

hybrid structures: spherical Au NPs and rod-shaped viruses. For a clear comparison, each

of the suspensions is dialyzed against a I = 5 mM Tris/HCl bu�er. All the DLS measurements

have been taken for a running time of 120 s in the range of scattering angles 30o ≤ θ ≤ 150o

(see chapter 3).

4.2.1 Rod-like viruses: M13C7C strain

The �rst component of our hybrid gold-virus colloids are rod-shaped viruses which have been

produced according to the protocol described in section 2.2.2. The TEM characterization

of the M13C7C strain (see �gure 4.2) shows that it is highly monodisperse and that its

average length is L = 1 µm [55]. To study their di�usion, the intensity correlation function

is measured for a suspension at Cv = 0.47C∗ = 7.7 × 1011 part/ml. The experimental data

is then analyzed with the CONTIN and global �t methods described in section 3.3.4.

The results of the CONTIN analysis method are summarized in �gure 4.3. According to

the DLS theory of rods, the intensity correlation function of rod-shaped particles is composed

by three exponential decays, one directly related to the translational di�usion and the other
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Figure 4.2: Characterization of M13C7C virus suspension. Left: Schematic
representation of M13C7C virus of dimensions L = 1 µm and d = 7 nm. Right: TEM
image of the rod-shaped viruses.

two involving translational and rotational di�usions (equation 3.42). The Inverse Laplace

Transform (ILT), which seeks for the distributions of decay times τ , exhibits for most of the

angles only two peaks. The main peak is found at higher decay times than the second peak

of signi�cantly lower intensity.

In order to determine the contribution of each exponential decay to the intensity

correlation function, the normalized parameter Area/τ is calculated (see section 3.3.4). Since

Area2/τ2 < 0.2, we neglect the second peak. The main contribution is related to the �rst

term of equation 3.42 which involves DT . The fact that we do not �nd a signi�cant second

peak indicates that our viruses possess a low optical anisotropy since the following terms in

equation 3.42 only appear as the optical or geometrical anisotropy increases. Thus, it may

not be possible to extract reliable information about the rotational di�usion when measured

by DLS in the VV (polarized) mode.

Note that the parameter Area1/τ1 has lower dispersion in the range 30o ≤ θ ≤ 70o. This

shows that the data in this range has lower noise when compared with the higher angles.

Moreover, when the decay rate, Γ = 1/τ , is calculated for angles θ > 70o, we �nd an apparent

change of slope. This could be attributed on one hand, to the sensitivity of the CONTIN

analysis which in this range does not decompose the signal into the expected multiple peaks

and on the other hand, to the �exibility of the M13 viruses.

Song et al. [64] have reported DLS measurements for M13 viruses in a range of q2 from

21 to 2000 µm−2 by using laser wavelength at λ = 632.8 nm and λ = 351.1 nm. Their curves

considering the persistence length are compared with the theoretical model of the apparent
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Figure 4.3: CONTIN analysis of M13C7C rod-like viruses in I = 5 mM Tris/HCl
bu�er at Cv = 0.47C∗. The ILT computed from the experimental data in the range of
angles 30o ≤ θ ≤ 150o shows multiple peaks. The normalized parameter Area/τ indicates
that the second contribution at short times is not signi�cant and that the noise in the data
is lower than 10% for the range of angles 30o ≤ θ ≤ 70o. The q2 dependence of Γ1 is a
single straight line of slope 2DT from which the translational di�usion coe�cient is obtained
DT = 2.5± 0.3 µm2/s.

di�usion coe�cient of thin rigid rods of Wilcoxon and Schurr, DWS
app

i, for L = 0.9 µm [137].

As shown in �gure 4.4, the apparent translational di�usion coe�cient diverges from the rigid

rod behavior for q2 > 150 µm−2. This comparison leads to an estimation of the persistence

length of 2.3 µm.

To understand the observed change of slope in our CONTIN analysis, we have calculated

the apparent translational di�usion coe�cient:

Dapp(q) = DT (q) =
Γ

2q2
, (4.1)

for our measurements on M13C7C viruses. In �gure 4.4, we compare with the work in

iTheir equation has as limit behaviors: DWS
app = DT for qL � 1 and DWS

app = DT −∆/3 + L2DR/12 for
qL� 1, with ∆ = D‖ −D⊥, the anisotropy of the translational di�usion coe�cients given by equation 3.8.
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weakly bending rods of Song et al. [64] where Dapp(q) at high q2 di�ers from the plateau

expected for rigid rods as the persistence length, P , decreases. For our experimental data,

the calculated Dapp(q), shows a signi�cant increase for q2 > 280µm−2 (see inset of �gure

4.4). This trend con�rms that the persistence length our M13C7C in�uences the di�usion

coe�cient measured and hence Γ. For an accurate estimation of the persistence length of

our M13C7C viruses, it is necessary to explore higher range of q2 however, our experimental

set up is limited to the range from 47 to 653 µm−2.
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Figure 4.4: Dapp(q) vs q2 The translational di�usion coe�cient is calculated for each
angle according to equation 4.1. Our experimental data on M13C7C is compared with the
theoretical and experimental data of Song et al. [64] for di�erent persistence lengths.

In order to extract reliable information on the translational di�usion coe�cient, we chose

to analyze the range bellow q2 < 280 µm−2, i.e., θ < 80o. Moreover, we consider the DLS

principles described in section 3.3.1, which indicate that the range of validity for which the

intensity correlation function is given by equation 3.42 is between 30o ≤ θ ≤ 60o for sti�

rods of L = 1 µm. Hence, we limit the �t of Γ to the range of angles for which the �exibility

of the viruses does not a�ect DT and the q2 dependence is expected to be a single straight

line of slope 2DT , i.e., for 30o ≤ θ ≤ 70o.

From the linear �t in this range, it follows that the translational di�usion coe�cient of

a system of rod-shaped viruses is DT = 2.5 ± 0.3 µm2/s. The error bar in our estimation

corresponds to the dispersion in our data from the �t. This value is compatible with the

DLS measurements found in literature [138, 139] from which is obtained DT = 2.6 µm2/s

as well as with the theoretical value of translational di�usion of sti� slender rods (equation

3.7): DT = 2.1 µm2/s.
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Figure 4.5: Independent global �t analysis for M13C7C rod-like viruses in I =
5 mM Tris/HCl bu�er at Cv = 0.47C∗. Left: Global �t (full lines) of the intensity
correlation functions (scattered points) in the range of angles 30o ≤ θ ≤ 70o. Right: Fit
parameter β for all the angles. The values found for the global parameters are A = 0.977,
DT = 2.51± 0.02 µm2/s and DR = 1310.4± 158.8 s−1.

For a better understanding of the measured intensity correlation function, we have

compared the previous result with the one obtained using the independent global �t method

of equation 3.47 in the same range of angles. The results are summarized in �gure 4.5.

The calculated parameters with error bars equal to the standard error of the �tted values

correspond to A = 0.977, DT = 2.52 ± 0.01 µm2/s and DR = 1310.4 ± 158.8 s−1, while the

free parameter β remains constant for this range of angles. DT matches the previous result.

However, the value for the rotational di�usion coe�cient di�ers from the expected theoretical

value according to equation 3.7: DR = 19.1 s−1. According to equation 3.42, for A = 1, this

is reduced to the sphere case which is independent of rotations. Thus, we conclude that in

the sti� rod limit, i.e., 30o ≤ θ ≤ 70o for which we �nd A = 0.97, our DLS measurements

are not sensitive enough to extract the rotational information of the rod-shaped viruses.

At this point, we might consider the e�ect of the electric double layer formed by the

low ionic conditions. However, for rod-like particles of long aspect ratio, i.e., L/d � 1, the

change of diameter is not signi�cant for estimating DT which scales as ln(L/d) according

to equation 3.7. Thus, the measured value is in the error bar the same as the theoretically

expected one. Hence, we conclude that the di�usion of the M13C7C strain experimentally

measured by DLS at Cv = 0.47C∗ in I = 5 mM bu�er corresponds to DT = 2.5± 0.3 µm2/s.

The next component of our hybrid gold-virus assemblies are spherical Au NPs. As shown

in �gure 4.6, the suspensions of Au NPs of diameters D = 10, 18 and 31 nm used for the

production of the matchstick-like particles are highly monodisperse, i.e., PDI= 0.05, 0.07 and

0.10 respectively (see section 3.3.2.1). As we have mentioned earlier, the scattering signal



74 4.2. DYNAMIC LIGHT SCATTERING OF GOLD-VIRUS SYSTEMS

of the Au NPs is signi�cantly higher than the one of the viruses which allow us to study

the matchstick-like particle from the point of view of the dynamics of the Au NP attached

to the virus tip. In order to demonstrate it, we discuss next the DLS measurements on a

suspension of Au NPs of diameter D = 18 nm and on an equimolar mixture of Au NPs and

viruses.

4.2.2 Spherical gold nanoparticles (Au NPs)

The measurements of a suspension at CAu = 7.7 × 1011 part/ml are analyzed using the

CONTIN method and summarized in �gure 4.7.

Figure 4.6: Au NPs used for the production of matchstick-like particles. TEM
image of the Tannic acid (TA) stabilized Au NP suspensions of diameters D = 10 and 18
nm and citrate (Ci) ones of D = 31 nm of PDI = 0.05, 0.07 and 0.10 respectively (from left
to right).

The ILT plot shows a main peak for all the angles and for some of them a second peak

at higher decay times for which the parameter Area2/τ2 is negligible so it is not taken

into account. According to Area1/τ1, the data have lower noise in the range of angles

70o ≤ θ ≤ 150o, since their dispersion are around 10%. Thus, we have chosen this range to

�t the q2 dependence of Γ1. Following equation 3.46, the measured di�usion coe�cient of

D = 18 nm Au NPs corresponds to DT = 14.3 ± 0.7 µm2/s. This value corresponds to the

di�usion of a sphere of hydrodynamic diameter dH = 29.9± 1.4 nm (equation 3.29). Thus,

our Au NPs of D = 18 nm in I = 5 mM bu�er di�use in the same way as hard spheres of

D ∼ 30 nm.

To understand the di�erence between the value measured of hydrodynamic diameter

and the bare one, we have to consider the ionic conditions of the medium used for the

measurement. At I = 5 mM Tris/HCl bu�er, the Debye length corresponds to κ−1 = 4.3 nm.

Considering the hydrodynamic diameter as dH ≈ D + 2κ−1 we obtain dH = 26.6 nm which

is consistent with the experimental results. This is in contrast with our observation in the
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Figure 4.7: CONTIN analysis of Au NPs of D = 18 ± 1.5 nm in I = 5 mM
Tris/HCl bu�er at CAu = 7.7 × 1011 part/ml = 0.47C∗. The ILT is computed from
the experimental data in the range of angles 30o ≤ θ ≤ 150o. The normalized parameter
Area/τ indicates that the contribution of lowest intensity is negligible and that the data
dispersion of the main contribution is ∼ 10 % for the range 70o ≤ θ ≤ 150o. The q2

dependence of Γ1 is a single straight line of slope 2DT resulting in DT = 14.3 ± 0.7 µm2/s
which corresponds to an hydrodynamic diameter of dH = 29.9± 1.4 nm.

rod-shaped virus suspension whose di�usion is not signi�cantly a�ected by the electric double

layer.

Knowing that the nanoparticles are not perfectly spherical, we compare the previous

result with the approximation proposed in equation 3.48 where the Au NPs are considered

as slightly anisotropic particles with dH given by equation 3.29. Here, we limit the �t to

the range of angles where the noise is lower than 10% according to the parameter Area1/τ1.

The global parameters obtained are A = 1 and dH = 28.4± 0.2 nm. As shown in �gure 4.8,

the β parameter remains constant in this range of angles. Note that A = 1 corroborates

that the DLS measurements on our Au NPs are only sensitive to the translational di�usion

coe�cient, DT .

The results obtained from both analysis give us an estimation of the error bar of our

measurements. From the CONTIN analysis we get a di�usion coe�cient of DT = 14.3 ±
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Figure 4.8: Dependent global �t analysis of Au NPs of diameter D = 18 ± 1.5 nm.
Left: Global �t (full lines) of the intensity correlation functions (scattered points) in the
range of angles 70o ≤ θ ≤ 150o. Right: Fit parameter β for all the angles. The values found
for the global parameters are A = 1 and dH = 28.4± 0.2 nm.

0.7 µm2/s. From the dependent global �t analysis, we get a di�usion equivalent to the one

of a sphere of dH = 28.4± 0.2 nm, i.e., DT = 15.0± 0.1 µm2/s according to equation 3.29.

Here, we take the mean value and include in the error bars the dispersion of our data. Thus,

the di�usion of 18 nm Au NPs measured by DLS corresponds to DT = 14.7± 1.0 µm2/s.

4.2.3 Mixture of Au NPs and rod-shaped viruses

Since the matchstick-like particles are made of one single nanoparticle attached to a single

virus, it is relevant to investigate a equimolar mixture of both elements, i.e., a suspension of

both elements present at equal particle concentration C = 7.7 × 1011 part/ml = 0.47C∗.

Figure 4.9: Characterization of the equimolar mixture of M13KE virus and Au
NP of D = 18 nm. Left: Schematic representation of the mixture composed by one virus
particle for one gold particle Right: TEM image of the mixture.
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In order to avoid that the mixture self-assemble into gold-virus colloids, we have used the

M13KE virus described in section 2.2. This strain displays less number of cysteine groups

in the p3 protein resulting in a lower yield of tip binding for Au NPs compared to the

M13C7C mutant [55]. Additionally, we have chosen to work at low ionic strength conditions

to ensure that the electrostatic repulsion between all the particles is high enough to avoid

their interaction and then their binding reaction. For this, the mixture is dialyzed against a

I = 5 mM Tris/HCl bu�er and the DLS experiment is performed right after the dialysis is

�nished. In �gure 4.9, a TEM observation done after the experiment shows that there are

not gold-virus colloids formed in these conditions.
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Figure 4.10: CONTIN analysis of a equimolar mixture of M13KE rod-like viruses
and Au NPs of D = 18 nm in I = 5 mM Tris/HCl bu�er at C = 7.7 × 1011

part/ml = 0.47C∗. The ILT computed for the range of angles 30o ≤ θ ≤ 150o exhibits
multiple peaks. The normalized parameter Area/τ shows that the main and second peaks
associated to τ1 and τ2 have lower noise for the range of angles 40o ≤ θ ≤ 150o and 55o ≤
θ ≤ 150o respectively. The q2 dependence of Γ1 and Γ2 is a single straight line of slope 2DT

from which is obtained DT1 = 12.3± 0.7 µm2/s and DT2 = 1.3± 0.7 µm2/s.

Since the sample is a binary mixture, it is expected that the intensity correlation function

is composed by at least two exponential decays: one related to the di�usion of the spherical

Au NPs and the other related to the di�usion of the viral rods. The results of the CONTIN
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analysis, whose implementation allows us to retrieve the distribution of decay times, are

given in �gure 4.10. The distributions of decay times exhibit two or more peaks. The main

peak is found at shorter decay times compared with the following peaks of lower intensity.

The normalized parameter Area/τ is calculated for the �rst two signi�cant peaks. The main

peak contribution has a minimum noise in the range of angles 40o ≤ θ ≤ 150o while the

second one in the range 55o ≤ θ ≤ 150o. We have analyzed the second peak associated to τ2

despite the observed low value of the normalized parameter Area2/τ2. The calculated decay

rates Γi exhibit a linear dependence of slope 2DT . However, Γ1 exhibits a lower dispersion

than Γ2. For the main contribution we �nd DT1 = 12.3 ± 0.7 µm2/s while for the second

one DT2 = 1.3± 0.7 µm2/s.

From the results discussed in sections 4.2.1 and 4.2.2, we expect to recover DT = 14.7±
1.0 µm2/s for the Au NPs of D = 18 nm and DT = 2.5± 0.3 µm2/s for the rod-like viruses.

The latter suggest that the di�usion associated with τ1 is related to the Au NPs while the

second one associated with τ2 of signi�cantly lower contribution is related to the di�usion of

the viruses. The observed di�erence between the experimental values of the single elements

compared with the measured ones from the mixture can be explained as follows. On one

hand, the low scattering signal of the viral rods compared with the one of the Au NPs results

in a higher error of the estimated di�usion. On the other hand, at this particle concentration

for which the viruses are close to interact to each other the Au NPs could be limited in their

di�usion due to cage e�ects.

From these observations, we conclude that the intensity correlation signal of a mixture

of Au NPs and rod-shaped viruses mostly comes from the Au NPs. Therefore, we expect to

measure the di�usion of our hybrid gold-virus colloids by only probing the Au NPs attached

to them.

4.3 Di�usion of matchstick-like particles

For the study of their self-di�usion, matchstick-like particles made of Au NPs of D = 10,

18 and 31 nm have been produced according to the protocol described in section 2.3.2. The

suspensions, composed by ∼80% matchstick-like structures, are tested at di�erent particle

concentrations. We discuss next our �nding in the suspension made of D = 18 nm Au NPs at

Cv = 0.47C∗. A schematic representation of the structure and a TEM image of this sample

are shown in �gure 4.11.

In �gure 4.12 are the distribution of decay times composed by a main peak and a second

peak of negligible contribution at shorter decay times. From our investigations on section

4.2.3, we expect that the main contribution corresponds to the scattering signal coming from

the Au NPs.
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Figure 4.11: Characterization of matchstick-like particles made of Au NPs of D
= 18 nm. Left: Schematic representation of matchstick-like particles. Right: TEM image
of the structures.
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Figure 4.12: CONTIN analysis of matchstick-like particles made of Au NPs of
D = 18 nm in I = 5 mM Tris/HCl bu�er at Cv = 0.47C∗. The ILT is computed
from the experimental data in the range of angles 30o ≤ θ ≤ 150o showing two peaks. The
main peak, associated to the di�usion of the Au NPs, exhibits low noise for all the range
of θ. The q2 dependence of Γ1 is a single straight line of slope 2DT from which is obtained
DT = 4.5± 0.4 µm2/s.
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Even though the noise in the experimental data is found to be lower than 10% for all

the range of angles, the q2 dependence of Γ1 exhibits two di�erent regimes (see �ts of Γ1).

This is similar to the observed change of slope in the rod-shaped viruses suspension (see

�gure 4.3) for which the persistence length in�uences the di�usion measured. Thus, in order

to obtain the e�ective DT of the structure, we consider the angles where Γ1 has a linear

dependence of q2 with intercept in zero. From the linear �t in the range 35o ≤ θ ≤ 65o, we

�nd a Deff
T = 4.5± 0.4 µm2/s.

For comparison, we have also implemented the independent global �t (equation 3.47) for

the same range of angles. The global parameters for the �t plotted in �gure 4.13 correspond

to A = 0.962, DT = 4.45 ± 0.02 µm2/s and DR = 2114.6 ± 141.1 s−1. Even though the

DR value is around a factor two higher than the value experimentally obtained for single

viruses (see �gure 4.5) the A ∼ 1 indicates that our results are not sensitive enough to the

rotational motion. The latter comes from the fact that the Au NPs under investigation are

mostly isotropic in shape and optically which results in a low contribution to the rotational

terms in equation 3.47.

Combining the results of both methods, we conclude that the e�ective di�usion of the

matchstick-like particle obtained by probing the Au NP attached to it corresponds to Deff
T =

4.5± 0.4 µm2/s.
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Figure 4.13: Independent global �t analysis of matchstick-like particles made of
Au NPs of D = 18 nm in 5 mM Tris/HCl at Cv = 0.47C∗. Left: Global �t
(full lines) of the intensity correlation functions (scattered points) in the range of angles
30o ≤ θ ≤ 70o. Right: Fit parameter β for all the angles. The values found for the global
parameters are A = 0.962, DT = 4.45± 0.02 µm2/s and DR = 2114.6± 141.1 s−1.

Now, we compare these �ndings with the previously obtained in our group by single

particle tracking (SPT) [55], DT = 2.25 µm2/s. As discuss in section 3.2.2, the di�usion of a

matchstick-like particle suspension using SPT is obtained by probing the virus involved in the

structure thanks to �uorescence microscopy. The measured DT is in agreement with the one
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expected for rods of L = 1 µm which for aqueous suspensions corresponds toDT = 2.1 µm2/s.

However, the Deff
T obtained from the DLS measurements in which we probe the Au NP

attached to the structure is up to a factor two higher. How do we explain this increase of

di�usion when we observe the bead? Can it be related to a physical quantity?

In the following subsection we discuss the interpretation in terms of the linking point

between Au NPs and the virus tip.

4.3.1 Di�usion coe�cient considering a �exible link

Figure 4.14: Spring-bead model
accounting for the �exibility of the p3
proteins at the virus tip bound to Au
NP.

The main di�erence in our estimation can be

attributed to the fact that by SPT we determine

the position of the center of mass of the structure

in a focal plane while by DLS we test the di�usion

of the bead which has an extra degree of freedom

due to the link between the p3 proteins of the

virus tip.

It is known that the p3 proteins have certain

�exibility that allows their interaction with the

membrane for its replication [82, 140] (see �gure

2.9). When a single Au NP is attached to this

virus tip, the �exibility of the proteins limits the

random walk motion of the bead around the equilibrium position. Thus, we account for this

Au bead-p3 protein interaction by a spring-bead model as shown in �gure 4.14.

For such a case, an extra contribution coming form this �exible link has to be considered

for the interpretation of the scattering signal. From the DLS principles (equations 3.13, 3.21

and 3.27), it follows that for spherical particles the intensity correlation function is related

to the intermediate scattering function Fs(q, t), as:

g2(q, t)− 1 = β|Fs(q, t)|2. (4.2)

The Fs(q, t) has the contributions from overall translational and rotational di�usions as

well as from the spring-bead motion. In the general case, all are coupled. Here, we work with

a decoupling approximation for which it is assumed that the dynamics due to the �exible

link (�ex) does not alter the overall translational (trans) and rotational (rot) di�usions [141],

i.e.:

Fs(q, t) = Ftrans(q, t) · Frot(q, t) · Fflex(q, t). (4.3)

Based on the previously rod-like di�usion of the structure observed by SPT, for the

Ftrans(q, t) and Frot(q, t) terms we assume that the translational and rotational motion

is given by the virus di�usion. Thus, considering the case of anisotropic particles whose

dynamic form factor is composed by only the �rst two terms of equation 3.23 (see section
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3.3.1.2), the expression Ftrans(q, t) · Frot(q, t) of equation 4.3 results in:

Ftrans(q, t) · Frot(q, t) = A exp
(
−DT q

2t
)

+B exp
[
−(DT q

2 + 6DR)t
]
, (4.4)

with A and B given by equation 3.41.

Figure 4.15: Overdamped harmonic oscillator. The equation of motion described by
the spring constant k and friction coe�cient γ has as solution the sum of two exponential
decays. This causes that the mass approaches back to zero position.

The motion related to the �exible link is a problem described by the Ornstein-Unlenbeck

process [142]. This is a random walk in a harmonic potential, restricting particle's motion to

a small range around an equilibrium position. It can be shown [143], that the Langevin type

equation of this process considering high friction results in oscillation solutions describing

vibrational motion as the overdamped harmonic oscillator shown in �gure 4.15. The

derivation of the corresponding intermediate scattering function, found in reference [141],

gives us the contribution due to the �exible link:

Fflex = exp
{
−q2

〈
r2
〉

[1− exp(−λt)]
}
, (4.5)

with 〈
r2
〉

=
kBT

k
(4.6)

the mean square displacement, and

1/λ = γ/k (4.7)

the relaxation time in terms of the friction coe�cient γ and spring constant k. Combining

equations 4.2, 4.3, 4.4 and 4.5 it follows that the intensity correlation function of the Au
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NPs that compose the matchstick-like structures is given by:

g2(q, t)− 1 = β{(A exp (−DT q
2t) +B exp [−(DT q

2 + 6DR)t])

×
(
exp

{
−q2

〈
r2
〉

[1− exp(−λt)]
})
}2.

(4.8)
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Figure 4.16: Global �t for the spring-bead model. (a) The intensity correlation
function g2(q, t) − 1 measured for matchstick-like particles made of D = 18 nm Au NPs
in the range of angles 35o < θ < 70o is analyzed considering a �exible link. For �xed
DT = 2.5 µm2/s and DR = 21.5 s−1 corresponding to the translational and rotational
di�usion coe�cients of a sti� rod of 1 µm long, we obtain a very good quality of the numerical
�t and as global parameters < r2 >= 3.1± 0.1× 10−3 µm2 and λ = 1.14± 0.02 ms. (b) The
free parameter β is plotted as function of the scattering angle θ.

In �gure 4.16, we have analyzed simultaneously the set of intensity correlation functions

in the range of angles 35o < θ < 70o using equation 4.8 for �xed parameters DT = 2.5 µm2/s

and DR = 21.5 s−1 which correspond to the translational and rotational di�usion coe�cients

of the rod-shaped viruses measured by DLS. The free parameter β, related to the coherence

factor, is plotted as function of the scattering angle in �gure 4.16 (b). As global parameters,

we obtain A = 0.71, < r2 >= 3.1± 0.1× 10−3 µm2 and λ = 1.14± 0.02 ms−1.

Note that the the root mean square displacement (rmsd), rmsd =
√
< r2 >, of about

56 nm is comparable with the typical length scale of the p3 protein, i.e., few nanometers

[144, 145]. Moreover, from equations 4.6 and 4.7, it follows that the overdamped motion

of our model is given by a spring constant of k = 323 kBT/µm2 and a friction coe�cient

γ = 0.28 kBT s/µm2. The friction coe�cient of spheres is related to the di�usion by

DT = kBT/γ. Hence, we obtain a di�usion of the bead of DT = 3.5 µm2/s which is

self-consistent with the approach where we found Deff
T ∼ 4.5µm2/s. The latest comparison

indicates that the link between the Au NPs and the p3 proteins allows enough motion to

contribute in the observed increase of the dynamics. This result is therefore a direct proof

of the �exibility of the p3 proteins.
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4.3.2 Nanoparticle size and concentration dependence

Here, we investigate the in�uence of the concentration on the measured Deff
T for the di�erent

suspensions containing ∼ 80% of matchstick-like particles. The range of concentrations

possible to explore for each suspension is limited by the scattering properties of the Au NPs.

For instance, according to the Rayleigh scattering theoryii, Au NPs of D = 10 nm scatter

around 34 times less than Au NPs of D = 18 nm. In identical conditions, the scattering

signal obtained experimentally for D = 10 nm Au NPs is not detectable with su�cient

accuracy for C = 0.1C∗ contrary to the Au NPs of bigger size. Hence, we have explored the

concentration range 0.1 < C/C∗ < 1 for matchstick like particles made of Au NPs of D = 10

nm, 0.01 < C/C∗ < 0.47 for the ones made of D = 18 nm Au NPs and 0.01 < C/C∗ < 0.07

for those made of D = 31 nm Au NPs. The CONTIN analysis of each concentration tested

are described in the appendix I.
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Figure 4.17: Summary of Deff
T obtained for matchstick-like particles made of Au

NPs of D = 10, 18 and 31 nm. (a) Obtained from the CONTIN analysis as function of
the normalized concentration C/C∗. (b) Mean value as function of the NP size. The error
bars indicate the dispersion of the estimated Deff

T for all the experimental data.

In �gure 4.17 (a), the Deff
T values of each sample are summarized. The error bars indicate

the highest dispersion in the estimated Deff
T .

For the matchstick-like particles made of Au NPs of D = 10 nm we �nd that the di�usion

of the structure is, within the error bar, the same for the concentrations tested C/C∗ = 0.1

and C/C∗ = 1. This is similar to the di�usion of matchstick-like particles made of Au NPs

of D = 31 nm, for which the concentrations tested where between 0.01 < C/C∗ < 0.07.

Finally, for the matchstick-like particles made of Au NPs of D = 18 nm, Deff
T has the same

value for all the range of concentrations. The latter observations con�rm our assumption

that for C < C∗ the structures do not interact with each other and hence their di�usion is

independent of the particle concentration.

iiThe scattering intensity increases with the power sixth of the particle diameter, i.e., I ∼ (d
2 )6 [103].
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Thus, we have obtained the mean value from the measurements done at di�erent

concentrations and consider as error bars the dispersion of the Deff
T estimated for all the

data. In �gure 4.17 (b), these values are plotted as function of the NP size. We �nd a

mean of Deff
T = 3.0 ± 1.0 µm2/s, Deff

T = 4.4 ± 1.0 µm2/s and Deff
T = 3.4 ± 1.0 µm2/s for

matchstick-like particles made of D = 10, 18 and 31 nm respectively. Thus, the e�ective

di�usion of the matchstick-like structure is also independent of the NP size.

We have also applied the spring-bead model approach of section 4.3.1 for each set of data

tested. The �t of each one is show in the appendix I. In �gure 4.18, we have summarized for

the di�erent structures, the spring constant k, friction coe�cients γ and root mean square

displacement rmsd with error bars from the standard error of the �tted values as function

of the concentration.
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Figure 4.18: Summary of spring-bead model of matchstick-like particles made of
Au NPs of D = 10, 18 and 31 nm. (a) Spring constant, k, (b) friction coe�cient,
γ, and root mean square displacement, rms, as function of the particle concentration. The
error bars are calculated from the standard error of the �tted values.

The parameters k, γ and rmsd are around the same value for all the concentrations.

The rmsd of around 30 to 60 nm is compatible with p3 protein length scale. From the

friction coe�cient, we obtain a di�usion of the beads that ranges from 2.2 to 6.6 µm2/s

which is self-consistent with the e�ective di�usion of the matchstick-like particles. The
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di�erences observed between the NP sizes are accounted for the low accuracy of the �t for

the matchstick-like particles of 30 nm Au NPs and for the low scattering signal obtained for

the ones made of D = 10 nm Au NPs (see appendix I). It has to be noted that the exchange

ligand of the Au NPs used to produce the structures is di�erent (Tannic acid for Au NPs of

D = 10 and 18 nm and citrate for the ones of D = 31 nm) which could a�ect the interaction

of the Au surface with the p3 proteins of the virus tip. However, our observations do not

show a di�erence when comparing nanoparticles with di�erent ligands.

Thus, we conclude that the parameters obtained from the spring-bead model are nearly

as well independent of nanoparticle size and particle concentration.

4.4 Di�usion of dumbbell-like particles

In this section we present the DLS study of the dumbbell-like particle made of Au NPs

of D = 10 nm. As described in section 2.3.3, the production of this structure involves the

formation of other structures. As shown in �gure 4.19, our sample at Cv = 0.5C∗ is composed

mostly by dumbbell-like particles (53%) and matchstick-like structures (23%). The complete

distribution of structures is shown in �gure 2.25.

Figure 4.19: Characterization of the Dumbbell-like suspension. Left: Schematic
representation of the Dumbbell-like structure. Right: TEM image of the sample composed
of 53% of dumbbell-like particles and 23% of matchstick-like particles.

Since the sample is a mixture of di�erent structures, we expect that the distribution

of decay times retrieved by the CONTIN method is composed by multiple peaks each one

related to the characteristic di�usion of a particular structure. As shown in �gure 4.20, the

ILT plot exhibits a broad main peak associated to τ1 and for some angles a second peak of

negligible intensity associated to τ2. From the main peak we found that the decay rate, Γ1,

exhibits two regimes. This is similar to our �ndings for the matchstick-like particles which are
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also a�ected by the persistence length of the virus. Hence, we take the same considerations

as for that case and limit the range of analysis to 30o < θ < 70o. The normalized parameter

Area1/τ1 indicates ∼ 14% of noise in this range. From the linear �t of q2, we recover an

e�ective translational di�usion coe�cient of Deff
T = 3.45± 0.7 µm2.

The value ofDeff
T obtained is interpreted as an average di�usion coe�cient of the di�erent

structures in the suspension. This stems from the resolution limit of the ILT which does

not separate the multiple peak contribution coming from the Au NPs belonging to di�erent

structures but instead broadens the distribution.
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Figure 4.20: CONTIN analysis of a mixture with 53 % dumbbell-like structures
made of Au NPs of D = 10 nm in I = 5 mM Tris/HCl bu�er at Cv = 0.5C∗. The
ILT is computed from the experimental data in the range of angles 30o ≤ θ ≤ 150o showing
a main broaden peak. The q2 dependence of Γ1 is a straight line of slope 2DT from which it
is obtained DT = 3.5± 0.6 µm2/s.

Knowing that at least one of the beads of the structures is bound to the p3 proteins which

are �exible, we have tested the same spring-bead model approach described in section 4.3.1.

As shown in �gure 4.21, the global �t for the range of angles 35o < θ < 55o using equation

4.8 for �xed parameters DT = 2.5 µm2/s and DR = 21.5 s−1 does not recover the decay of

the lower angles. We obtain A = 1, < r2 >= 1.52±0.03×10−3 µm2 and λ = 3.1±0.1 ms−1.
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The rmsd of around 39 nm is compatible with the scale length of the virus tip proteins and

with the value obtained for the respective matchstick like particles, rmsd ∼ 30 nm. From

equations 4.6 and 4.7, we obtain k = 657.9 kBT/µm2 and γ = 0.212 kBT s/µm2. The friction

coe�cient is related to the di�usion of DT = 4.7 µm2/s which is higher than the e�ective

di�usion of matchstick-like particles of 10 nm Au NPs, Deff
T = 3± 1µm2/s.

The previous �ndings show that the di�usion of the dumbbell-like morphology is similar

to the one of matchstick-like particles which account for the �exibility of the p3 proteins.

Compared with the observations on matchstick-like structures, our results using the single

spring-bead model show a higher di�usion. However, since our experimental data is measured

from a mixture composed by matchstick-like and dumbbell-like particles the error in our

measurements is signi�cant. Thus, we attribute the apparent increase to the experimental

uncertainties in the measurements and in then in our �t. For now, we can only con�rm that

the dumbbell-like particles exhibit a certain degree of �exibility given by the tip-binding

proteins. For an accurate estimation of the �exibility of each tip, we have to optimize the

monodisperse production of this structure.
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Figure 4.21: Global �t for the spring-bead model. (a) The intensity correlation
functions for dumbbell-like particles made of D = 10 nm Au at Cv = 0.5C∗ are simultaneously
analyzed considering a �exible link. The global �t for �xed DT = 2.5 µm2/s and DR =
21.5 s−1 does not recover the decay of lower angles. We �nd as global parameters A = 1,
< r2 >= 1.52×10−3 µm2 and λ = 3.1 ms−1. (b) The free parameter β is plotted as function
of the scattering angle θ.

4.5 Discussion and conclusions

In this chapter we have studied by DLS the self-di�usion of two of our hybrid gold-virus

colloids. The matchstick-like particle, composed by a single virus with one Au NP bound

to one tip, and the dumbbell-like particle, composed by a single virus and two beads, one
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bound to each tip (see �gure 4.1).

Our �ndings have shown that due to the di�erence in scattering properties of the elements

that constitute the structures, we are able to study by DLS the di�usion of our gold-virus

colloids only probing the Au NPs.

We have compared with the results obtained in our group by SPT for which the virus is

the element being probed for the dynamics study [55]. A signi�cant increase in the e�ective

translational di�usion coe�cient of the structure is observed when the probed component

is the Au NPs. Thus, we have implemented a spring-bead model for the interpretation of

the scattering signal. Our �ndings demonstrate that the Au NPs have an extra degree of

freedom related to the �exible link at the virus tip. Thus, they are allowed to move around

an equilibrium position resulting in higher e�ective di�usion measured by DLS. This is a

direct proof of the �exibility of binding between bead and virus tip.

From a practical point of view, the DLS has shown to be advantageous to recover the

di�usion of our structures when compared to SPT which requires more time of analysis and

data storage. For example, to analyze ∼ 65 particles by SPT a total of 10 movies are storaged

in few Go and analyzed in a couple of hours while the DLS measurements of a size lower

than 1 Mo are analyzed in less than of 30 minutes as soon as the model for data analysis is

properly established which requires the right interpretation of the system being studied.

We have explored the in�uence of the nanoparticle size at concentrations for which the

structures do not interact with each other. Our results show that the e�ective di�usion

and spring-bead model parameters of the matchstick-like structures are independent of the

nanoparticle size and concentration, as expected from the fact that for C < C∗, the structures

do not interact with each other.

Our observations in the dumbbell-like structures are not precise enough for concluding

that the di�usion coe�cient of this morphology is the same as the one of matchstick-like

structure. We expect that after the optimization of its production, we might be able to

determine the exact value and to evidence or not the �exibility of the second tip binding.

For a further understanding of the �exible link between the elements that compose

our structures, we suggest getting and complete our results with a combination of optical

microscopy techniques. For instance, we would compare the di�usion of the structure

obtained by SPT probing the Au NP via dark-�eld microscopy and at the same time probing

the virus though �uorescence microscopy.
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Appendix I. DLS analysis of other matchstick-like particles

In this appendix we summarize the CONTIN and spring-bead model data analysis for

matchstick-like particles made of di�erent nanoparticle sizes. Our measurements have been

performed for suspension in I = 5 mM Tris/HCl bu�er at di�erent particle concentrations.

The intensity correlation functions are taken in the range of angles 30o < θ < 150o and

running time of 120 s.

Matchstick-like made of Au NPs of D =10 nm

In this subsection we present the di�erent concentrations studied for a suspension containing

∼ 80% matchstick-like particles made of Au NPs of D = 10 nm as shown in �gure 4.22.

Figure 4.22: Characterization of matchstick-like particles made of Au NPs of D
= 10 nm. Left: Schematic representation of matchstick-like particles. Right: TEM image
of the particle suspension.

• Cv = 0.1C∗

As shown in �gure 4.23, at this concentration the signal coming from the bead is of the

same order of magnitude as the electronic noise coming form the sensor. For this reason,

the intensity correlation functions exhibit di�erent coherence factors, β. As observed in the

ILT plot, the distribution of decay times is composed by a main peak associated to τ1 and a

second peak at shorter times related to τ2. In order to extract the most reliable information

from the main peak contribution, we limit the �t of the linear q2 dependency of Γ1 to the

range 30o < θ < 55o for which we �nd DT = 2.9± 0.5 µm2/s.

Thus, the matchstick-like particles made of Au NPs of D = 10 nm at a concentration

Cv = 0.1C∗ di�use at Deff
T = 2.9± 0.5µm2/s.
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Figure 4.23: CONTIN analysis of matchstick-like particles made of Au NPs of D
= 10 nm in I = 5 mM Tris/HCl at Cv = 0.1C∗. The ILT computed in the range of
angles 30o ≤ θ ≤ 150o shows multiple peaks. The normalized parameter Area/τ indicates
that the noise in the experimental data is high and that the second contribution is signi�cant
for θ > 65o. From the q2 dependence of Γ is obtained DT = 2.9± 0.5 µm2/s.

We have applied the spring-bead model considering as �xed parameters the translational

and rotational di�usion of rods DT = 2.5 µm2/s and DR = 21.5 s−1. As shown in �gure 4.24,

the global �t for the range of angles 30o < θ < 55o does not recover the decay of the lowest

angles. This is accounted to the low intensity of the scattering signal at this concentration

which results in a higher error in our measurements. As global parameters, we obtain A = 1,

< r2 >= 0.82± 0.03× 10−3 µm2 and λ = 2.9± 0.2 ms−1.

Thus, we obtain the parameters rmsd = 33 nm, spring constant of k = 893 kBT/µm2

and a friction coe�cient γ = 0.37 kBT s/µm2.
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Figure 4.24: Global �t for the spring-bead model. (a) Intensity correlation function
for matchstick-like particles made of D = 10 nm Au NPs at Cv = 0.1C∗. The global �t
does not recover the decay of the lowest angles. We obtain as global parameters A = 1,
< r2 >= 0.82×10−3 µm2 and λ = 2.9 ms−1. (b) The free parameter β is plotted as function
of the scattering angle θ.

• Cv = C∗

As the number of particles is higher by a factor 10 compared with the previous set of

data, the intensity correlation function exhibits lower noise. Hence, the coherence factor β

remains the same for all the range of angles.

The CONTIN analysis, summarized in �gure 4.23, shows a distribution of decay times

formed by a main peak. We found that the q2 dependence of Γ1 has two di�erent regimes.

Hence, we limit the �t to the regime 30o ≤ θ ≤ 70o for which we recover a Deff
T = 3.2 ±

0.8 µm2/s.

For the spring-model analysis of the intensity correlation function we have simultaneously

analyzed our data in the range of angles 30o < θ < 70o. As shown in �gure 4.26, we obtain a

good quality �t and as global parameters A = 1, < r2 >= 1.12×10−3 µm2 and λ = 2.4 ms−1.

The root mean square displacement rmsd = 29 nm is consistent with the value found

for lower concentration. From equations 4.6 and 4.7, it follows that k = 1220 kBT/µm2 and

γ = 0.42 kBT s/µm2. The observed di�erence of k compared with the obtained value at

lower concentration is attributed to the low quality �t of that case due to the low scattering

signal.

From the previous results, we conclude that the e�ective di�usion and spring-bead model

parameters are independent of the concentration. For the e�ective di�usion, we take the

mean value and consider as error bars the dispersion of our data. Thus, the mean e�ective

di�usion coe�cient of matchstick-like particles made of Au NPs of D = 10 nm is Deff
T =

3.0± 1.0µm2/s.
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Figure 4.25: CONTIN analysis of matchstick-like particles made of Au NPs of
D = 10 nm in I = 5 mM Tris/HCl bu�er at Cv = C∗. The ILT computed in the
range of angles 30o ≤ θ ≤ 150o shows multiple peaks. The normalized parameter Area/τ
indicates that the contribution of the second peak is negligible. From the q2 dependence of
Γ is obtained DT = 3.2± 0.8 µm2/s.
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Figure 4.26: Global �t for the spring-bead model. (a) Intensity correlation function for
matchstick-like particles at Cv = C∗. We obtain a good quality �t and as global parameters
A = 1, < r2 >= 1.12× 10−3 µm2 and λ = 2.4 ms−1. (b) The free parameter β is plotted as
function of the scattering angle θ.
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Matchstick-like made of Au NPs of D = 18 nm

• Cv = 0.01C∗

At this concentration, the intensity signal that arrives to the detector is low compared

with the electronic noise and therefore the intensity correlation function exhibits high noise.

The ILT plot of �gure 4.27 shows two peaks in the distribution of decay times. According

to the calculated normalized parameter Area/τ , both contribution have a high noise and are

signi�cant for all the range. We limit the �t of Γi to the range where a linear q2 dependency

is found. For the �rst contribution we �nd Deff
T1 = 4.1 ± 0.4 µm2/s while for the second

contribution Deff
T2 = 10.4 ± 0.8 µm2/s. The �rst di�usion is consistent with the expected

value for matchstick-like particles. The second one corresponds to the di�usion of spheres

of diameter dH = 41.1 nm according to equation 3.29. However, this does not correspond

to any expected structure in the sample. We believe that this contribution is an artifact

coming
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Figure 4.27: CONTIN analysis of matchstick-like particles made of Au NPs of D =
18 nm in I = 5 mM Tris/HCl bu�er at Cv = 0.01C∗. The ILT computed in the range
of angles 30o ≤ θ ≤ 150o shows multiple peaks. The normalized parameter Area/τ indicates
that the noise in the experimental data is high and that the second contribution is signi�cant.
From the q2 dependence of Γi is obtained DT1 = 4.1±0.4 µm2/s and DT2 = 10.4±0.8µm2/s.
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coming form the high noise of the experimental data.

The spring-model analysis for this case is shown in �gure 4.28. We have analyzed data

in the range of angles 40o < θ < 90o. The quality of the �t is good despite the low scattering

signal. The global parameters correspond to A = 0.55, < r2 >= 2.1 × 10−3 µm2 and

λ = 1.9 ms−1.

From these results, we obtain rmsd = 46 nm, k = 476 kBT/µm2 and γ = 0.25 kBT s/µm2.

Our observations are consistent with the previously observed for higher concentration.
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Figure 4.28: Global �t for the spring-bead model. (a) Intensity correlation function
for matchstick-like particles at Cv = 0.01C∗. We obtain a good quality �t and as global
parameters A = 0.55, < r2 >= 2.08× 10−3 µm2 and λ = 1.9 ms−1. (b) The free parameter
β is plotted as function of the scattering angle θ.

• Cv = 0.16C∗

As shown in �gure 4.29, for this concentration, the decay times distribution exhibits a

main peak (see ILT plot). Here, we limit the �t of the q2 dependence of Γ1 to the range of

angles 35o ≤ θ ≤ 65o where it is found a Deff
T = 4.6± 0.8 µm2/s.

Summarizing the results obtained for all the concentrations tested we �nd that the

e�ective di�usion of this structure is independent of the concentration. Thus, for

matchstick-like particles made of Au NPs of D = 18 nm we obtain a mean Deff
T =

4.4 ± 1.0 µm2/s.

In �gure 4.30, we report our �ndings using the spring bead model. For this analysis, we

have worked in the range of angles 35o < θ < 55o. We �nd a good quality �t for most of

the angles and as global parameters A = 0.83, < r2 >= 3.5× 10−3 µm2 and λ = 0.97 ms−1.

We �nd a rmsd = 59 nm which is consistent with the observations at higher concentration.

Moreover, k = 286 kBT/µm2 and γ = 0.28 kBT s/µm2 con�rms that the parameters are

independent of the concentration.
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Figure 4.29: CONTIN analysis of matchstick-like particles made of Au NPs of D
= 18 nm in I = 5 mM Tris/HCl bu�er at Cv = 0.16C∗. The ILT computed in the
range of angles 30o ≤ θ ≤ 150o shows a main peak. From the q2 dependence of Γ is obtained
DT = 4.6± 0.8 µm2/s.
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Figure 4.30: Global �t for the spring-bead model. (a) Intensity correlation function
for matchstick-like particles at Cv = 0.16C∗. We obtain a good quality �t and as global
parameters A = 0.83, < r2 >= 3.5× 10−3 µm2 and λ = 0.97 ms−1. (b) The free parameter
β is plotted as function of the scattering angle θ.
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Matchstick-like made of Au NPs of D = 31 nm

Here, we present the di�erent concentrations studied for a suspension containing ∼ 80%

matchstick-like particles made of Au NPs of D = 31 nm as shown in �gure 4.31.

Figure 4.31: Characterization of matchstick-like particles made of 31 nm Au. Left:
Schematic representation of matchstick-like particles. Right: TEM image of the particle
suspension.

• Cv = 0.01C∗

The ILT plot of �gure 4.32, shows a distribution of decay times composed by multiple

peaks. The normalized parameter Area/τ shows that there is only a main contribution

with low noise in the range of 55o ≤ θ ≤ 130o. The q2 dependence of Γ1 results in Deff
T =

3.8± 0.6 µm2/s.

We have applied the spring-bead model for data in the range of angles 40o < θ < 70o. As

shown in �gure 4.33, the global �t with �xed parameters DT = 2.5 µm2/s and DR = 21.5 s−1

is of lower quality compared with our observations on matchstick-like particles made of D =

10 and 18 nm Au NPs.

From the global parameters A = 0.48, < r2 >= 0.8 × 10−3 µm2 and λ = 8.2 ms−1, it

follows that rmsd = 28 nm, k = 1250 kBT/µm2 and γ = 0.15 kBT s/µm2. These values are

consistent with the ones found for matchstick-like structures made of 10 nm Au NPs.
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Figure 4.32: CONTIN analysis of matchstick-like particles made of D = 31 nm
Au in I = 5 mM Tris/HCl bu�er at Cv = 0.01C∗. The ILT computed in the range of
angles 55o ≤ θ ≤ 130o shows multiple peaks. The normalized parameter Area/τ indicates
that the second contribution is not signi�cant. From the q2 dependence of Γ is obtained
DT = 3.8± 0.6 µm2/s.
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Figure 4.33: Global �t for the spring-bead model. (a) Intensity correlation function
for matchstick-like particles at Cv = 0.01C∗. We obtain as global parameters A = 0.48,
< r2 >= 0.8× 10−3 µm2 and λ = 8.2 ms−1. (b) The free parameter β is plotted as function
of the scattering angle θ.



APPENDIX I. DLS ANALYSIS OF OTHER MATCHSTICK-LIKE PARTICLES 99

• Cv = 0.02C∗

As shown in the ILT plot of �gure 4.34, the distribution of the decay times exhibits

only a main peak and a second peak of low contribution at shorter decay times. As the

parameter Area2/τ2 < 0.1, we discard the second peak. The q2 dependence of Γ1 shows

an apparent change of slope for θ > 70o. This is consistent with the previous observations

on other matchstick-like structures but contrast with the one for the same structure at

lower concentration. The latter is accounted for the increase of statistical noise in that

conditions. Here, we limit the range for the linear �t to 30o < θ < 70o which results in a

Deff
T = 3.2± 0.4 µm2/s.
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Figure 4.34: CONTIN analysis of matchstick-like particles made of Au NPs of D
= 31 nm in I = 5 mM Tris/HCl bu�er at Cv = 0.02C∗. The ILT computed in the
range of angles 30o ≤ θ ≤ 150o shows a main peak associated to τ1 and a second peak of lower
contribution related to τ2. From the q2 dependence of Γ is obtained DT = 3.0± 0.3 µm2/s.

The spring-bead model in the range of angles 35o < θ < 70o is summarized in �gure 4.35.

The �t is of similar quality as for the case at lower concentration. The global parameters

correspond to A = 0.6, < r2 >= 0.85× 10−3 µm2 and λ = 7.7 ms−1. These results are used

to estimate rmsd = 29 nm, k = 1176 kBT/µm2 and γ = 0.15 kBT s/µm2 which are in the

error bar the same as the ones found at lower concentration.
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Figure 4.35: Global �t for the spring-bead model. (a) Intensity correlation function
for matchstick-like particles at Cv = 0.02C∗. We obtain as global parameters A = 0.6,
< r2 >= 0.85×10−3 µm2 and λ = 7.7 ms−1. (b) The free parameter β is plotted as function
of the scattering angle θ.

• Cv = 0.07C∗

The results from CONTIN analysis, summarized in �gure 4.36, show that the decay times

distribution is formed by two peaks. A main peak at high decay time and a second peak

if negligible contribution at shorter times. Under the same considerations of the previous

cases, we limit the range for the linear �t dependence of q2 to 30o < θ < 70o. The latter

results in an e�ective Deff
T = 3.2± 0.4 µm2/s.

In �gure 4.37, we summarize our �ndings for the spring-bead model for the range of angles

35o < θ < 65o. The global �t does not recover the decay of low angles thus the quality of the

�t is low compared with the ones for matchstick-like particles made of D = 10 and 18 nm

Au NPs. For this case, we �nd as global parameters A = 0.54, < r2 >= 0.85×10−3 µm2 and

λ = 7.8 ms−1 which result in rmsd = 29 nm, k = 1176 kBT/µm2 and γ = 0.15 kBT s/µm2.

These �ndings are consistent with our observations for lower concentration.

From the previous results, we conclude that the e�ective di�usion and spring-bead model

parameters of matchstick-like particles made of Au NPs of D = 31 nm are independent of

the particle concentration. For the mean e�ective di�usion of this structure we consider the

error bars of our measurements obtaining Deff
T = 3.4± 1.0 µm2/s.
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Figure 4.37: Global �t for the spring-bead model. (a) Intensity correlation function
for matchstick-like particles at Cv = 0.07C∗. We obtain as global parameters A = 0.54,
< r2 >= 0.85×10−3 µm2 and λ = 7.8 ms−1. (b) The free parameter β is plotted as function
of the scattering angle θ.
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5.1 Arti�cial active particles at colloidal scale

Particles with experience a purely di�usive random walk, called �passive� Brownian particles

di�er from the so called �active� Brownian ones. According to the �uctuation-dissipation

theorem [146], a passive particle keeps moving because the dissipation of energy caused by

friction is compensated by the stochastic force in order to maintain a thermal equilibrium.

However, an active Brownian particle take energy from their environment and use it

as driving mechanism to execute non-equilibrium tasks such transport and self-propelled

motility [147].

Nature provides many examples of active particles at the colloidal scale such as algae,

sperm and other cells [148�150]. The most common example is given by bacteria such

as Escherichia coli (E. coli) which exhibit ballistic motion as result of the transformation

of chemical energy into mechanical movement [151]. Moreover, bacteria swarms are able

to swim toward to the nutrition sources along their concentration gradients, leading to

a joint migration of bacteria at the macroscale [152]. This mechanism called collective

motion is observed in other active systems that experience as well motility-induced phase

separation and giant �uctuations [153, 154]. The study of these intriguing phenomena is of

interest for the fundamental understanding of the out-of equilibrium physics as well as for

the development of smart devices and materials. Speci�cally, self-propelled particles at the

colloidal/nano scale have attracted considerable attention for their potential applications

in many �elds such as drug delivery [155], sensing [101, 156] and biomedicine [157]. For

this purpose, many arti�cial active particles at colloidal/nano scale, also called micro- or

nano-motors/swimmers, have been developed with the aim of mimicking the structure and

controlled motion of biological systems [158, 159]. But, how is the controlled motion achieved

at the scale where the thermal �uctuations are so important? i.e., for nanoswimmers or at

the nanoscale? How do we design an arti�cial motor with a selective direction?

5.1.2 Designing arti�cially self-propelled particles

In order to infer the requirements for a controlled motion at the colloidal scale, let's recall

the example of the movement of the E. coli bacteria. Bacteria contain several �agella (see

�gure 5.1). This hairlike appendages rotate in a clockwise or counterclockwise direction by

energy consumption to promote the bacterial motility. As shown in �gure 5.1, when the

motion is counterclockwise multiple �agella unite into a bundle that functions as a propeller

at the rear end of the cell body. Contrary, when one or more of the �agella rotate in the

clockwise direction, the �agellar bundle disassembles and the cell �tumbles�, i.e., it performs

a random walk in the same spot to change direction [160]. When the bundle re-forms, the

bacterium �runs� in a new direction. In presence of a chemical gradient, bacterium switches

between the tumbling and running mechanisms to direct their overall motion for instance to

swim toward a source of nutrients [161, 162].
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Figure 5.1: Swimming mechanism of bacteria. Clock-wise rotation of �agella results
in a random re-orientation for of the bacteria while counter-clockwise rotation produces a
straight motion.

From the previous example, it can be deduced that three di�erent conditions need to

be ful�lled for the self-propulsion of colloidal particles. First, an asymmetric shape is

necessary to maintain orientation and to generate motion in a desired direction. Secondly,

an energy should be injected and transferred into propulsion for instance by chemical or

physical-chemical reactions or by a mechanical deformation of the device. And �nally, a

swimming strategy is required. This third condition arises from the fact that �uid dynamics

at the colloidal/nano scale is dominated by viscous rather than inertial terms. This means

that a purely reversible internal displacement is not associated with any net motion and that

a propelled device must breaks the time-reversal invariance according to the �scallop theorem�

[163, 164]. Many authors have worked in the modeling of di�erent arti�cial architectures

that can achieve self-propulsion considering the three points mentioned above. For example,

nanorods/wire motors [165], tubular engines [166, 167] and Janus motors [98, 168, 169] that

combine an intrinsic break of symmetry with a propulsion mechanism.

The next questions to formulate are, what is the role of the asymmetry? What

conditions have to be tuned for the self-propulsion? First we need to describe how

the propulsion is done. Because of the general features of small moving objects, the

continuous motion of arti�cial active particles is usually associated with an e�ective power

source such as light [170], temperature [169] or chemical fuels [168] (see �gure 5.2). The

type of fuel is linked to the nature of the motor which would di�use accordingly to

the propulsion mechanism. These mechanisms, illustrated in �gure 5.2, include bubble

propulsion, thermophoresis, electrophoresis and di�usiophoresis. One of the most studied

mechanism is the self-di�usiophoresis associated to Janus particles. Typical Janus particles

have two distinct faces. One of this faces consumes fuel in the surrounding solution leading

to the motion of the particle. Let's take as example Platinum-Gold (Pt-Au) Janus particles

immersed in a �uid with a given concentration of hydrogen peroxide (H2O2) [168]. At the

platinum side, the hydrogen peroxide is catalitically decomposed into water and oxygen. This

chemical reaction generates protons in solution and electrons at the Pt end. The protons
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Figure 5.2: Schematic representation of the controlled motion of arti�cial active
particles. First, a local symmetry breaking maintains the direction of the movement and
secondly a combination of power source with a swimming strategy allows their movement.

and electrons are then consumed with the reduction of H2O2 on the Au end. The resulting

ion �ux induces motion of the particle relative to the �uid, propelling the particle toward

the platinum end with respect to the stationary �uid. Similarly, for enzyme powered Janus

particles [98], the decomposition of the fuel preferentially on one side of the particle generates

a concentration gradient. Subsequently, as the decomposition reaches a critical point where

the local concentration of the product is high, the product di�uses away resulting in the

movement of the particle. From this comparison, it becomes clear that the asymmetry has

an important role for the creation of a gradient and therefore the propulsion. Additionally,

the type of fuel, concentration and nature of the particles are all the key factors to tune for

the design of arti�cial active particles.

Here, we investigate the self-propulsion of one of our hybrid gold-virus systems described

in chapter 2. These colloidal particles are made of rod-shaped viruses and spherical gold

nanoparticles. Inspired by the intrinsic asymmetry of the matchstick-like particles we propose

to study their potential self-propulsion by thermophoresis acquired when a green laser is

irradiated to the suspension. When a gold nanoparticle (Au NP) is exited at its plasmonic

resonance, a local change of temperature is created at its surroundings resulting in an e�ective

increase of di�usion [171]. These phenomena, called �Hot Brownian motion�, could function

as propulsion mechanism. As shown in �gure 5.3, we expect that a local temperature gradient

would be generated by the presence of the phage and by the absorption of laser at the

gold nanobead end allowing the propulsion of the structure. In this chapter, we describe

our investigations in this direction. First, the principles of the Hot Brownian motion are

introduced. Then, the experimental setup used to inject thermal energy and to measure the

di�usion of the structure is described. Next, we explore the thermophoresis associated to a

system of Janus particles made of gold and silica. Finally, we present our observations in
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the thermophoresis of our matchstick-like structures.

Figure 5.3: Self-thermophoresis of matchstick-like particles. Schematic drawing of a
matchstick-like particle placed in a green laser path (green cylinder). The absorption of the
gold nanoparticle generates a local gradient of temperature allowing the directed motion of
the structure.

5.2 Brownian motion versus Active Brownian motion

As described in section 3.2.2, the Albert Einstein theory of Brownian motion establish that

the Mean Squared Displacement (MSD) in n dimensions of a Brownian particle has a linear

dependence on t (see equation 3.6) and is proportional to the di�usion coe�cient DT speci�c

of the size, shape and surface properties of a colloidal particle [172] (see equations 1.1 and

3.7).

In an active di�usion, for which the motion is directed during a period of time, the

particle experiences a displacement with the n-dimensional speed V (n) altering the random

walk of a particle. The MSD of these systems corresponds to [114]:

MSD = 2nDT t+
V 2(n)τ 2

2

(
2t

τ
+ e−2t/τ − 1

)
, (5.1)

where τ = D−1
R is the reciprocal rotational di�usion coe�cient. From equation 5.1, it follows

that the di�usion of an active Brownian particle has two limiting behaviors for t � τ and

t� τ [114]. The �rst case, reduces equation 5.1 to:

MSD = 2nDT t+ V 2(n)t2, (5.2)

which is the combination of a passive di�usion and ballistic motion while for t� τ :

MSD = 2nDLt−
V 2(n)τ 2

2
t, with DL = DT +

V 2(n)τ

2n
, (5.3)

the �long time di�usivity� which describes the enhanced di�usive motion that occurs due

to Brownian rotation continuously and randomly changing the direction of propulsion. In

�gure 5.4, the two MSD regimes of an active Brownian particle are illustrated.

From the previous description it follows that τ = D−1
R is a key parameter when the

di�usion is measured. The possibility to access to this time determines if a measurement
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Figure 5.4: Di�usion of an active Brownian particle. Left: Example of typical active
and passive trajectories projected in a 2D plane. Right: Typical MSD of an active Brownian
particle according to equation 5.1. For lag time t < DR the active di�usion is ballistic and
proportional to t2. As the time increases, the particle recovers a di�usive behavior of ∼ t
with long di�usivity DL.

corresponds to a system experiencing a ballistic di�usion or a long enhanced di�usivity. For

example, when the MSD is calculated by single particle tracking as described in section 3.2

for a lag time shorter than τ = D−1
R , we have access to the ballistic regime and we are able to

directly estimate the di�usion coe�cient and velocity according to equation 5.2. However,

for small nanoparticles whose DR ∼ 1 × 106 s−1 (diameter of tens of nanometers) reaching

times shorter than τ ∼ 1×10−6 s requires specialized equipment such as a high speed camera

to track the particles [173].

To overcome this limitation, Dynamic Light Scattering (DLS) has been used as an

alternative method to investigate the active motion of colloidal and nano particles [98, 168].

As described in chapter 3, DLS allows us to directly obtain the translational and rotational

di�usions of anisotropic particles representing the average dynamics of the whole system

being probed. In DLS (see section 3.3), the �rst order correlation function g1(q, t) is related

to the MSD by the relation [174]:

g1(q, t) = exp

(
−1

6
q2MSD

)
. (5.4)

From equation 5.4 and 3.13, it follows that for the three-dimensional case of spherical

particles with ballistic motion (equation 5.2 for n = 3), the measured intensity correlation

function reduces to:

g2(q, t)− 1 = β exp(−2q2DT t−
V 2

3
q2t2), (5.5)

where V corresponds to the speed of the directed motion in 3D.
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In this work, we have implemented DLS for the study of the active Brownian motion

of our hybrid colloidal particles using as propulsion mechanism the gradient of temperature

created when Au NPs are excited at their plasmonic resonance.

5.3 Hot Brownian motion

Figure 5.5: Hot Brownian motion.
When a particle absorbs light and
convert it into heat, the kinetics of
the Brownian particle changes due to
the local temperature T (r) and viscosity
pro�les η(r). Image was taken from
reference [171].

The di�usion of a colloidal particle that have an

elevated temperature compared to the one of its

solvent is called Hot Brownian motion (HBM)

[171]. An example of colloidal particles which

exhibits HBM are metal nanoparticles suspended

on water that di�use in the focus of a laser

beam. Au NPs absorb light and convert it into

heat when they are irradiated at the plasmonic

resonance λ ' 530 nm [175]. As shown in

�gure 5.5, the heat emission creates a radially

symmetric hot halo in the surrounding solvent

causing a temperature and viscosity pro�les

around the NPs. The Brownian di�usion of

these particles is then a�ected by the changes in

temperature and viscosity resulting in a increase

of apparent di�usion or HBM.

This non-equilibrium thermal motion can be characterized for spherical particles of radius

R by the e�ective translational and rotational di�usion coe�cients [176]:

DHBM
T (∆T ) =

kBT
trans
HBM

6πηHBMR
and DHBM

R (∆T ) =
kBT

rot
HBM

8πηHBMR3
, (5.6)

which are given by di�erent e�ective temperatures T trans
HBM 6= T rot

HBM

T trans
HBM(∆T ) ≈ T0

(
1 +

5

12

∆T

T0

)
and T rot

HBM(∆T ) ≈ T0

(
1 +

3

4

∆T

T0

)
, (5.7)

and by the e�ective viscosity, ηHBM, due to the temperature change ∆T [177]:

η0

ηHBM

(∆T ) ≈ 1 +
193

486

[
ln
η0

η∞

]
∆T

(T0 − TVF)
−
[

56

243
ln
η0

η∞
− 12563

118098
ln2 η0

η∞

]
∆T 2

(T0 − TVF)2
.

(5.8)

In equations 5.7 and 5.8, T0 and η0 represent the solvent temperature and viscosity while TVF

and η∞ are the solvent parameters which ful�ll the Vogel-Fulcher equation used to describe

the viscosity of liquids as function of temperature [178]:
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η(T ) = η∞ exp [A/(T − TVF)] . (5.9)

In �gure 5.6 (a) are plotted the ηHBM(∆T ) at initial room temperature (T0 = 293 K)

and η(∆T + T0) of water given by equation 5.9 for A = 496.9 K, TVF = 152 K and η∞ =

0.029 mPa · s [171]. Note that ηHBM(∆T ) decreases at slower rate than the viscosity of water

as the temperature rises. This, combined with the fact that THBM is smaller than T0 + ∆T ,

results in the lower value of DHBM
T compared to the one corresponding to the same particle

in a solvent at that temperature.
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Figure 5.6: Hot Brownian motion vs Brownian di�usion. (a) E�ective viscosity
change of a water solvent at initial room temperature. (b) Normalized di�usion due to the
increase of temperature. The data points correspond to the measured di�usion of D = 51 nm
Au NPs at T = 293, 303 and 328 K.

Inserting equations 5.7 and 5.8 in 5.6 we get an expression for the translational di�usion

coe�cient as function of ∆T :

DHBM(∆T ) ≈ kB
6πη0R

[
T0 +

(
5

12
+ αT0

)
∆T +

(
α

5

12
− βT0

)
∆T 2 − 5

12
β∆T 3

]
(5.10)

with α and β the prefactors of the second and third terms of equation 5.8 respectively. The

normalized di�usion increase, (DT −D0)/D0, is plotted in �gure 5.6 (b) and compared with

the one of a Brownian particle (equation 1.1) for a temperature increase T0 + ∆T with T0 =

293 K and the corresponding viscosity change η(∆T + T0). Note that in the range of ∆T ≤
20 K, both di�usions have a linear dependence in ∆T . Moreover, the di�usion due to HBM is

about a factor 2.5 lower than the simple Brownian di�usion for the same ∆T increase. These

theoretical predictions have been compared with the experimentally measured equilibrium

di�usion of D = 51 nm Au NPs obtained by DLS for bath temperatures T = 293, 303 and

328 K (∆T = 0, 10 and 35 K). As shown in �gure 5.6 (b), the normalized di�usion increase
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matches with the theoretical prediction accounting for the such temperature increase, for

which the Au NPs does not undergo HBM.

5.3.2 Experimental setup

In order to induce the self-propulsion of our hybrid gold-virus structures through the injection

of thermal energy, we have added a green laser in the path of our DLS setup (see �gure 5.7).

This laser, L2, is a λ = 532 nm green Diode-Dumped Solid-State (DPSS) laser Opus (Laser

Quantum) of maximum power 1.2 W and typical beam waist 1 mm. As shown in �gure

5.7, L2 shares the path of the typical Gaussian red laser beam (λ = 632.8 nm) L1, from the

pinhole, D2, to the sample, S. Thus, a linear polarizer P1 and the pinhole D3 are incorporated

to the path of the green laser in order to assure that this is also polarized and coherent. With

this considerations, we are able to use the green laser as probe for the DLS measurements and

as light source to induce thermophoresis. Since this reaches high power intensities, a Neutral

Density (ND) �lter of optical density 10, 20 or 30 has been placed in front of the detector

C to protect it from excessive laser light income. In this con�guration, we estimate that the

beam diameter at the entrance of the DLS bath measured at low intensity corresponds to

d = 2a = 1.85± 0.05 mm.

Figure 5.7: Dynamic light scattering setup for the study of self-thermophoretic
systems. Left: Scheme of the optical con�guration. Right: Picture of the actual setup.

When a spherical Au NP of radius R is irradiated by a light source, the temperature

distribution surrounding it as function of the distance to its surface, r, is given by [179]:

∆T (r) =
Q

4πKr
=
Iheatσabs(R)

4πKr
, for r ≥ R, (5.11)

K the surrounding medium's heat conductivity and Q = Iheatσabs(R), the rate of dissipated

or absorbed energy in terms of the heat �ux density Iheat and optical absorption cross-section

σabs(R). The particle's surface temperature can be then calculated from equation 5.11 as:

T (R) = T0 + ∆T (R). In �gure 5.8, it is shown the size dependence of σabs(R) at λ = 532

nm (green) and λ = 635 nm (red) obtained from Mie's theory [180, 181]. Note that there is
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a signi�cant increase (at least one order of magnitude) of the absorption cross-section when

the Au NPs are illuminated at the plasmonic resonance. Moreover, for bigger particles, a

higher absorption cross-section is expected and hence a higher increase of ∆T (r).

Figure 5.8: Absorption cross-section.
(b) Size dependence of the σabs(R) at
λ =532 nm (green) and 635 nm (red).
The plot was taken form reference [182].

From equation 5.11, it follows that Iheat and

σabs(R) are the key parameters to vary in order

to induce a increase of local temperature which

results in HBM. For an optical system without

loss, the heat �ux density is given by:

Iheat =
P

s
, (5.12)

with P the incoming beam power and s = πa2

the cross-section of the laser beam. Considering

the conditions of our experimental setup,

i.e., P = 1.2 W and a = 0.92 mm, we

estimate that a maximum heat �ux of

Iheat = 4.4 × 10−4 mW/µm2 can be injected to

the sample.

5.4 Di�usion of Janus Au-Silica particles

In this section we report our �ndings on the induced thermophoresis of Janus gold-silica

particles (Au-SiO2). They have been produced by Chiara Moretti and Benjamin Abécassis

at the ENS of Lyon, by the deposition of SiO2 on the surface of Au NPs of diameter

D = 40 ± 3.1 nm [183]. In order to induce HBM and possibly self-propulsion to these

Janus NPs, we have explored the dependence of the di�usion coe�cient as function of laser

intensity using a green laser (λ = 532 nm) in a range of beam power 5 < P < 1200 mW. As

control experiments, we have also studied the change in di�usion of core-shell Au-SiO2 NPs

and the raw Au NPs used to produce the Au-SiO2 structures.

In �gure 5.9 are shown the Janus and core-shell Au-SiO2 NPs. The average sizes

considering the longest axis measured from TEM images correspond to D = 69 ± 10 nm

and D = 108.5± 19 nm for the Janus and core-shell NPs respectively.

Before the injection of thermal energy, we have measured by DLS their hydrodynamic

diameter, di�usion coe�cients and polydispersity index (PDI) using the red laser as probe

beam. For this, the intensity correlation function of suspensions at particle concentration

C = 2.9 × 109 part/ml in a I = 5 mM Tris/HCl bu�er have been measured in the range of

angles 30o < θ < 150o and running time 120 s. Knowing that the absorption cross-section

for a red laser is at least one order of magnitude lower than the one of the green laser (see

�gure 5.8), we have used these results as the ones for incident power equal to zero (indicated
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by red symbols in �gure 5.12).

Figure 5.9: Scheme and TEM images of the Au-SiO2 nanoparticles. (a) Janus
NPs of average diameter D = 69 ± 10nm and (b) core-shell NPs of average diameter
D = 108.5± 19 nm.
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Figure 5.10: Intensity correlation function of Au-SiO2 NPs using a red laser as
probe beam. From the global �t for the (a) Janus and (b) core-shell NPs, the di�usion
coe�cient at room temperature T0 = 293 K: DT = 5.5±0.1 µm2/s and DT = 3.1±0.1 µm2/s
are obtained.

In �gure 5.10 are plotted the intensity correlation functions and independent global �ts

(see section 3.3.4) of the Janus and core-shell Au-SiO2 NPs. From the independent global

�ts (eq. 3.47) we have obtained DT = 5.5± 0.1 µm2/s and 3.1± 0.1 µm2/s as translational

di�usion coe�cients for the Janus and core-shell NPs respectively. For the raw Au NPs
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of D = 40 nm (data not shown), we have found a DT = 9.1 ± 0.1 µm2/s. These di�usion

coe�cients correspond to the ones of particles of hydrodynamic diameters dH = 77.6±1.3 nm,

136.8 ± 0.4 nm and 46.9 ± 0.5 nm for the Janus, core-shell and raw Au NPs respectively.

All are consistent with the expected double layer at these ionic conditions (for I = 5 mM,

κ−1 = 13.6 nm). The �tting values of rotational di�usion coe�cient obtained are DR =

2144.9± 106.3 s−1, 567.5± 32.5 s−1 and 5314.3± 16.3 s−1 for the Janus, core-shell and raw

Au NPs respectively. The DR of the Au-SiO2 particles is in agreement with the expected

according to equation 3.7 for their respective hydrodynamic diameters (DR = 2741.9 s−1 and

500.5 s−1). However, the rotational di�usion coe�cient found for raw Au nanoparticles di�ers

by more than a factor two from the theoretical value, DR = 12419.8 s−1. This is attributed

to the low geometrical and optical anisotropy of the raw Au NPs particles compared with

the Janus and core-shell Au-SiO2 ones. Using the cumulant method described in section

3.3.2.1, we have obtained for the raw Au, Janus and core-shell Au-SiO2 NPs a PDI = 0.02,

0.1 and 0.1 respectively.
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Figure 5.11: Green laser excitation of Janus Au-SiO2 NPs. The intensity correlation
functions and global �ts are plotted for an incoming laser power (a) P = 60 mW and (b)
P = 900 mW. For beam power above 600 mW the intensity correlation function has an
oscillation pattern related to the convective �ux velocity.

The intensity correlation functions obtained for each suspension at di�erent beam power

have been analyzed using the independent global �t. As show in �gure 5.11, the coherence

factor, β, i.e. the maximum value of g2(q, t)− 1, when the green laser is used as probe beam

is lower compared with the one using the red laser and varies with the scattering angle as

well as with the laser intensity. This, attributed to the quality of the green laser, to the

optical elements which could be not suitable for λ = 532 nm and to the optical alignment,

slightly a�ects the accuracy of our measurements. In �gure 5.12, we have summarized the

translational and rotational di�usion coe�cients as function of the input power. For the

case of Janus and core-shell Au-SiO2 NPs, we have observed a strong convection e�ect
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above P = 600 mW. Note from the inset of �gure 5.12 (b) that an oscillation pattern is

found at long decay times. This is a signature of thermal convection whose pattern is related

to the velocity of the convective �ux [184] as we will discuss in section 5.5.2.
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Figure 5.12: Summary of translational and rotational di�usion coe�cients as a
function of incoming green laser beam power. Suspensions of raw Au, Janus and
core-shell Au-SiO2 NPs experience an increase in the di�usion even at a low laser power
(below 200 mW). Moreover, above 600 mW convection e�ects are observed indicated by the
gray area.

As shown in �gure 5.12, even at the low intensities the di�usions of the Au-SiO2 systems

are signi�cantly higher than the ones obtained using the red laser as probe beam. In order

to compare all the systems we have calculated the normalized parameter (DT −D0)/D0 with

D0 the value of translational di�usion coe�cient at the lowest green laser power. As shown

in �gure 5.13, for an incoming power below 200 mW the increase of di�usion is signi�cant for

all the systems. If we compare these experimental observations with the theoretical models

of �gure 5.6 (b), for which we �nd (DT − D0)/D0 = 0.012∆T for the theory of HBM, we

estimate that in order to account for the observed increase of di�usion of the Janus Au-SiO2

NPs at power 100 mW ((DT −D0)/D0 = 3.7× 102), we must have a temperature change of

∆T ∼ 3K. According to equation 5.11, the latest result indicate that for D = 40 nm Au NPs
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whose absorption cross-section is σabs(20nm) = 3440 nm2, the heat �ux density is of about

Iheat ∼ 1.3 mW/µm2. However, from our experimental setup we expect to have a maximum

Iheat = 4.4× 10−4 mW/µm2. Where does this di�erence come from? Can we account it for

an active di�usion? Is it related to convective e�ects?

Since the highest increase is observed for the Janus particles, we have considered that

the measured di�usion DT corresponds to the long di�usivity DL (equation 5.3) which for

the active Brownian motion in 3D is written as:

DT = DHBM +
V 2

6DR

(5.13)

with DHBM their e�ective HBM di�usion, DR the rotational di�usion coe�cient and V the

speed of the directed motion. As e�ective DHBM we have considered the one obtained for

the core-shell Au-SiO2 and raw Au NPs while for the DR the rotational di�usion coe�cient

found from the global �ts (see �gure 5.12). As shown in �gure 5.14, the speed obtained for

the Janus Au-SiO2 NPs is of around tens of micrometers per second. This means that the

particles di�use about a hundred of times its size in a second making questionable that this

comes from an active motion.
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Figure 5.13: Normalized increase of di�usion coe�cients. For suspensions of raw Au,
Janus and core-shell Au-SiO2 NPs in the range of power P ≤ 100 mW a signi�cant increase
of di�usion is observed.

For comparison, we have estimated the speed in the convective regime clearly identi�ed

by the oscillation pattern in g2(q, t) (P ≥ 600 mW) using as global �t equation 5.5. The

obtained speed, added to �gure 5.14, follows the trend of the one obtained from the �active

approach�. Thus, we conclude that the observed increase of di�usion at low intensities

correspond to convective e�ects, which are not su�ciently strong to create the oscillation
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Figure 5.14: Speed of the Janus Au SiO2 NPs. The speeds calculated from the ballistic
motion approach are consistent with the typical speed found when convective e�ects are
observed.

pattern in the intensity correlation function at long times but it does a�ect the di�usion of

all the particles.

5.5 Heat induced motion of matchstick-like particles

In this section we investigate the induced thermophoresis in suspensions of matchstick-like

particles made of 18 nm Au at particle concentrations C = 0.01C∗, 0.16C∗ and 0.53C∗ in a

I = 5 mM Tris/HCl bu�er at pH 8.2. Since the gold nanoparticles used to produce these

matchstick-like structures are of smaller size than the previous example, the intensity of

scattering signal is weak. In order to assure that this is higher than the electronic noise, we

have only explored the range of incoming power of the green laser beam between 60 ≤ P ≤
1200 mW. For these experiments, we expect that due to the lower absorption cross-section

(σabs = 313.47 nm2) and the presumably lower asymmetry induced by the grafted virus

(compared to the silica shell of Janus NPs), we require a higher power in order to induce

thermophoresis in the matchstick-like structures.

In �gure 5.15, we have plotted the intensity correlation functions obtained for a sample

at C = 0.16C∗ using a beam power P = 60 and 600 mW. These have been simultaneously

analyzed using the spring-bead model described in section 4.3.1 which account for the

�exibility of the p3 proteins of the virus tip (eq. 4.8). Note that for the lowest intensity

tested, the quality of the �t is slightly lower than the one obtained using the red laser as probe

beam (compare R-Square of �gure 4.30). Moreover, as shown in �gure 5.15 (b), convective

e�ects are observed as the power increases and the quality of the �t is low (see inset). This

observation indicates that the di�usion of the structure is dominated by the speed of the
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Figure 5.15: Intensity correlation function of matchstick-like particles made of 18
nm Au NPs obtained using a green laser as probe beam. (a) For power P = 60
mW and (b) P = 600 mW, the spring bead-model that accounts for the �exibility of the p3
proteins in the virus tips is not adequate as soon as convection e�ects are observed.

convective �ux and thus we are not sensitive to the �exibility of the virus tip anymore.

In order to investigate the speed and apparent increase of di�usion as function of the

income power, we have analyzed the intensity correlation function for samples at di�erent

particle concentration using the following approach for convective e�ects.

5.5.2 E�ect of convention in the intensity correlation function
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Figure 5.16: Schematic
representation of DLS scattering
con�guration. For particles moving
with speed V the scattered electric �eld
observed by the detector will have a
frequency change due to the Doppler
e�ect.

Let us consider a sample composed of spherical

particles of dimension small compared to the

wavelength moving at a convection �ux velocity

V.

When a particle within the sample is

illuminated by a laser beam of wavelength λ,

the resulting electric �eld will have a frequency

change due to the Doppler e�ect. Thus, the

scattered electric �eld Es(q, t
′) as seen by the

detector (see �gure 5.16) will have a scattered

frequency ωs given by [185] :

ωs = ω + ∆ωi + ∆ωf , (5.14)

where ω ≡ 2πc/λ is the frequency of the incident

laser beam, −∆ωi ≡ ω(Vin/c) the frequency

lowering as seen by the moving particle and ∆ωf ≡ ω(Vfn/c) the frequency increase as

seen by the detector.
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Note that the Doppler shifts are in terms of the velocity projections Vi and Vf in the

directions of incidence and scattering respectively. Then, the scattering frequency is written

in terms of the velocity V as:

ωs = ω − ki ·V + kf ·V

= ω − (ki − kf ) ·V ≡ ω − q ·V,
(5.15)

and therefore the scattered �eld is

Es(q, t) ∼ E0kse
−iωteiq·Vt, (5.16)

where q = ki−kf is the scattering vector of magnitude q = 4πn sin(θ/2)/λ. From equations

3.12, 3.13 and 5.16, it follows that the intensity correlation function of an active particle

measured by DLS is equal to an ensemble average of a phase factor exp(iq ·Vt) [102].
In the simple case of a velocity gradient parallel to the convective �ux, the change of

phase in the intensity correlation function is reduced to [184]:

g2(q, t)− 1 = 4β cos2(cos(φ)qV t) exp(−2DT q
2t) (5.17)

with φ the angle between the scattering vector q and the speed V.
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Figure 5.17: Model for convection vs simple ballistic model. The global �ts of the
convection model for free parameter φ (a) and ballistic motion (b) recover almost the same
di�usion coe�cient. The obtained speed for both models is in the same order of magnitude
however, only the convection e�ect recover e�ectively the oscillation pattern.

In �gure 5.17 (a) is shown the global �t using equation 5.17 to analyze our experimental

data for P = 600 mW. Note that this model recovers properly the �rst decay related to

the translational di�usion coe�cient. However, the change of phase φ does not account

completely for the oscillation pattern. This could be attributed to the fact that the convection

�ux is not necessary symmetric and thus the direction of the speed changes respectively for

each measurement. This model is compared in �gure 5.17 (b) with the one for simple ballistic
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motion of equation 5.5. In the error bar, both models recover the same translational di�usion

coe�cient. However, a di�erence of ∼ 30% is observed between the speeds obtained.

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 03
4
5
6
7
8
9

1 0
1 1
1 2
1 3

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

8 . 9

1 1 . 3
1 2 . 6 1 2 . 5

7 . 2
8 . 6 8 . 9 9 . 6

5 . 5 5 . 7 5 . 9 5 . 9
7 . 1

1 1 . 0
1 1 . 9 1 2 . 4

6 . 3

8 . 6
9 . 4 9 . 8

5 . 5 5 . 9
7 . 0 6 . 7

4 . 5
4 . 6

4 . 1

1 4 8 . 4

5 9 0 . 4

8 4 7 . 3

1 0 8 7 . 0

1 5 . 1

2 4 5 . 0
4 0 5 . 6

5 1 1 . 6

0 . 0 0 . 0 0 . 0 0 . 00 . 0

4 2 8 . 3

7 6 4 . 2

1 0 2 6 . 1

0 . 0
1 6 1 . 4

3 2 7 . 6
4 6 0 . 5

0 . 0 0 . 0 0 . 0 0 . 0

U s i n g  g r e e n  l a s e r :
 C  =  0 . 5 3  C *
 C  =  0 . 1 6  C *
 C  =  0 . 0 1  C *

U s i n g  r e d  l a s e r :
 C  =  0 . 5 3  C *
 C  =  0 . 1 6  C *
 C  =  0 . 0 1  C *

Tra
ns

lat
ion

al 
dif

fus
ion

 co
eff

icie
nt,

D T
 [µ

m2 /s]

B e a m  p o w e r ,  P  [ m W ]

U s i n g  g r e e n  l a s e r :
 C  =  0 . 5 3  C *
 C  =  0 . 1 6  C *
 C  =  0 . 0 1  C *

Sp
ee

d, 
V [

µm
/s]

B e a m  p o w e r ,  P  [ m W ]
Figure 5.18: Summary of the heat induced motion of matchstick-like particles
made of 18 nm Au NPs. Translational di�usion coe�cient (top) and speed (bottom)
obtained from the global �t equation 5.5 for di�erent particle concentrations as function of
the incident beam power.

For sake of simplicity, we have analyzed the samples at di�erent particle concentration

using the ballistic model of equation 5.5. The apparent di�usion coe�cients and speeds

found for each one are summarized in �gure 5.18. As shown in the plot, from the lowest

intensity there is a signi�cant increase in the e�ective di�usion coe�cient compared with

the one measured using the red laser as probe beam. Moreover, a higher di�usion coe�cient

and speed is found as the particle concentration increases. Note that for C = 0.01C∗, the

global �t converges to a speed V = 0. However, an apparent increase of di�usion as the

power increases is observed. This is similar to our �ndings on the Janus Au-SiO2 NPs for

which the convection e�ect is not as high to create the oscillation pattern in the intensity

correlation function but still a�ects the particle di�usion. When we try to �t with equation

5.5, this does not account for such small speeds and hence it converges to zero but still

corresponds to a convection e�ect.

Note that the speed increases signi�cantly with the income green laser power even when

we expect to have a lower change of temperature due to the smaller light absorption for this
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nanoparticle size (in contrast with the Janus Au-SiO2). This e�ect could be related to the

possibility to orient our structures thanks to the vial �tail� making them more sensitive to

weak �ow or convection.

5.6 Discussion and conclusions

In this chapter we have explored the possibility to induce self-propulsion to anisotropic

hybrid colloidal particles made of Au NPs. As propulsion mechanism, we have used the

temperature and viscosity pro�les created around Au NPs when these are irradiated at the

plasmonic resonance combined with the structural asymmetry of Janus Au-SiO2 NPs and

matchstick-like gold-virus structures.

In order to inject thermal energy, we have implemented a DLS setup with a green laser

beam of maximum power I = 1.2 W. This has been used as both probe beam and as energy

source. For all our samples, we have observed an apparent increase of di�usion when we inject

green light, i.e, when we irradiate the Au based hybrid colloids at the plasmonic resonance.

However, this increase in di�usion cannot be accounted by the increase of temperature

according to the incident power of our experimental setup. Thus, we have concluded that

this is related to convective e�ects which in�uence the di�usion of our structures even at low

power. For the matchstick-like structure, which could be easily aligned in the direction of the

convective �ow, we have measured a convection �ux speed between tens and one thousand

of micrometers per second despite the low light absorption of the nanoparticles attached to

their tips.

It is known that absorption of laser radiation can lead to buoyancy or natural convection

currents [184]. This e�ect could be attributed to the local heating of the liquid along the beam

path [186] and to a possible thermal-lensing e�ect [187] which create a vertical temperature

gradient and for some critical value, convection. The condition for the appearance of free

convection is given by the Rayleigh number [186]:

Ra =
gαh3∆T

νχ
(5.18)

where h is the characteristic length of the optical path and α, ν and χ the thermal expansion

coe�cient, kinematic viscosity and thermal di�usivity of the medium (for water: α = 2.1×
10−4/K, ν = 1 × 10−6 m2/s and χ = 0.143 × 10−6 m2/s). For the condition of our DLS

experiment, for which the optical path corresponds to the size of the cylindrical cell of 1

cm, we estimate a Ra ∼ 1 × 104. This represent a signi�cant value for which convection is

expected [186].

Thus, in order to avoid convection e�ects, we suggest to work in thinner samples such as

the ones prepared for optical microscopy. Using an optical microscope could sound promising

from the point of view of the HBM theory, for which decreasing the beam size is translated

as an increase of injected energy and hence of temperature (see equations 5.11 and 5.12).
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However, concentrating light using a laser beam could induce optical forces/trapping on the

particles due to the intensity gradient of the illumination [188]. The necessary condition to

optically trap a particle of radius a is that the potential well of the gradient force trap should

be much larger than the kinetic energy of the colloidal particles, i.e., exp(−U/kBT )� 1 [189],

with the potential energy

U ∝ 2a3P

w2
0

, (5.19)

proportional to the nanoparticle size, laser beam power P and beam waist w0. By using an

objective lens we decrease w0 resulting in an increase of potential energy of the trap. Thus,

an optical microscopy setup to induce HBM to colloidal/nano particles is not trivial to do

since it requires a �ne-tuning of the experimental parameters in order to observe HBM and

avoid optical trapping at the same time.
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6.1 Soft colloidal particles

The simplest colloidal systems consist of hard-spheres. These, leaded by their in�nite

repulsion at contact, exhibit an entropy driven phase behavior determined by the volume

fraction [2]:

φ =
N

V
Vsph, (6.1)

de�ned as the fraction of the total volume, V , that is �lled by N spheres of volume Vsph.

Hard-spheres form close-packed structures with face-centered cubic (FCC) or hexagonal close

packed (HCP) organization [190, 191] at relatively low volume fraction (φ ∼ 0.58) compared

with particles such as polymers for which only liquid-like order is reached at very high volume

fractions (φ > 1). This is possible because in polymers the elasticity of the chains and the

existence of interdigitation dominate their dynamics. The term �soft colloids� refers to the

special class of particles with a dual character somewhere between polymers and hard spheres

[192].

The �softness� of a colloidal particle, linked to the pair potential between them, could be

interpreted as a degree of compression beyond its e�ective radius [193]. This can be achieved

as a consequence of the steric mechanism to stabilize colloidal particles such as grafting

polymers to their surface as well as from the particles themselves which could be elastic and

deformable. Examples of soft colloids are microgels [36], micelles [194] and star polymers

[195]. Recent studies in colloidal sciences address soft particles from a broad range of

materials, chemical compositions and architectures such as the ones schematically illustrated

in �gure 6.1. These materials exhibit structural and mechanical properties that contrast from

the ones of hard-spheres as result of their wide-ranging soft interaction potential at contact

and beyond [196].

Figure 6.1: Soft colloids. Sketch of spherical soft colloidal particles with decreasing softness
from left to right. Image was adapted from reference [196].

6.1.2 Phase diagram of soft colloids

The phase behavior of soft colloids exhibits similarities with the one of hard-sphere

suspensions. As shown in �gure 6.2, with increasing volume fraction, the hard spheres

go from a disordered �uid phase to an ordered crystalline phase through an intermediate
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�uid-crystal coexistence regime. Then, above a critical volume fraction of φ ∼ 0.58, a

disordered amorphous glass whose particle positions are uncorrelated is formed. Moreover,

beyond the upper limit of the glassy region, the particles are forced into contact in a jammed

state. A similar sequence of phase transitions is undergone by soft colloids. However,

signi�cant quantitative di�erences are observed as the level of �softness� increases [196].

For example, colloidal star polymers made of a very small deformable core and a corona

consisting of grafted long polymer arms, considered as ultra soft colloidal spheres, exhibit

deformability, swelling/deswelling and interpenetration [192]. Thus, the location of phase

transitions seems to occur at higher volume fractions than those of hard-spheres. Moreover,

star polymers exhibit a narrower or even nonexistent phase coexistence region.

Figure 6.2: Schematic phase diagram of soft colloids as function of their e�ective
volume fraction. The di�erent states: �uid (F, the blue-shaded regions), crystal (C),
coexistence (F + C), glass (G), and jammed (J) for a) hard spheres, b) microgels, c)
star polymers and d) polymeric coils. The solid black vertical lines represent established
transitions whereas red dashed lines those whose universality is still debatable. Image was
adapted from reference [196].

In general, soft colloids exhibit an extended �uid phase as the softness increases. This is

related to their soft repulsive potential at large and short inter-particle distances [197]. The

fundamental understanding of phase formation in soft colloids is of interest to predict and

control physical properties such as viscoelasticity [195].

In order to explore the phase diagram of colloidal particles, di�erent methods have been

used to increase the particle concentration and hence φ. The most simple approaches

include the centrifugation of the suspension, for which the particles are sedimented and

the supernatant is removed, and membrane ultra-�ltration [198], for which part of the

solvent goes away through the pores of the membrane while the colloids stay in a more
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concentrated suspension. An alternative method to vary φ is to locally concentrate the

structures by adding non-adsorbing hydrophilic polymer to the system, which induces an

e�ective attraction between particles called depletion.

Figure 6.3: Illustrations of depletion interaction. (a) For a mixture of colloidal spheres
of diameter σ and non-absorbing polymer of diameter 2δ there is an excluded volume region
inaccessible for the polymer associated with each colloid. Their overlap results in a decrease
in the total volume available to the depletant. The maximization of entropy results in
an e�ective attraction between colloidal particles. (b) The depletion of chiral rod-like
viruses and Dextran polymer of radius of gyration Rg ∼ 20 nm results in the formation
of membranes[199] and twisted ribbons [200] as the polymer concentration increases while
the one with PEG8k of Rg ∼ 4 nm results in helical platelets [201] and smectic �brils [202].

The depletion is an entropy driven phenomena associated with the size and concentration

of the polymer (or depletant) mixed with colloids. As shown in �gure 6.3(a), when spherical

colloidal particles and polymers of diameters σ and 2δ respectively are mix together, a

depletion layer of thickness equal to the radius of the polymer is created around the colloids.

Then, when two depletion layers overlap, i.e., when the colloids approach closer than 2δ, the
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polymer cannot access the excluded volume formed . This results in a di�erence of osmotic

pressure due to the increase of free volume available for the polymer. Since the entropy is

maximized when the colloids are close to each other, their clustering is favored. Asakura

and Oosawa were the �rst to develop a theory for the e�ective interaction between colloids

and polymers [203] showing that its intensity and range are determined by the concentration

and diameter of the depletant with respect to the colloid size respectively.

As shown in �gure 6.3(b), the mixture of rod-like viruses of diameter∼ 7 nm and polymers

of di�erent size exhibits a rich variety of formed structures. For instance, in the presence

of Dextran500k, a complex branched glucan polymer whose size is larger than the particle

diameter, i.e., radius of gyration Rg ∼ 20 nm, the rod-shaped viruses self-organize into

structures with liquid-like order normal to the virus long axis such as membranes [199] and

twisted ribbons [200]. Moreover, for a short-ranged depletion attraction, i.e., for a smaller

size of the polymer such as Poly-Ethylene Glycol of molecular weight 8kDa (PEG8k) of

Rg ∼ 4 nm, the self-assembled structures are helical platelets [201] and smectic �brils [202]

which posses crystalline or long-ranged positional order in the three spatial dimensions. In

the context of soft colloids, the question about the role of the softness in the behavior of soft

colloid�polymer mixtures is raised.

In this chapter, we study the phase behavior of our hybrid colloidal star particles as model

system of soft colloidal spheres. For this purpose, we have identi�ed two regimes, a dilute

regime for which the particles do not interact with each other and a dense regime for which

there is interdigitation of the viral arms. The dynamics in both regimes has been studied

by single particle tracking through optical microscopy observations. Moreover, in the dilute

regime, our results are compared with the ones obtained by dynamic light scattering. After

studying their dynamics, we have also explored the possibility to induce the self-assembly of

these structures by tuning their interaction into an attractive one by depletion.

6.2 Dynamics and structure of colloidal star particles

In this section, we report our investigations on the dynamics of colloidal stars (CS) in dilute

and dense regimes. As described in section 2.3.1, these hybrid structures are made of a gold

nanoparticle (Au NP) core of D = 51± 6 nm and a viral corona of average valency, i.e., the

number of grafted viruses, < n >= 23± 6 (see �gure 6.4). We have evidenced in chapter 4

that the p3 protein tips of the virus are �exible. Hence, the viral arms of the CS, which are

linked to the Au NPs core by that tip, are allowed to re-orientate around it. Thus, we have

�rst considered our CS as �soft� spheres of diameter equal to two virus length, i.e. σ = 2 µm.

According to the core-to-core distance between colloidal stars, Ra, we have a priori

identi�ed three di�erent regimes: dilute, dense and overlap. As shown in �gure 6.4, in the

dilute regime Ra is higher than their diameter σ so star particles mostly do not interact

with each other. In the dense regime, found between 1 µm < Ra < 2 µm, we expect an
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Figure 6.4: Colloidal star particles. TEM image (left) and expected regimes de�ned
according to the core-to-core distance Ra (right).

interdigitation of viral arms and for Ra < 1 µm, we de�ne the overlap regime.

Figure 6.5: Sketch of a FCC crystal
structure of typical length a.

The particle concentration of each of these

three di�erent regimes has been calculated as

function of the optical density (OD) of the

suspension considering the �nearest neighbor

separation�, dnn, of a face-centered cubic (FCC)

crystal symmetry. As shown in �gure 6.5, for the

FCC crystal there are n = 12 nearest neighbors

which are located from the reference point at a

distance dnn = a/
√

2. Thus, from equation 6.1,

it follows that the nearest neighbor separation in

this arrangement as function of the volume fraction is given by:

dnn =

(
16π

φ

)1/3
r√
2
, (6.2)

with r the radius of the spheres arranged in a FCC lattice. Assuming that for all

concentrations the FCC organization is kept and hence the nearest neighbor separation

is equal to the core-to-core distance, Ra, we substitute in equation 6.2, φ = N/V (4πσ3/3),

to get the relation as function of the colloidal star concentration N/V :

Ra =

(
12

N/V

)1/3
1√
2
. (6.3)

In a suspension of colloidal stars, N/V is given in terms of the OD of the 51 nm Au NP

core according to equation 2.2. Thus, it follows that:

N

V
=
OD520NA

ε520

(6.4)
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with NA the Avogadro's number and ε520 = 1.94 × 1010 M−1cm−1 the speci�c extinction

coe�cient of Au NPs of diameter D = 51 nm. From equations 6.3 and 6.4, we �nd that the

OD for which the colloidal stars are at Ra = 1 µm and 2 µm, corresponding to the ones that

delimit the dense regime, are OD = 17.1 (5.3×1014 part/ml) and 136.7 (4.2×1015 part/ml)

respectively. Experimentally, we have explored the dynamics of colloidal stars in the range

of 0.01 < OD < 140. Moreover, we have chosen to work in a I = 110 mM Tris/HCl bu�er

at pH 8.2, with an associated Debye screening length of κ−1 = 0.9 nm, in order to strongly

screen the electrostatic repulsion between viruses to facilitate their interdigitation.

6.2.1 Dilute regime

In the dilute regime, for which the inter-particle interaction is negligible, we have studied

the dynamics of the CS by means of single particle tracking using optical microscopy and

dynamic light scattering. In �gure 6.6 are shown confocal �orescence microscopyi images

taken in a Zeiss LSM 980 microscope at a frame rate of 35 frames per second (fps). The

snapshots evidence that beyond the rotational motion of the structure, the viral arms change

their orientation thanks to the �exibility of the gold-virus link (p3 protein).

Figure 6.6: Confocal �uorescence microscopy images of colloidal star particles.
Thanks to the �exibility of the gold-virus link, the viral arms change orientation freely in
the dilute regime.

For suspensions at OD = 0.03 and OD = 0.05, we have measured the self-di�usion of

the CS by single particle tracking as described in section 3.2.2 on one hand by �uorescence

iConfocal microscopy is a advanced technique which o�ers 3D imaging increasing the optical resolution
and contrast of a micrograph by means of a spatial pinhole [204].
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(FLUO) microscopy at a frame rate of 195.57 fps and on the other hand, by dark �eld (DF)

microscopy thanks to the Au NP in the core at a frame rate of 762 fps. Note from �gure

6.7, that the position of the center of mass obtained from the DF observation is of higher

accuracy than the one obtained form the FLUO observations. The latest statement stems

from the fact that in order to obtain the center of mass position via FLUO microscopy we

�t the signal coming from the moving labeled viral arms whereas by DF the position is

determined from the Au NP core which is obtained with a sub-pixel accuracy thanks to the

size and signal over noise ratio.

Figure 6.7: Single particle tracking of colloidal star particles. For the detection
using �uorescence (FLUO), we determine the center of mass position from the intensity
pro�le given by the labeled viral arms (top), while using dark-�eld (DF) from the scattering
signal of the gold core (bottom).

In �gure 6.8 are plotted the mean square displacements (MSD) obtained for DF and

FLUO approximately from 60 and 110 traces respectively. Note that for this number of

trajectories the statistical noise in the calculated MSD is high after ∼ 2 s after which the

MSD has therefore, no physical meaning. For the DF observations taken at a higher frame

rate compared with the FLUO ones, we �nd two regimes: a subdi�usive regime of di�usion

exponent, γ ∼ 0.5 and, above the crossover time of τ = 50 ms−1, a di�usive regime of γ ∼ 1

(see section 3.2.2). This could be attributed on one hand to the lower time resolution given

by the frame rate of the FLUO observation, or in the other hand, to an e�ect due to the

internal degree of freedom coming from the �exibility of the gold-virus link. Using equation

3.6 for two dimensions, i.e., n = 2, we �nd DT = 0.25 µm2/s and DT = 0.30 µm2/s from

the FLUO and DF microscopy experiments, respectively. According to equation 1.1, these

di�usions correspond to the ones of spheres with diameter σ = 1.7 µm and σ = 1.4 µm

respectively. The σ obtained from the FLUO observations is consistent with the expected

size of CS, i.e., ∼ 2 µm, however the one from the DF deviates signi�cantly. From the

di�erence in the di�usion coe�cients obtained ∆D = DDF
T −DFLUO

T = 0.05 µm2/s and the
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cross over time of the DF observations τ = 50 ms−1, we estimate the characteristic length

L =
√

∆D × τ = 50 nm which is related to the internal degree of freedom of the Au NPs

being probed by DF microscopy.

Figure 6.8: MSD of colloidal star particles in the dilute regime. The MSD obtained
from the �uorescence (FLUO) observation for OD = 0.03, recorded at 196 fps, exhibits
a single di�usive regime, from which we obtain DT = 0.25 µm2/s. From the dark-�eld
measurements (DF) of OD = 0.05 at 762 fps, we �nd two regimes: one subdi�usive at short
times, i.e., γ ∼ 0.5 and one di�usive regime at longer times, i.e., γ ∼ 1. The cross over time
of these regimes is found at τ = 50 ms−1. From the di�usive regime we obtain a translational
di�usion coe�cient of DT = 0.30 µm2/s. The gray region indicates the time for which the
statistical noise is high for a proper determination of the MSD.

In chapter 4, we have shown that the Au NPs have an extra degree of freedom related to

the �exible link at the virus tip to which we are sensitive by probing only the Au NPs involved

in the hybrid structures. Here, we consider that the measured di�erences between the FLUO

and DF observations, for which di�erent components of the structure are probed, have the

same origin. Thus, we have also studied the di�usion of the CS by dynamic light scattering

(DLS). The intensity correlation function of a dilute suspension of CS at OD = 0.05 has

been measured in the range of angles 30o < θ < 150o and running time of 20 minutes.

Similarly to our observations in the matchstick-like structures of chapter 4, the scattering

signal of the CS is mainly coming from the bead in their core. Hence, we have simultaneously

�t our experimental data with the spring bead model of section 4.3.1, i.e., equation 4.8 with

�xed parameters: DT = 0.25 µm and DR = 0.26 s−1, corresponding to the di�usion obtained
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via FLUO observations and the rotational one of the equivalent sphere according to equation

1.1 respectively.

The free parameter β is shown as function of the angle in �gure 6.9(b). As global

parameters, we �nd A = 0.54, < r2 >= 4.3 ± 0.1 × 10−3 µm2 and λ = 0.12 ± 0.01 ms−1.

From these parameters, we obtain a root mean square displacement, rmsd = 66 nm which is

compatible with our observations for matchstick-like structures and with the characteristic

length obtained by single particle tracking. Moreover, using equations 4.6 and 4.7, we obtain

a κ = 232 kBT/µm2 and a friction coe�cient γ = 1.9 kBT s/µm2 which is related to the

e�ective di�usion of the bead Deff
T = kBT/γ = 0.5 µm2/s which is self-consistent with the

model. Note that the spring constant is similar to the one found for matchstick-like particles

(see �gure 4.18) which is in agreement with the fact that the �exibility is due to the p3

proteins of the viruses. However, the friction coe�cient is of about one order of magnitude

higher than the one found for matchstick-like particles: γ = 0.28 kBT s/µm2. This di�erence

can be interpreted as the friction mostly originates from the presence of viruses and it is

proportional to the factor given by the valency of our CS, i.e., ∼ 20.
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Figure 6.9: Spring-bead model of colloidal stars. (a) The intensity correlation function
in the range of angles 35o < θ < 150o is analyzed for �xed DT = 0.25 µm2/s and DR =
0.26 s−1 corresponding to the translational and rotational di�usion coe�cients obtained from
the FLUO observations. The global parameters correspond to < r2 >= 4.3±0.1×10−3 µm2

and λ = 0.12 ± 0.01 ms. (b) The free parameter β is plotted as function of the scattering
angle θ.

From these results, we conclude that when we probe the bead of the CS particles, the

di�usion is also in�uenced by the �exibility at the virus tips and it is related to the number

of viral arms forming the structure. The comparison between single particle tracking and

dynamic light scattering evidence that the observations by DF microscopy are a most direct

method to study the dynamics and internal degree of freedom of the Au NPs without the

need of a model or input information about the system such as the case of DLS.
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6.2.2 Dense regime

In order to investigate the di�usion and structure of the colloidal stars when the particle

concentration is increased, we have centrifuged ∼ 500 µl of a suspension at initial OD = 5.2

in a 2 cm height Eppendorf tube for 2.5 hours and 2 500 g. These conditions have been

chosen to carefully sediment the structures so they can be easily redispersed. After the

centrifugation steps, the OD has been measured and the typical distance between particles

estimated using equations 6.3 and 6.4. Lower concentrations have been reached by diluting

with bu�er the concentrated suspension.

We have studied the dynamics of suspensions of CS in the di�erent regimes by DF

microscopy for which we are able to track the center of mass of the structure located at

the Au NPs core. For this purpose, the MSD has been calculated for the traces extracted

from movies recorded at a frame rate of 762 fps. In �gure 6.10 are shown DF images of

suspensions at OD = 1.2, which is in the dilute regime, OD = 10.7, which is below the lower

limit of the dense regime (OD = 17), and OD = 122, which is close to the high limit to the

dense (OD = 136.7). In order to obtain the particle's positions, we have �xed the detection

parameters in such a way that we only track the particles in focus, i.e., the ones whose shape

is small and have high scattering signal.

Figure 6.10: Dark-�eld observations of colloidal stars at di�erent regimes. Using
this technique, only the gold core at the center of the colloidal star structure are observed.
As the particle concentration increases, a local ordering stars to appear.

In �gure 6.11 are shown for the OD = 122, bright �eld (BF) and Di�erential Interference

Contrastii (DIC) microscopy images at di�erent magni�cations. Note that for 100x

magni�cation in the BF and DIC observations we are able to visualize the particle positions

with some local organization. In order to have a better understanding of the overall behavior

of the system, we have observed them at lower magni�cation. In the DIC image at 40x, we

�nd a �layered� texture.
iiDi�erential interference contrast microscopy is a technique which enhances the contrast at interfaces

between two regions of weak spatial variation of the refractive index [204].
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Figure 6.11: Structure of colloidal stars at OD = 122. (a) For the high magni�cation
we only observe the position of the center of the particles. However, in a lower magni�cation
we get a better picture of the global organization for which a layering texture is observed.
(b) The Fast Fourier Transform (FFT) exhibits a maximum of intensity. This is translated
to a typical distance of about 1.1 µm within the layers.

We have estimated the layer spacing from the Fast Fourier Transformiii (FFT) of the DIC

image at magni�cation 40x using ImageJ software. As shown in �gure 6.11 for a FFT image

of size 512 pixels we �nd a broad intensity region in q which corresponds to the characteristic

distance of the system. The radial integral of intensity shows a minimum at 61.3 pixels from

the center. This value is related to the distance x in the real space by:

x =
2n× FFT(size)× Pixel size

q
(6.5)

with n the binning, FFT(size) is the size of the FFT image. For a binning 1 and Pixel size

= 0.065 µm, we �nd that the typical distance between layers is 1.1 µm corresponding to the

virus length scale. This evidence the local ordering of the structures at high OD.

From the DF videos, we have obtained the MSD for di�erent concentrations. These are

shown in �gure 6.12. At long times, the MSD exhibits a di�usion exponent γ which is related

to the di�usion rate D while at short times we �nd γ2 related to the second di�usion rate

iiiThe Fast Fourier Transform is an algorithm that computes the discrete Fourier transform to convert a
signal from the real space to the reciprocal space [205].
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D2. Note that as the OD increases the statistical noise at long times decreases as we loose

less and less particles during the tracking.

Figure 6.12: MSD of colloidal star suspensions at di�erent OD. For a frame rate
of 762 fps, all the curves exhibit two regimes. The di�usion rate and exponent D and γ2

decreases as the OD increases. Moreover, for high OD the statistical noise is lower due to
the ability to track longer trajectories of particles with slow di�usion.

In �gure 6.13, we have collected the di�usion exponent and di�usion rates found for the

two regimes. As shown in the �gure 6.13(a), only above a core-to-core distance of ∼ 7 µm,

i.e., below OD = 0.3, the particles move in a di�usive regime of γ ∼ 1. For higher OD,

the di�usion rate and exponent decrease progressively into a state of limited motion. This,

combined with the DIC observations suggest that at the OD = 122 we have a jammed state.

Note from �gure 6.13(b), that at short times, γ2 and D2, remain around the same value in

the dilute regime and only decrease in the dense one. We believe that γ2 and D2 are related

to the �exibility of the gold-virus links. The fact that these decrease only when Ra < 2 µm is

in agreement with the expected interdigitation of viral arms after which their reorientation

and hence their di�usion is limited.
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Figure 6.13: Summary of di�usion rate and exponent for di�erent OD. At long
times (a) γ and D and at short times (b) γ2 and D2, are obtained from the MSD calculated
for approximately 50 to 110 trajectories.

6.2.2.1 Self-organization induced by depletion attraction

In order to induce the self-organization of the colloidal stars, we have promoted their e�ective

attraction by depletion using Dextran (Dex) and Polyethylene glycol (PEG/PEO) polymers

of di�erent molecular weights. For the PEG, whose radius of gyration is given by RPEG
g =

0.0215M0.583
w [206], three di�erent ones have been used: the PEG8k, PEG35k and PEO100k

of Rg = 4.0 nm, 9.6 nm and 17.7 nm respectively. For the Dextran polymer whose radius of

gyration is given by RDex
g = 0.0215M0.583

w [207], we have worked with Dex150k and Dex500k

of Rg = 10.9 nm and 19.7 nm respectively. Note that the ranges of Rg partially matches

between the two polymers. For polymers of about the same size, we expect to obtain a

similar range of depletion interaction.

Stocks solutions of polymer in I = 110 mM Tris/HCl bu�ers have been prepared before

adding it to the suspensions of CS containing 3 to 5 red labeled viral arms of the total

valency of < n >= 23 for their observation via optical microscopy.

In �gure 6.14 are summarized the initial conditions explored for the di�erent PEG/PEO

polymers. For the three sizes, we have observed by DIC the self-assembly of colloidal

stars into �ber-like structures which kinetics increases with by the CS concentration. For

instance, at low concentrations the �ber structures are formed after a few days while at high

concentrations they self-organize immediately after adding the polymer. As shown in �gure

6.15, for the PEG8k the �bers are mostly single chains which, thanks to free arms that are

not involved in the main chain, could form branches. For the PEG35k and PEO100k which

induce a higher depletion range due to their bigger size, the �bers are mostly composed by

multiple chains made of more than one Au NPs per layer (see scheme in �gure 6.15).

In �gure 6.17 are shown color DIC images of the �ber-like structures. Note that either

for single or multiple chains, a pinkish color is highlighted at their nodes. These observations
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Figure 6.14: Phase diagram as a function of the initial, i.e., just after mixing,
colloidal stars and PEG/PEO concentrations. For the three di�erent sizes of
PEG/PEO, i.e., Rg = 4.0 nm for Mw =8 kDa, Rg = 9.6 nm for Mw =35 kDa and Rg = 17.7
nm forMw =100 kDa, and independently of the CS concentration, we observe the formation
of �ber-like structures. These are composed by single or multiple chains.

con�rm that the nodes are made of Au NPs since it corresponds to their typical color in

suspension. Using ImageJ software, we have estimated the distance between the Au NP

layers by measuring the gray level for a given number on layers. The typical layer distance,

as shown in �gure 6.17(b), is obtained form the separation between two intensity minima.

On average, we have found that the Au NPs are spaced by 1.0 µm. This means that the

local concentration of structures is in the dense regime for which there is interdigitation.

Moreover, that the typical distance corresponds to the virus contour length indicates that

they possess a lamellar or smectic order.

In order to investigate the organization of viruses within a �ber, we have compared images

obtained using bright �eld (BF), dark-�eld (DF), di�erential interference contrast (DIC) and

�uorescence (FLUO) microscopy. Example of these are shown in �gure 6.16.
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Figure 6.15: Self-organization of colloidal stars into �ber-like structures. Left:
When PEG8k is added to a suspension of colloidal stars they mostly organized in single
chains which can have branches. Right: For the PEG35k and PEO100k multiple chains
share viruses from di�erent colloidal stars.

Figure 6.16: Optical microscopy observations of �ber-like structures. From left to
right are shown bright �eld (BF), dark-�eld (DF), di�erential interference contrast (DIC)
and �uorescence (FLUO) microscopy images of the same structure. Viruses from multiple
stars organize into bundles perpendicularly aligned with respect to the layer of gold beads.
Moreover, the beads seem very close to each other but not necessarily aggregated.

From the FLUO images, we have observed that viruses belonging to di�erent colloidal

stars are brought together into multiple thick bundles perpendicularly aligned to the Au

NPs layer. As shown in the DF images, we can di�erentiate two or three separated beads in

a layer, however, beads that are placed at a distance below the resolution of our microscope

(∼ 250 nm) look like a single bigger bead. We expect that the viruses grafted at the surface

of the gold act as stabilizer so, as shown in �gure 6.18, there is space between the beads of
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a layer. For a better understanding of the Au NPs layer organization, Small-angle X-ray

scattering (SAXS) experiments are suggested.

Figure 6.17: Fiber-like structures. (a) Color di�erential interference contrast (DIC)
microscopy images of structures taken for a suspension prepared with PEG8k. The pinkish
color comes from the absorption of gold nanoparticles. (b) The distance between the gold
layers of a chain is obtained from the gray level of the DIC image. For a total of 9 layers
we have measured a distance of 9.03 µm indicating that the layer spacing corresponds to
1.0 µm.

Figure 6.18: Bright �eld image of a
�ber-like structure (left) and sketch of the
expected Au NPs layer within it (right).

As �nal step, we have tried to promote

the organization of morphologies using Dextran

polymer of di�erent sizes. For this purpose, we

have mixed CS suspensions with Dex150k and

Dex500k whose radius of gyration are close to

the ones of PEG35k and PEO100k respectively.

In �gure 6.19 are summarized the di�erent

conditions prepared and observed by DIC

microscopy. For all the suspensions, we have

followed the evolution for weeks and not found

the formation of any structures. However, we

have observed the deposition of CS at the glass

surface which could be related to an extra e�ect of depletion induced by the walls.

Considering that the range of depletion interaction is about the same order of

magnitude due to the similarities in Rg for PEG and Dextran, we have expected that the

self-organization results in similar �ber-like structures. However, we �nd that the chemical

nature of the polymer in�uences the self-organization of our structures. Such behavior has

not been so far seen for virus-based self-assemblies [200, 202, 208] at a �xed molecular weight.

Thus, this e�ect could be associated with some polymer adsorption at the Au surface and

certainly needs further investigation.
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Figure 6.19: Phase diagram as a function of the colloidal stars and Dextran
concentrations. For the di�erent sizes of Dextran, i.e., Rg = 10.9 nm for Mw =150 kDa
and Rg = 19.7 for Mw =500 kDa, (left) the structures do not exhibit any self-organization
but only are deposited on the glass surface (right).

6.3 Discussion and conclusions

In this chapter we have investigated the dynamics and self-organization of colloidal star

particles made of a single Au NP core and multiple viral arms in the dilute and dense

regimes de�ned as a function of the core-to-core distance.

Thanks to the high scattering signal of the 51 nm Au NP at the core of the structure we

are able to study their di�usion either by DLS in the dilute regime or by dark-�eld in both

dilute or dense regimes. Moreover, thanks to the possibility to label the viral arms we also

have observed them by �uorescence microscopy.

In the dilute regime, we have calculated by single particle tracking (SPT) the MSD in

similar conditions using FLUO and DF microscopy. Our �ndings show that, similarly to the

matchstick-like particles in chapter 4, we have evidenced some positional internal degree of

freedom due to the virus tip �exibility. This is related to a subdi�usive regime (γ < 1) at

short times in the MSD determined by DF. Moreover, the spring-bead model, shows to be

adequate to �t the intensity correlation function obtained by DLS of the CS particles. From

a practical point of view, we have found that the SPT using DF microscopy is the most

direct way to study the CS dynamics since all the information can be extracted from the

MSD calculation whereas in DLS there is the need of a priori knowledge of the system as

well as of a proper model to interpret the intensity correlation function.

We have compared the di�usion exponent, γ, and di�usion rate, D, of the colloidal

stars as function of the particle concentration. Our �ndings show that the dynamics of

the structures is frozen in the dense regime suggesting the formation of a jammed state.

Moreover, we also observe a decrease in the di�usion exponent γ2, related to the gold-virus

link �exibility, when the core-to-core distance is below the sphere's diameter, i.e., Ra < 2 µm

which is consistent with the fact that the viral arms start to interdigitate.

Finally, we have explored as well the self-assembly of colloidal stars induced by depletion
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using PEG/PEO and Dextran polymers. We have compared the in�uence in the type of

polymer. Our results showed for PEG/PEO that the colloidal stars mostly organize in

smectic-like �ber structures which could be conformed by single or multiple chains whose

nodes are Au NPs beads spaced by one virus length. However, for Dextran of comparable

size, our colloidal stars do not self-organize but only decorate the glass surfaces showing that

the chemical nature of polymer has an in�uence in the resulting morphologies.
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Chapter 7

General conclusions and perspectives

In this thesis we have studied di�erent hybrid colloidal particles. These materials might

acquire enhanced properties from the assets of its components as well as from their

self-organization. Thanks to the rich optical properties of metal nanoparticles and to

the versatility of bacteriophages to be genetically modi�ed, we have chosen spherical

gold nanoparticles (Au NPs) and rod-shaped viruses as building blocks of original hybrid

structures. The optimized production and assembly of these colloids is of particular interest

for their applications in di�erent �elds such as photonics [15], biomedicine [157] and

nanotechnology [17]. For this purpose, we have investigated novel routes for the fabrication

of speci�c morphologies as well as their dynamical and structural properties.

We have started in chapter 2 by exploring the genetic modi�cation of M13 phages for

the construction of hybrid colloidal particles. It has been shown, that these �lamentous

bacteriophages could be modi�ed at their p3 tip proteins to display cysteine groups

allowing for their binding to metal nanoparticles [55]. For example, the M13C7C mutant

which possesses 13 amino acids inserted before its terminal amine (7 of them �anked by

two cysteines) form disul�de bridges (Cys-Cys) which interact via a weak covalent bond

with noble metals. This single tip modi�cation has been successfully used to produce

matchstick-like particles, diblock structures and colloidal star �molecules� [26]. However,

the construction of more complex morphologies is limited by the single point of gold-virus

interaction. To overcome this limitation, we have genetically modi�ed the p7 proteins at the

second virus tip with the same binding principle.

Our new mutants, M13s(CgbpC)2 and M13l(CgbpC)2 display a gold peptide between two

cysteine groups at both virus tips. Since the p7 proteins are not as exposed as the p3 ones

[42], a spacer has been encoded at the p7 proteins end in order to make them more accessible

for interaction with gold. Their binding a�nity has been tested by estimating the percentage

of reacted tips with gold nanoparticles suspended in aqueous solvent. Our results show that

the spacer of the M13l(CgbpC)2 mutant, whose charge and length modify the accessibility

of the disul�de bridges, promotes more e�ciently their interaction with gold. However, in

comparison with the p3 proteins it is necessary to strongly screen the electrostatic repulsion

143
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of the gold and virus particles in order to promote their interaction. This indicates that the

spacer and/or the encoded peptide could still be optimized. In a short time perspective, the

spacer used to make the cysteine groups more exposed could be modi�ed for example with

higher negative charge which might result in the repulsion between proteins making them

more �open� and then more exposed to the solvent. Moreover, a longer peptide containing

two pairs of cysteine groups could also increase the probability of interaction with gold

nanoparticles at that virus tip.

Thanks to this double tip binding ability of our new mutants, we have been able to

produce a novel gold-virus colloid, the dumbbell-like structure made by a single virus with

one bead attached to each tip. As a midterm perspective, one could explore the formation

of liquid crystalline phases in suspensions of this structure increasing their concentration. In

order to avoid aggregation of the nanoparticles at high concentrations, the PEGylation, i.e.

the grafting of polymer Polyethylene glycol (PEG), could be performed at the gold surface.

As next step, we have studied the dynamical and structural properties of two of our hybrid

colloids: the matchstick-like and colloidal star particles. An overview of the experimental

techniques and principles involved for their characterization is described in chapter 3.

In chapter 4, the matchstick-like structure, composed by a single gold nanoparticle

attached to a virus by one tip, has been studied by Dynamic Light Scattering (DLS). Thanks

to the scattering signal of the Au NPs which prevails over the one of the viruses, we are able

to study their self-di�usion by only probing the bead at the virus tip. We have investigated

the in�uence of the nanoparticle size used to produce these structures and shown that the

matchstick-like particles' di�usion is independent of this parameter. However, we �nd a

higher apparent di�usion coe�cient than the one obtained by single particle tracking probing

the virus in the structure. Thus, we have developed a spring-bead model to interpret our

scattering signal. This model represents an extra degree of freedom on the bead's di�usion

given by its link with the p3 proteins which have been shown to be �exible [82]. The

parameters obtained using this model are compatible with the length scale of the proteins

proving that the higher di�usion measured when we probe the bead is a result of the tip

�exibility.

Future investigations on this structure by means of optical microscopy techniques are

recommended in order to corroborate our �ndings and predict the e�ect of �exibility for

instance, when more than one virus is attached to a single nanoparticle (as in diblocks or

colloidal stars). For such studies, �uorescence and dark �eld microscopy could be used for

probing the virus and Au NPs components respectively. This could allow for the direct

comparison on the di�usion of each element.

Thanks to our progress in the genetic modi�cations at the p7 tip proteins (distal end)

we could also estimate by the same means their �exibility or rigidity. These proteins are

not as exposed to the solvent as the p3 tip proteins (proximal end). Thus, an interesting
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mid-term perspective is to study a monodisperse suspension of dumbbell-like structures

using DLS and optical microscopy. Moreover, one could also develop a mutant which only

binds Au NPs by the distal end for the fabrication of matchstick-like structures or diblocks

to estimate their �exibility.

After the characterization on the Brownian dynamics of the matchstick like structure,

we have explored the possibility to induce its self-propulsion or active motion. We describe

in chapter 5 our investigation in the thermophoresis of this structure. When Au NPs are

irradiated at the plasmonic resonance, their light absorption and heat release generate a

decrease of viscosity and increase of temperature resulting in an enhanced di�usion. We have

used this phenomenon, known as Hot Brownian motion (HBM) [171], as a possible propulsion

mechanism for nanoparticles. Hence, we have implemented a green laser beam as light source

and as probe beam of our DLS setup. Our observations on the matchstick-like structure as

well as on hybrid Janus gold-silica nanoparticles show that the structures exhibit a signi�cant

increase of di�usion. However, this increase cannot be accounted by the temperature change

predicted by the HBM theory for such nanoparticle size. Comparing our observations with

spherical Au NPs and core-shell gold-silica NPs, we conclude that the increase of di�usion

is due to convective e�ects. The creation of convection is expected on thick samples due

to local heating up around the beam path or thermal-lensing e�ects [186, 187]. Hence, as

short term perspective we suggest reducing the sample thickness for example to an optical

microscopy cell. For this purpose, a speci�c setup has to be built. By means of an objective

lens, the laser cross-section could be signi�cantly reduced allowing the possibility to induce a

higher change of temperature to the Au NPs. However, focusing a laser beam could generate

an optical trapping e�ects [188]. Thus, the conditions to create an optical trap, given by the

nanoparticle size, incoming power and beam waist [188] have to be balanced with the ones

of the HBM theory (see equations 5.11, 5.12 and 5.19).

We have also tested other methods to induce the active motion of our matchstick-like

structures by the decomposition of chemical fuels like hydrogen peroxide or glucose. To do

so, we have attempted to graft thiol-functionalized enzymes (catalase and glucose oxidase)

to the free gold nanoparticle surface of the hybrid particles. However, di�erent complications

have been faced. On one hand, the competition of the thiol groups and the weak covalent

bonds of the gold-virus link have compromised the stability of the structure, i.e., they

dissociate when the enzyme is in a big excess. On the other hand, chemical fuels such as

hydrogen peroxide are oxidant agents which have destroyed the structures after a short

period of time of adding the fuel to the sample. In a middle-term perceptive, we suggest

to use for example already active Janus particles to produce matchstick-like structures and

test their self-propulsion. We expect that the added viral �tail�, which decreases drastically

the rotational di�usion of the hybrid structure, could promote their motion in an oriented

direction for longer time.
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In the last chapter, we have used the colloidal star �molecules� as model system of soft

colloidal spheres and investigated their dynamics and self-organization in dense regimes.

First, we have brie�y explored their phase behavior as the particle concentration increases.

The di�usion rate of the particles have been estimated by single particle tracking in dilute

regime and dense regimes for which the viral arms start to interdigitate. Our results suggest

the formation of a glassy state in the dense regime. We have also explored the possibility to

induce the self-assembly of these structures by depletion. We have observed the formation

of single chains and �ber-like structures which we have proven to result from the assembly

of viral arms from di�erent colloidal star molecules separated by beads. A short term

perspective is to investigate the structural organization of the states found in the dense

regime for example by X-ray di�raction. Once these colloidal glassy/crystal states are

characterized, they might be used as templates for photonics sensor devices [15].

As a long time perspective of this work, one could use the double tip modi�ed mutants to

create oligomeric chains made of repeating gold-virus units, which could work as templates for

nanowires [50], or for the construction of three-dimensional lattices structures with di�erent

symmetries which could have applications in photonics as resonators [15] (see �gure 7.1).

Moreover, one could use the investigations done on the light and fuels response of these

hybrid colloids for the fabrications of smart materials. For example a recon�gurable lattice

structure which might change its optical or physical properties due to an external light or

temperature stimulus.

Figure 7.1: Schematic representation of structures composed by double tip bound
viruses. (a) Oligomeric chain. (b) Lattice structure.
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