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Résumé 

Les dispersions de virus filamenteux présentent une succession d'états cristallins liquides 

comprenant les phases nématique, smectique (ou lamellaire) et colonnaire. L’auto-organisation de 

ces particules colloïdales en forme de bâtonnet s’est révélée être essentiellement pilotée par 

l’entropie dont résulte un potentiel d’interaction entre particules purement répulsif. Dans cette thèse, 

les propriétés structurales et dynamiques de bâtonnets présentant une interaction attractive 

directionnelle fortement localisée (interaction dite à « patch ») à l'une des extrémités des particules 

ont été étudiées. L’interaction attractive locale a été obtenue en fonctionnalisant les extrémités des 

virus filamenteux par greffage régiosélectif de colorants fluorescents hydrophobes qui jouent le rôle 

de « patch » enthalpique. La force d'attraction peut être modulée en faisant varier le nombre de 

molécules de colorant liées. Nous avons montré que cette interaction à « patch » stabilise la phase 

smectique au détriment de la phase nématique, laissant les autres phases cristallines liquides 

essentiellement inchangées. En outre, la présence de molécules de colorant fluorescent sur les 

extrémités des virus permet l'observation de structures lamellaires cristal-liquides avec un contraste 

et une résolution exacerbés. La visualisation in situ de défauts topologiques en phase smectique, tels 

que des dislocations de type coin et vis, a été réalisée à l'échelle de la périodicité du réseau. Le 

champ de déplacement autour d’une dislocation coin a été établi expérimentalement et comparé au 

profil prédit par les théories élastiques. Des dislocations de type vis ont également été mises en 

évidence, pour lesquelles la taille du cœur et l'helicite ont été déterminées. 

La dynamique des virus « patchy » et de ceux non fonctionnalisés a été étudiée par suivi 

temporel du déplacement des particules individuelles en microscopie de fluorescence. Dans toutes 

les phases cristallines liquides, la diffusion de particules « patchy » s'est avérée être entravée. En 

particulier dans la phase smectique, les bâtonnets « patchy » ont tendance à résider dans les couches 

diffusant principalement dans la direction perpendiculaire à l'axe principal du virus, tandis que les 

bâtonnets non fonctionnalisés présentent une diffusion entre couches beaucoup plus prononcée. Ce 

comportement peut s’expliquer par la plus grande valeur du potentiel smectique associé et mesuré 

expérimentalement dans les deux types de dispersion. 

Nous avons combiné des effets de « patch » entropique et enthalpique en ajoutant des polymères 

non-absorbants à la dispersion virale fonctionnalisée. Dans ce cas, les bâtonnets s’auto-assemblent 

latéralement par déplétion en des clusters de morphologie définie. La diffusion de rayons X et la 
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microscopie optique ont été utilisées pour comparer les propriétés structurales et dynamiques des 

dispersions virales fonctionnalisées - ou pas - mélangées à des polymères non absorbants, et pour 

établir les diagrammes de phases correspondants. 

En résumé, nous avons démontré un nouveau moyen efficace de contrôler la structure de fluides 

complexes par la modifications régio-sélective des particules constituantes. 

 

Mots-clés: Matière molle, cristaux liquides colloïdaux, virus filamenteux, auto-

assemblage, interaction « patchy », diffusion. 
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Summary 

Dispersions of filamentous viruses exhibit a plethora of liquid crystalline states including 

nematic, smectic (or lamellar), and columnar phases. Self-organization of these rod-shaped colloidal 

particles has been shown to map the hard-core behavior for which the interaction potential is purely 

repulsive. In this thesis, the structural and dynamical properties of rods with highly localized 

directional attractive interaction (or “patchiness”) between one of the ends of the particles have been 

studied. Local attraction has been achieved by functionalizing the filamentous virus tips via 

regioselective grafting hydrophobic fluorescent dyes which act as enthalpic patch. The single tip 

attraction strength can be tuned by varying the number of bound dye molecules. We have shown that 

increasing attraction interaction stabilizes the smectic phase at the cost of the nematic phase leaving 

all other liquid crystalline transitions unchanged. Furthermore, the fluorescent dye molecules on the 

viral tips enable the observation of liquid crystalline lamellar structures with improved contrast and 

resolution. In situ visualization of topological defects in the smectic phase such as edge and screw 

dislocations has been thus performed at the lattice periodicity level. The displacement field around 

an edge dislocation has been experimentally established and compared to the profile predicted by 

elastic theory. Screw dislocations have been also evidenced, for which the core size and handedness 

have been determined. 

Dynamics of patchy and pristine viruses has been investigated by tracking individual rod 

displacements. In all liquid crystalline phases, the self-diffusion of patchy rods has been found to be 

hindered compared to the self-diffusion of pristine rods. Particularly in the smectic phase, patchy 

rods tend to reside within the layers mainly diffusing in the direction perpendicular to the main virus 

axis, contrary to pristine rods whose self-diffusion between layers is far more pronounced. This 

behavior is explained by the higher unidimensional smectic ordering potential experimentally 

measured in the dispersions of patchy rods compared to that obtained for pristine rods. 

We have combined both entropic and enthalpic patchinesses by adding non-adsorbing polymers 

into tip-functionalized viral dispersions. In this case, rod sides act as entropic patches due to 

attractive depletion interaction between them. Small angle X-ray scattering and optical microscopy 

techniques have been used to compare the structural and dynamical properties of pristine and tip-

functionalized viral dispersions mixed with hydrophilic polymers acting as depletants agent. We 
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have determined and compared the phase diagrams obtained for the two types of virus-polymer 

systems. 

In summary, we have demonstrated a new and efficient way to control the structure of complex 

fluids by implementing site-specific modifications of building blocks. 

 

Key words: Soft matter, colloidal liquid crystals, filamentous viruses, self-assembly, 

patchy interaction, self-diffusion. 
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0.1 Colloids and a concept of « big atoms » 

Colloids are insoluble particles dispersed in continuous media (liquid or gas) whose size is 

in the range of ~10nm to ~1µm. They are sensitive to the observable random motion, or so-called 

Brownian motion, arising from the thermal energy of order of magnitude     for each particle, 

where    is the Boltzmann constant and   is the absolute temperature. Thanks to their 

microscopic size, colloids can be easily observed with optical microscopy techniques. 

Historically the basic understanding of colloidal science began in the early 20
th

 century, 

when the reality of atoms and molecules has been proven [2]. Albert Einstein provided the 

theoretical explanation of Brownian motion by assuming that colloids dispersed in liquid 

experience random collisions by the much smaller solvent molecules. This resulted in the 

derivation of an expression for the mean square displacement of colloidal particles dispersed in 

liquid, and of exponential expression for the number density of particles in dispersion that has 

reached sedimentation equilibrium [1]. Jean Perrin proved these two theoretical predictions 

experimentally by observation of resin spherical colloids with optical microscopy. He tracked the 

trajectories of single diffusing particles, and counted the number of particles as a function of 

height in colloidal suspension in sedimentation equilibrium. For both cases he calculated 

Avogadro’s number, and the convergence of those two independent values undoubtedly 

manifested the existence of atoms [2]. 

Einstein’s and Perrin’s pioneering discoveries have shown that relatively large particles 

such as colloids can behave in the same way as their atomic and molecular counterparts whose 

are roughly three orders of magnitude smaller. In other words, the structural and dynamical 

properties of colloidal suspensions are governed by the same thermodynamics that determines 

the behavior of atomic and molecular systems. For this reason colloids are often considered as 

“big atoms”. Therefore, thanks to their ability of being observed by optical microscopy at the 

level of single particle, colloids give insight into fundamental questions of condensed matter. For 

example, spherical colloidal particles have been used to study such phenomena as growth and 

nucleation in crystals [4], crystal melting [5], and phase transitions in fluids [6]. 

Colloidal particles can also serve as tools or building blocks for engineering the assembly 

of various targeted structures [7], [8]. Conceptually, the simplest building blocks for self-

assembly are colloidal spheres with hard-core interaction [3]-[5]. “Hard-core” means that such 

particles don’t interact if they don't interpenetrate, and repulsion between them is infinitely high 
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if they do. Hard colloidal spheres lack any directionality in their shape and interaction; therefore, 

they can assemble only into crystalline structures with the simple symmetry, such as face-

centered cubic (FCC), hexagonal close-packed (HCP) and body-centered cubic (BCC). Contrary 

to the isotropic particles, colloids with anisotropic shape and interaction extend the number of 

possible ways of their assembly, and can potentially lead to as complex structures as can be seen 

at atomic and molecular scale. For example, colloids with shape anisotropy, such as hard rods, 

exhibit nematic, smectic and columnar phases, which are also found in molecular liquid crystals 

[9], [10]. Interaction anisotropy can be induced by deposition of some attractive or “patchy” sites 

on the surface of otherwise hard particles. An example of colloids with directional attractive 

interaction or “patchiness” is the triblock Janus colloidal spheres (hydrophilic body and two 

hydrophilic poles) dispersed in water, which self-organize into a colloidal kagome lattice 

(centres of mass of spheres are organized into equilateral triangles and regular hexagons, 

arranged so that each hexagon is surrounded by triangles and vice versa), due to electrostatic 

repulsion of the bodies and attraction of the poles [11]. 

In this thesis, we will study the self-organization of anisotropic rod-like colloids with 

different types of directional interactions. Firstly, we will explaine the concept the simplest 

interaction – hard-core repulsion, and then we will show how to go beyond and to induce 

attraction interaction between colloids. 

 

0.2 Colloidal interactions 

In the middle of the 20
th

 century the theory of colloidal interaction has been proposed by 

Derjagiun, Landau [12], Verwey and Overbeek [13]. In their theory, known as DLVO, for a 

dispersion of charged spherical particles it is claimed that there are two opposite contributions 

which define the overall interaction potential (Fig.0.1). There are the short range (0-10 nm) Van 

der Waals attraction and the repulsion originating from the electric double layer which encloses 

charged colloid and is characterized by the Debye screening length [14]. However, the other 

types of interactions such as hard-core repulsion [3], depletion [16] and directional attractive 

interaction or patchiness [20] have gained experimental as well as theoretical interest later on. 
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Fig.0.1. Schematic plot of the DLVO interaction potential  ( )    ⁄  between charged 

colloidal spheres which is the sum of double layer repulsion (top) and Van der Waals attraction 

(bottom), where   is the center-to-center distance between the particles. 

0.2.1 Hard-core interaction 

The simplest model interaction between two colloids is the so-called hard-core interaction 

based on excluded volume. In this case, as we already mentioned, there is no interaction when 

the particles do not overlap and an infinite repulsion when they do overlap. Experimentally it can 

be nearly achieved by adding a polymer brush on the particle surfaces [3]-[5]. The thickness of 

this stabilized polymer layer        must be much smaller than the radius of colloidal particle   

(        ). This leads to the absence of short-range attraction and only to repulsion between 

the particles. The pairwise interaction between two hard spheres can be then written as (Fig.0.2): 

 ( )  {
         
        

     (0.1) 

  

Fig.0.2. Hard-core interaction potential between two spherical particles;   is the center-

to-center distance between the particles. 
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The phase behavior of the system which consists of hard particles is dictated only by 

entropy. In entropy-driven systems, the phases that can be observed depend only on particle 

shape and density, and do not depend on temperature. In the case of spherical colloidal 

suspensions, it results in the athermal phase diagram reported in the experimental study of Pusey 

and van Megen [3]. By increasing the concentration of hard spheres the fluid, crystal, and glass 

phases have been achieved (Fig.0.3). 

 

Fig.0.3. (A) Hard sphere suspensions illuminated from behind by the white light. The 

samples are contained in cells and are numbered 2-10 from the right in order of increasing 

volume fraction. (B) Phase diagram is established according to the visual inspection of the 

samples. The two horizontal axes indicate the experimentally measured sphere volume fraction 

   and the effective hard sphere volume fraction    defined as    (          ⁄ )   [3], 

where 0.407 is the core volume fraction    at which freezing start, and 0.494 is an effectine 

volume    of hard spheres freezing predicted by computer simulations [105]. 

0.2.2 Depletion interaction (attraction through repulsion) 

Let us consider the mixture of colloidal hard spheres and non-adsorbing polymers. “Non-

adsorbing” means that the polymer chains have neither adhesive nor repulsive interaction with 

the colloidal surface. In the 1950s Asakura and Oosawa [15] developed a theory for the effective 

interaction between colloidal particles dispersed in a solution of ideal polymers. It has been 
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shown that there is an indirect effective attraction, called depletion interaction, between colloids 

driven by entropy associated with the centers of mass of the polymers (or depletants). In such 

mixture of spheres and polymers, each colloidal particle is enclosed by the depletion (or 

excluded) layer with the thickness   given by the radius of a depletant. The center of mass of the 

polymer cannot penetrate this layer, thus the local polymer concentration near the colloids 

surface is lower than the one in the bulk. When two colloids approach closer than   , their 

depletion layers overlap, and the overall volume from which the polymers are excluded is 

decreasing by the amount of overlapping volume           (Fig.0.4). One can also claim that the 

depletants gain more translation entropy when the depletion layers surrounding colloids are 

overlaid. Therefore the depletion attraction is a purely entropic effect driven by excluded volume 

interaction [16]. The size of the depletant agents implies the range of attraction, while their 

concentration determines the strength of attraction. The expression for the depletion interaction 

between two spheres with radii R under the osmotic pressure        , where    is bulk 

number density of depletant, is [14]: 

 ( )  {
                                      

          ( )              

                                         

   (0.2) 

 

Fig.0.4. Sketch of depletion interaction potential with the schematic picture of colloidal 

spheres with radii   in a mixture with non-adsorbing polymers with radii  ;   is the center-to-

center distance between spheres and           is the overlap volume between depletion layers. 
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0.2.3 Patchy interaction 

In section 0.1, we mentioned that colloids with isotropic shape and interaction can mimic 

atomic structures with the simplest crystal structures such as FCC or HCP. Today’s research 

demands to go beyond these simple symmetrical structures and to mimic more complex 

assembly such as, for example, the diamond crystal, to be employed in photonic application [17], 

or some protein aggregation [18]. To fabricate these new generations of materials, the local 

directional attraction interaction, or so-called patchy interaction, has to be induced between 

colloids. The term “patchy sites” is usually associated with chemical or physical surface 

patterning. There is a trend to discriminate entropic patchiness (particle shape modification) and 

enthalpic patchiness (modification of particle surface by chemical functions) in the literature 

[19]. We will focus on these two mechanisms in section 0.3. 

 

Fig.0.5. Different parameters to introduce and vary the patchiness (blue and orange 

colours) on the surface of colloid: size, position, number, shape of the patches and interpatch 

interaction which depends on chemical functions deposited onto surface. Illustrastion here is for 

the triblock Janus sphere [11] as a reference system in the center of a circle, but it can be also 

generalized for other shapes such as rods, cubes etc [57]. 

In principle, there is an enormous amount of ways to modify the particle surface. One can 

tune the size of the patches, their position, number, shape and interaction selectivity (Fig.0.5) [7], 

[57]. In order to understand the concept of patchy interaction, let us consider the paradigmatic 

example suggested by Kern and Frenkel [20], where a hard sphere of radius   possesses an 
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attractive patch on its surface. The position of this patch is given by a unit vector   , and its size 

is given by a conical segment of half-opening angle   (Fig.0.6). The patches on the surface of 

the different particles interact via a square-well potential with attraction range  . Such model can 

serve as a reference system for the more detailed study of the effect of patch number, size, 

position etc. The expression for the interaction potential between particles   and   can be read as: 

 (   )     ( )   (   )    (0.3) 

   (   ) is an isotropic square-well interaction term of depth   and range   [Fig.0.6]: 

   (   )  {
                                 
                
                      

    (0.4) 

 

Fig.0.6. Square-well interaction potential and the sketch of two patchy particles;   is the 

center-to-center distance between spheres. Attraction between hard particles is restricted to the 

configuration at which two patchy segments (red areas) face each other. 

The angular function  (   ) is defined as (    is a particle separation vector): 

 (   )  {
     {

            

   
           

                             

    (0.5) 

Experimentally this model system has been realized by Granick et al. [21], [22]. In these 

studies 50% of the particle surface has been covered by the patchy functions (Fig.0.7). In these 

so-called Janus spheres attractive interaction appears due to hydrophobicity of chemically 

modified hemispheres. Janus spheres are found to self-assemble into colloidal clusters of 

changing coordination number or wormlike chains (Fig.0.7B,C). Experimental conditions of the 

dispersion such as pH and ionic strength determine the morphology of formed colloidal clusters. 
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Fig.0.7. (A) Illustration of Janus colloidal spheres in water dispersion with hydrophobic 

hemispheres. Comparison of epifluorescence images and Monte Carlo simulations of clusters 

configurations with (B) four particles and (C) seven particles [21]. 

0.3 Colloidal rods 

In the previous sections, some elements of spherical colloid phase behavior and different 

types of colloidal interaction have been reviewed. Although sphere ability to form closed-packed 

colloidal crystals has shed light into some fundamental soft matter problems [3]-[6], the more 

complex symmetries of atomic systems have to be reproduced at the colloidal scale to resolve 

new challenging questions of condensed matter and materials science. Recognition that 

anisotropic particles possess richer phase behavior than their isotropic counterparts has 

motivated new directions of colloidal research which investigate the chemical synthesis and 

physical properties of the building blocks with novel shapes and interactions. In the following 

section, we will overview one class of anisotropic particles – colloidal rods, and will give insight 

into their phase behavior as well as discuss the key experiments which have been performed 

involving different types of interactions between these particles. 

0.3.1 Phase diagram of rod-like colloids with hard core interaction 

Suspensions of hard rod-like particles exhibit a plethora of phases compared to hard 

spheres. Additionally to the liquid and crystal states, rods can form liquid crystalline phases due 

to their anisotropic shape. Those additional phases possess positional as well as orientational 

orders in at least one direction of space. Liquid crystalline phase behavior has been studied by 

using systems of organic rods such as tobacco mosaic viruses [23], or fd-viruses [9], [24]-[26] as 
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well as inorganic rods such as boehmite [28], vanadium pentoxide [29], β-ferric oxyhydroxine 

[30] and silica rods [10], [27]. Probably, the most extensive study has been done on the 

suspensions of fd-viruses, whose phase diagram is depicted in Fig.0.8. By increasing the volume 

fraction of rods, they can form liquid crystalline nematic, smectic and columnar phases [9], [25].  

Onsager was the first to theoretically describe the isotropic-nematic phase transition in 

suspension of infinitely long hard rods [31]. He wanted to explain this phase transition in the 

suspension of tobacco mosaic viruses [58]. Onsager theory describes the transition from 

orientationally disordered isotropic liquid phase to orientationally ordered nematic phase 

(Fig.0.9). His results show that such phase transition for infinitely long hard rods is associated 

with an increase of entropy. 

Onsager theory is based on the expression of the free energy of hard cylinders dispersed in 

a fluid. The total free energy is the sum of three terms. The first one is the free energy of an ideal 

solution; the second term describes the contribution of the orientation entropy to the free energy; 

and the third term accounts for the interaction between particles. 

                   (0.6) 

The system is assumed to be spatially uniform and thus the expression for particle density 

can be read as  (   )  (  ⁄ ) ( ), where   and   is a vector and a solid angle describing the 

position and the orientation of rod respectively,   is the number of the rods, and   is the volume 

of the system. The function  ( ) indicates the probability that a rod is pointing at a solid angle 

 , it is normalized as ∫  ( )    . Using this input, it is possible to rewrite the equation (0.6) 

into Onsager free energy for a solution of rod-like particles at the level of second virial 

approximation: 

         
 

 
 ∫ ( )   (   ( ))   

 

 

 

 
∬ (    ) ( ) (  )        (0.7) 

Function  (    ) is called Mayer overlap function, and for hard cylinders it is equal to 

the excluded volume to one particle with orientation   due to the presence of another particle 

with orientation    (one can introduce the angle   as a relative angle between two cylinders):  

 (    )        (    )          ( )   (0.8) 

The volume excluded to a given cylinder due to the presence of another cylinder is 

sketched in Fig.0.9 and is dependent on the angle  . 

The second term in the equation (0.7) is related to the orientational entropy, whereas the 

third term is related to the packing entropy. The isotropic-nematic phase transition arises from a 
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competition between these two types of entropy. At low rod concentration the orientational 

entropy dominates and all cylinders are pointed in different directions giving rise to isotropic 

phase, whereas at high concentration the packing entropy becomes more important which favors 

the nematic phase. By performing a stability analysis of the Onsager equation (0.7), it has been 

concluded that at certain volume fraction of hard rods    
 

 
, where   and   are rod diameter 

and length respectively, isotropic phase becomes unstable towards nematic fluctuations, and 

isotropic-nematic phase transition occurs [59]. 

 

Fig.0.8. Schematic representation of colloidal rod-like fd-virus self-organization. 

Different phases can be formed by increasing the particle concentration. The isotropic liquid and 

crystal phases appear at very low and at very high volume fraction respectively, while the liquid 

crystalline nematic, smectic and columnar phases are arising between them due to anisotropic 

particle shape . 

The isotropic-nematic transition for long hard rods is an example of a very general class of 

phase transitions which are purely entropy driven and does not depend on temperature. Another 

example of the counterintuitive role of entropy, such as depletion interaction, has been discussed 

in the section 0.2.2. As we already mentioned, in nematic phase all particles are aligned in 

average along the same direction called director. There is long range orientational order and no 

long range positional order in this phase. Upon increasing the particle density, the smectic phase 

becomes stable, and rods self-organize into the stacks of liquid-like layers. Additionally to the 

orientational order, there is a 1D positional order along the director (Fig.0.8). It has been shown 

by Frenkel et al. [32] that there is no need to induce attractive interaction between rods, and 

purely repulsive hard-core interaction is enough to stabilize the smectic ordering, meaning that 

nematic-smectic is also entropy driven transition as the isotropic-nematic one. 
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The nematic-smectic phase transition is predicted to be independent on the rod size above 

the aspect ratio   ⁄     [33], and it occurs at rod volume fraction             as shown 

by the computer simulations [32], [33], theory [34], and experiment [9]. 

Columnar phase possesses a 2D positional order meaning that the particles form liquid-

like columns that are arranged in a 2D lattice. Although it has been detected in fd-virus 

suspension [26], the computer simulations and theory cannot evidence the columnar phase 

stabilization for rods by entropy alone [35], [36]. We will not describe the details of these results, 

because it goes out the scope of this thesis. 

 

Fig.0.9. A rod with the length   and diameter   excludes the center of mass of the second 

identical rod from occupying a certain volume (greyish shadow enclosing the rod). These 

excluded volumes scales as     for (A) perpendicular particle orientation, and     for (B) 

aligned or paralle particle orientation. 

0.3.2 Rod-like colloids under depletion or entropic patchiness 

We have shown in section 0.2.2 that interaction between hard colloidal particles can be 

tuned from repulsive to effective attractive by adding non-adsorbing polymers. Unlike spherical 

particles, the depletion attraction between rods is highly dependent on both their mutual 

orientation and their center of mass separation along the axial and radial directions. The overall 

entropy of rod-polymer mixture increases if rods coalesce via side-to-side association. In this 

case the maximized overlap volume between two excluded layers of thickness   which surrounds 

rods with length   and diameter   is scaled as              ⁄    ⁄  (Fig.0.10) [19]. 
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Fig.0.10. Illustration of the excluded volume between rods, where   and   are rod length 

and diameter respectively, mediated by depletants that induce a fixed depletion thickness   

(indicated by the dashed lines). The overlap volume          between depletion layers is 

maximized (blue shadow) for (A) the laterally associated rods rather than for rods with (B) some 

random mutual orientation. The rod sides could be regarded as patchy sites on the particle 

surfaces. 

For depletion interaction, attraction range and strength can be tuned by varying the 

polymer size and concentration respectively. The most extensive experimental studies on rods 

under depletion interaction have been performed employing filamentous viruses fd (see details in 

section 0.4) as a model system of rod-like colloids [37], [45]. Two different viral assemblies 

have been observed in fd suspensions mixed with (i) Dextran 500k (radius of gyration    is 

about 16 nm [60]) or with (ii) PEG 8k (radius of gyration    is about 4 nm [61]) polymers, 

which can be regarded as relatively big and relatively similar in size depletants, respectively, 

compared to virus diameter of 3.5 nm [62]. (i) In case of mixture with relatively large polymers 

Dextran 500k, highly anisotropic interaction between particles leads to the formation of circular 

colloidal membranes consisting of a single monolayer of aligned rods (Fig.0.11A) [37] In fact, 

membrane has hemi-toroidal curved edge because such shape decreases the area of rod-polymer 

interface, therefore reducing line tension, at the cost of increasing the elastic energy due to twist 

distortion [53]. Dynamical study of such structures performed at the single particle level by 

fluorescence microscopy revealed the liquid-like internal structure of the membranes. (ii) When 

relatively small polymers PEG 8k are used, it results in the growth of the platelets which are 

monolayer with crystalline structures made of hexagonally assembled aligned rods (Fig.0.11B) 

[38]. These platelets possess crystalline internal order which has been proved by small X-ray 

scattering experiment (SAXS) and by the lack of significant particle motion within the structure. 
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For some specific cases which depend on kinetics of platelets growth, a linear topological defect 

such as a screw dislocation can be observed in the center of this assembly. Linear topological 

defects in molecular and colloidal liquid crystals will be discussed in section 0.5 in more details. 

 

Fig.0.11. Schemes and DIC (differential contrast microscopy) images of self-assembled 

structures made of rod-like viral particles with length of about 1 µm and diameter of 7 nm [62] 

driven by depletion interaction. (A) Liquid-like colloidal membrane in the mixture with large 

polymers Dextran 500k [37] (radius of gyration    is 16 nm [60]) as a depletant agent. Scale 

bar: 2µm. (B) Hexagonal platelet induced by short range depletion attraction coming from the 

polymers PEG 8k [38] (radius of gyration    is about 4 nm [61]), whose size is similar to virus 

diameter. Scale bar: 5µm. 

 

Fig.0.12. DIC images of (A) liquid-like colloidal membrane at high temperature, and (B) 

starfish shaped membrane made of twisted ribbons which grew from the circular membrane 

upon decreasing temperature. (C) DIC image of isolated twisted ribbon. Scale bar: 2µm. 

Schematic illustration of (D) circular membrane showing how its edge assumes interfacial 

minimization curved profile, and (F) twisted ribbon structure [52]. 
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It is worth stressing, that under effective depletion attraction, colloidal rods tend to 

approach each other strictly by their sides because any other mutual orientations decrease overall 

entropy of the system. Therefore this anisotropic attraction between rods induced by the 

excluded volume interactions can be regarded as patchiness with entropic origin, with the rod 

side considered as a patch on the particle surface. 

It has been shown that internal chirality of fd-virus [52] or DNA-origami filaments [63] 

strongly affects the morphology of the structures formed under depletion. When two chiral rods 

are in the close proximity of each other, the interaction energy between them is minimized if 

they are twisted with respect to each other, meaning that particle main axises are not parallel to 

each other [47], [52]. In the case of a circular liquid-like membrane (Fig.0.12A), where 2D 

layered geometry cannot support twist, chirality is expelled to its edges. Hence, chirality of the 

constituent rods controls the strength of line tension      which is the parameter governing the 

shape of the edge of circular liquid-like membrane. There are two contributions to the effective 

line tension:       (line tension which appears due to the reduction of rod-polymer interfacial 

tension) and         (chiral contribution to the line tension): 

                       (0.9) 

At high enough temperatures (of around 60°C) fd-wt virus loses its chiral properties and 

become achiral [53], thus at high temperatures           . Decreasing the temperature 

enhances the magnitude of chiral interactions, resulting in smaller      value. At sufficiently low 

temperatures the chiral contribution to the line tension dominates the bare line tension, 

decreasing the energetic penalty of creating edges resulting in their spontaneous formation. In 

Fig.0.12A a membrane at high temperature is shown. With decreasing temperature, the chiral 

fluctuations of membrane edge become more significant, indicating that      is decreasing. 

Eventually the edge becomes unstable, giving rise to a polymorphic transition in which twisted 

ribbon-like structures grow from the edges of membranes (Fig.0.12B).  

1D twisted ribbons (Fig.0.12C) are stable at low polymer concentration and low 

temperatures (small       and large        ), whereas the 2D membranes are stable for large 

      and small         [52], [63]. Fluorescence optical microscopy reveals liquid-like dynamics 

within the twisted ribbon-like structures [52]. 

The suspension of colloidal rods is an example of a more general class of particles with 

irregular shapes where directional entropic attractive forces are induced by adding non-
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adsorption polymers. Other illustrations of shape anisotropic colloids with entropic patchiness 

promoted by depletion interaction are, for instance, lock and key particles [39] and colloidal 

superballs [40] (Fig.0.13). 

 

 

Fig.0.13. (A) Illustration of the depletion interaction between a lock (green particle with a 

spherical cavity) and a key (simple red spherical particle) induced by a depletant agent of radius 

 . The maximum overlapping excluded volume,      , is achieved when the key particles 

precisely fits into the spherical cavity of the lock particle. (B) Depletion effect between 

superballs (cubic particles with rounded edges) [19]. 

0.3.3 Rod-like colloids with enthalpic patchiness 

Colloids with chemically inhomogeneous surfaces are another type of patchy particles 

which are referred to colloids with enthalpic patch. In section 0.2.3, we mentioned the Janus 

spheres with hydrophobic and hydrophilic parts, and the types of superstructures they can 

generate [21], [22]. Preparation of Janus rods has extended the variety of complex architectures 

which can be obtained via enthalpic patchiness. The simplest example of colloidal rods with 

chemically modified surface is so-called Janus colloidal matchsticks which are monodisperse 

silica rods coated with gold on one tip which acts as a enthalpic patch (Fig.0.14) [41]. The size of 

these patchy inclusions is characterized by the patch angle   (Fig.0.14A), which is found to be 

equal to 116°. According to the matchstick dimensions of          and         , these 

colloidal rods thanks to their chemical heterogeneity can be regarded as mesoscopic amphiphiles. 
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Fig.0.14. Schematic (A) and scanning electron microscopy images (SEM) of (B) pristine 

and (C) tip-functionalized silica rods with gold. These metal inclusions drive particles to self-

assemble into various clusters such as bipods and tripods (D) [41]. Scale bars: 2µm. 

When exposed to water, the gold tips of Janus matchsticks are brought together due to 

their hydrophobicity forming multipod structures of different coordination number such as 

bipods and tripods (Fig.0.14D). The resulted structures were observed by scanning electron 

microscopy (SEM) and are the interplay of sedimentation (which gives rise to a planar 

geometry), entropy (which drives rods to possess the highest orientation freedom within each 

multipod), and enthalpy (which promotes the attraction between the matchstick cluster). 

Nevertheless, the fixed patch size restricts the complexity of output self-assembled 

structures using Janus matchsticks as the building blocks. Therefore to deeply explore the 

potential morphologies of rod-like colloids with enthalpic patchiness, mesoscopic amphiphiles 

with varied size of the chemical functions on the tip have been prepared by Mirkin group [42]. 

They synthetized rod-like particles consisting of gold (Au) hydrophilic domain and polymer 

called oxidized polypyrrole (Ppy) hydrophobic domain (Fig.0.15A). The driving force to raise 

the assembly in this rod system is the hydrophobic attraction between polymer ends (Fig.0.15A). 

Three different types of particles have been produced as a function of Au-to-Ppy surface areas 

ratio, and the rod length has been fixed at value of 4.5µm. Rods with a 1:4 gold-to-polymer ratio 

assembled into ~60µm diameter tubes whose walls made of the single layer of particles 

(Fig.0.15B). Rods with a 3:2 gold-to-polymer ratio give raise to ~29µm tubular structures 

(Fig.0.15C). And when rods with 4:1 are utilized the opened tubular structures are obtained 

(Fig.0.15D). These assembled ways of gold/polymer patchy rods can be partially explained by 

using theoretical models for cylindrical micelles made of amphiphilic molecules [43]. The 

geometrical packing factor         , where   is a volume of individual rod,    is the average 

rod head area, and    is the rod length, can be used to understand the yielding structures based on 

these patchy particles. It is worth stressing that factor   increases as gold-to-polymer ratio 

become higher. Each patchy rod can be imaged as a truncated cone, because of strong attractive 
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interaction between polymer ends and the diameter difference between gold and polymer particle 

domains (Fig.0.15A).The average diameter of gold block is 400 nm and the polymer block 

diameter is 360 nm. The rod head area    can be estimated from a first order approximation of 

the average area occupied by the gold end of each rod in the microtubular structure, which is 

defined by the perimeter area of the tube divided by the total number of rods that make up the 

assembly. For the fixed rod length, the contraction of gold domain contribution leads to decrease 

of   , and therefore results in decreasing of the overall superstructure curvature. This general 

trend was observed for three tubular structures shown in Fig.0.15. 

To summarize, it worth to emphasize that there are very few experimental results on 

colloidal rods with enthalpic patchiness. Moreover, there are some drawbacks in the works 

reviewed in this section. For examples, the colloidal matchsticks made of silica rods are not 

Brownian particles, therefore their self-assembly is strongly affected by sedimentation 

(Fig.0.14D). The yield of superstructures with completely closed walls made of Au-Ppy patchy 

rods (Fig.0.15B-D) is low (~10%). Probably, the drawback of Au-Ppy rods self-assembly is that 

SEM sample preparation for structures characterization involves a drying process which can 

easily alter the equilibrium configurations of yielding assemblies.  

 

Fig.0.15. (A) Sketch of the Au-Ppy patchy rod and its geometrical packing factor  . SEM 

images of tubular superstructures formed by Au-Ppy patchy rods and their schematic 

representation for (B) 1:4, (C) 3:2, and (D) 4:1 gold-to-polymer ratio [42]. 
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As a perspective, one can be also interested in how patchy rods behave as a function of 

particle concentration. If aspect ratio of patchy rod is sufficiently high, what would the effect of 

enthalpic patch on their predominantly entropy-driven liquid crystalline self-assembly? The 

dynamical properties of patchy rod-like colloids have not been investigated yet in the 

experimental studies either [41], [42]. Therefore the central goal of this thesis is to synthesize 

suitable patchy colloidal system and to investigate its structural and dynamical properties in a 

wide range of particle concentrations. Besides, following the idea of Hubert et al. [64], the 

combination of entropic and enthalpic patchiness can be realized on colloidal rods adding 

depletion agents into dispersions of particles with enthalpic patches. 

 

0.4 Fd-virus as a model system of colloidal rods 

In this section, we will review the experimental achievements which have been done so far 

on the structural and dynamical properties of colloidal dispersions made of fd-viruses which are 

the main experimental system in this study. 

Fd-virus is a semiflexible rod-like polyelectrolyte formed by a cylindrical shell composed 

of around 3000 copies of the major coat protein (p8) which wrap in a helical way a circular 

single stranded DNA [44]. Thus fd is a chiral object displaying a helical charge distribution. 

There are five copies each of four minor proteins capping the two ends of the virion: p7 and p9 

on one end and p3 and p6 on another end as depicted in Fig.0.16. 

The conventional representative of fd strain is fd-wt (wild type) with a contour length of 

880 nm and a diameter of 7 nm [62]. The persistent length of fd-wt is three times higher than its 

contour length             . Thanks to the ability to genetically modify the structure of 

filamentous viruses, the stiffer fd-Y21M mutant has been derived with single point mutation in 

the amino-acid sequence of each p8 protein [45]. The 21st amino acid of the major coat protein is 

changed from tyrosine to methionine. This mutation results in the increasing of the fd-Y21M 

length                [46] and, more importantly, of its persistent length 

                  [45]. Therefore fd-Y21M mutant has stiffness which is about three times 

higher than stiffness of fd-wt virus. 
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Fig.0.16. (A) Schematic representation of fd-virus (its length is of about 1 µm and its 

diameter is of 7 nm). It consists of around 3000 copies of major p8 protein enclosing a single 

strain DNA. There are also five copies of each minor coat proteins p7/p9 on one end, and 

proteins p3/p6 on another end. (B) Transmission electron microscopy (TEM) image of fd-virus. 

The two p7/p9 and p3/p6 ends cannot be discriminated in this TEM image. 

There is a strain called M13 which is closely related to fd. M13 virus shares the same 

length, diameter and flexibility as fd, but it differs by one amino acids per major coat protein. 

There is negatively charged aspartate in 12th position in fd, and in M13 there is neutral 

asparagine. Thus the linear charge density is different for the two viruses: it is 10     ⁄  for fd 

and 7     ⁄  for M13 [65]. In this thesis we will use two longer mutants of M13 called M13KE 

and M13C7C which have the same diameter, stiffness and charge as M13, but they differ by their 

length which is of 1000 nm. M13KE and M13C7C themselves only differ by the number of 

cysteines groups in minor p3 tip proteins. The details will be provided in Chapter 1. 

The filamentous viruses fd and M13 have been used as model systems of rod-like particles 

because of three important features. (i) They can be easily observed at the single particle level by 

optical microscopy [9]. (ii) Regardless of fd/M13 charge, they can be approximated as hard rods 

if the concept of effective diameter is introduced [9], [24]. (iii) The filamentous phages are 

essentially identical to each other, meaning that they are highly monodisperse in shape and size. 

In this section, we will discuss the main structural and dynamical properties of fd-virus 

liquid crystalline suspensions, and will focus on the methods used for fd functionalization with 

fluorescent dye molecules. 

0.4.1 Self-assembled structures in fd suspensions 

The monodisperse chiral fd-viruses in water dispersion self-organize into chiral nematic 

(N*), smectic (Sm) and columnar (Col) liquid-crystalline phases (Fig.0.17). In chiral nematic or 
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cholesteric phase, the director follows the helical path, as viruses prefer to twist with respect to 

each other. The cholesteric pitch P0 is defined as the periodicity along the screw axis in which 

the local director has rotated by    (Fig.0.17A). Since the typical fd cholesteric pitch (from 

20µm to 200 µm [47]) is around three orders of magnitude larger than the interrod distance in 

cholesteric phase [9], locally chiral and usual nematic have the same structure. There is no 

difference in Onsager theory between isotropic-nematic and isotropic-cholesteric phase 

transition, as the free energy difference between the nematic and cholesteric phase is negligible 

compared to the one between the isotropic and nematic phase [69]. 

The location and coexistence concentrations of fd-wt isotropic-(chiral)nematic phase 

transition have been found experimentally [24] in a good agreement with numerical calculation 

of persistent polymers [66], [67], where Onsager theory [31] is generalized including rod 

flexibility. There is a necessity to involve the effect of the virus charge to find matching with 

Onsager theory, meaning that the bare fd diameter   must be rescaled by a charge-dependent 

effective hard-rod diameter      (      ) which is proportional to the Debye screening length 

of the virus [65], [68]. 

 

Fig.0.17. (A) Polarizing microscopy image of the chiral nematic or cholesteric phase 

formed by fd-viruses, where P0 is cholesteric pitch; insert represent the twist of the director [47]. 

(B) Differential interference contrast microscopy (DIC) of the smectic phase formed by rod-like 

viruses; inserts illustrate liquid-like and positional order within smectic A and smectic B  phases, 

respectively. (C) Optical texture of the columnar phase observed by polarizing microscopy. (D) 

Typical scattered intensity obtained by SAXS measuring the average interrod side-to-side 

distance.The dotted black line indicates the typical signature of liquid-like (smectic A and chiral 

nematic) and the solid red line indicates hexagonal positional order (smectic B and columnar). 

Bragg reflections (100) and (110) have been indexed according to the typical ratios of the 
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scattering vector  :  √  √  √    of a 2D hexagonal lattice corresponding, respectively, to 

the Miller indices (hkl) with the h, k, and l defined as the directions alocg the viruses [26]. 

The smectic phase includes the smectic A and the smectic B phases. In both cases viruses 

are arranged into layers stacked on top of each other, but the order within layers are different for 

two phases (Fig.0.17B insets). SAXS experiments reveal that smectic A possesses liquid-like 

order within the layer, whereas smectic B has long range hexagonal positional order [9]. To find 

a quantitative agreement between experimental [9], [25], computer simulations [32], [33] and 

theoretical [34] results on the values of the nematic-smectic A phase transition the virus charge 

also must be taken into account replacing a bare diameter   by an effective hard-rod diameter 

    
  [9].     

  is determined via the Manning model of charge condensation which becomes 

significant in concentrated dispersions and usually neglected for dilute cases [70], [71], [106]. 

Columnar-smectic B phase transition is failed to be described by purely excluded volume 

interactions [36]. The existence of columnar phase in rod-like fd-virus suspension [26] may be 

explained by rod flexibility [72]. The structural analysis by means of SAXS experiments reveals 

that the short range positional ordering occurs suggesting a hexatic order. Such organization 

could be originating from a geometrical frustration induced by the competition between long 

range 2D translational order and helical twist due to the virus chirality [73]. This frustration is 

resolved by the introduction of topological defects which exist to accommodate two competitive 

orders as helical twist and positional order.  

0.4.2 Dynamics in fd suspension 

One of the fundamental dynamical characteristics of any colloidal suspension is the rate at 

which constituent particles diffuse. In colloidal liquid crystals, the self-diffusion depends on the 

degree of ordering of the system. For rod-like dispersions, in principle, three parameters of 

interest can be measured to describe the dynamical properties of the system. They are the 

translational diffusion coefficients    and    for motion parallel and perpendicular to the rod 

long axis respectively, and the rotational diffusion    with respect to the rod long axis. 

At the infinite dilution of rods in solvent, the particle diffusion is caused by the Brownian 

force and torque exerted on it by the thermal energy     coming from the surrounding solvent 

molecules. When a particle moves through a solvent of viscosity   , it experiences a friction 

resulting in a hydrodynamic force for the translation and hydrodynamic torque for the rotation. 
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For long and thin rods of length   and diameter   these frictions coefficients for parallel and 

perpendicular motion are [77]: 

    
    

  (  ⁄ )
     (0.10) 

    
    

  (  ⁄ )
     (0.11) 

The friction coefficient for rotation is: 

   
     

   (  ⁄ )
     (0.12) 

Hence, it is possible to express three corresponding diffusion coefficients: 

   
   

  
,    

   

  
, and    

   

  
   (0.13) 

We see that       , meaning that the diffusion coefficient    in the direction parallel to 

the rod axis is about twice larger that the one for the perpendicular diffusion    at the infinite 

rod dilution. 

However, in the concentrated regimes, especially if there is positional and orientational 

order in the colloidal rod-like systems, the theoretical description of particle diffusion becomes 

complex due to spatial interaction between rods which has to be taken into account. 

Nevertheless, there are theoretical studies on the diffusion of rods in dense isotropic phase made 

by Doi [74], and in nematic phase made by Tang and Evans [75].  

 

Fig.0.18. Image of fluorescently labeled rods dispersed in nematic matrix of unlabeled 

rods (     ) [48]. Due to limited spatial resolution of optical microscope, labeled fd appears as 

a slightly anisotropic rod, even though its actual aspect ratio is of around 100. Scale bar: 5µm. 

Experimental studies on fd-virus translational diffusion in different liquid crystalline 

phases have been fruitful in the recent years. Although several techniques can be applied, such as 



Chapter 0: General Introduction 

36 

 

dynamic light scattering [76] or fast recovery after photobleaching [107], the most efficient and 

convenient method is the imaging and tracking of individual viruses with video microscopy. The 

motion of individual rods can be directly observed by fluorescence optical microscopy if they 

received labeling with fluorescent dye molecules (Fig.0.18). The details of labeling will be 

discussed in section 0.4.3. In order to characterize the dynamics of fd suspension, the mean 

square displacements (MSD) are measured relying on the individual trajectories    (  is id-

number of a given particle) of the labeled viruses traced down by video microscopy. If there are 

  trajectories the expression for MSD in parallel and perpendicular directions in terms of the 

distance from the initial position   ( ) of each particle reads as follow: 
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       (0.15) 

The parallel and perpendicular self-diffusion coefficients can be extracted from the 

following expression [49]: 

                   (0.16) 

The time evolution of MSD given by (0.14) and (0.15) provides also the value of diffusion 

exponent   [49]: (i) case with     represent unbiased random Brownial motion corresponding 

to the standart self-diffusion coeffisients     , (ii)     is a signature of a subdiffusive behavior 

which appears in crowded systems [108], and finally (iii)     is a characteristic of 

superdiffusion which can be observed for self-propelled or active particles [109]. It is worth 

stressing that if     , the parameters      should be regarded as the diffusion rates as they 

correspond to the unusual or non-Brownian motion. 

The typical collection of fd-wd traces in concentrated isotropic and nematic phases near 

isotropic-nematic transition (nematic traces have been extracted from the movie represented in 

Fig.0.18A) and correspondent MSD are shown in Fig.0.19C, while the trajectory of a single 

particle in smectic A phase is depicted in Fig.0.20B. All traces in isotropic phase are spherically 

symmetric, meaning there is no preferred direction of motion, whereas those in nematic phase 

display a significant anisotropy. All nematic traces are aligned along nematic director showing 

much lower displacement perpendicular to it. In smectic A phase rods prefer to diffuse faster 

along the director as well. Furthermore, in nematic phase the parallel virus displacement is 
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continuous whereas in smectic A it exhibits discontinuous hopping-like diffusion through 

smectic layers [46], [49]. 

 

Fig.0.19. Collection of traces of fluorescently labeled viral particles in (A) isotropic 

phase, and (B) anisotropic traces in nematic phase;    and    indicate a new lab-frame in which 

the director is aligned along the   -axis. (C) The mean square displacements of rods parallel to 

the director (full squares) and perpendicular to the director (full triangles) obtained for nematic 

phase. The isotropic mean square displacements are given by the open squares and triangles. 

The diffusion along the director in nematic phase is significantly enhanced when compared to 

the diffusion of isotropic phase, whereas the perpendicular diffusion is significantly suppressed 

[48]. 

The diffusion of fd-viruses along the director in nematic and smectic phase is strongly 

enhanced compared to isotropic phase, while the diffusion perpendicular to the director is 

reduced. The anisotropy in diffusion increases from     ⁄    to     after the isotropic-

nematic phase transition and growing up to     ⁄     in smectic A phase. Moreover the total 

diffusion        ⁄ (      ) increases abruptly, directly proving the increase of translation 

entropy after isotropic-nematic phase transition predicted by Onsager [31].  

 

Fig.0.20. (A) Overlays of DIC and fluorescence optical microscopy images showing the 

time consecutive frames of jumping labeled virus (elongated whitish signal) through the smectic 
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A layers. (B) The displacement of chosen particle in the direction parallel (red) and 

perpendicular (black) to the director [49]. 

In the fd liquid crystalline phases with positional translational order (smectic B and 

columnar) no significant self-diffusion has been detected [50], [51], except rare (around one 

event per 12 hours for one particle) half- and full-rod-length jumps were observed in columnar 

phase (Fig.0.21). 

 

Fig.0.21. Half-jump motion of fd-virus in the columnar phase. Fluorescence images show 

the raw data where the dashed red line is drawn perpendicular to the long axis of the labeled 

particle and indicated its position at the initial time. The corresponding trajectory presents the 

dimensionless displacement along (z, blue line) and perpendicular (x, red line) to the long axis 

(director). Displacements are normalized by the particle length L. The green line indicate the 

relative orientation change of the particles in radians (right vertical axes) [50]. 

Although, the general features of the diffusional behavior of fd suspensions in isotropic, 

nematic, and smectic A phases, where self-assembly is driven by entropy, are studied, there is no 

study on the dynamics in suspensions where entalpy contributes to the self-assembly. Thus, one 

of the goals of this thesis is to investigate the self-diffusion of patchy rods and to perform 

quatitative comparison with self-diffusion of pristine (purely repulsive) rods in all phases of fd 

dispersions. 
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0.4.3 Chemical functionalization of fd 

Fd-viruses have proven their importance as a model system for investigation of colloidal 

liquid crystals [9], [24] and as a building block for assembly of the various targeted structures 

[37], [38], [53]. Another striking feature of fd-virus is the opportunity to perform chemical 

modifications on its surface. In the framework of this thesis, we will perform the fd-virus 

conjugation or labeling with fluorescent dye molecules. Here we distinguish two types of 

labeling, which are the full body labeling and the tip labeling. These two ways are used to fulfill 

distinct and independent purposes in our exploration by the fluorescence optical microscopy of 

structural and dynamical properties of the fd liquid crystalline suspension. 

 

Fig.0.22. Schemes of labeling reaction on virus full body and tip. (A) The full body conjugation 

can be done by reaction between     group and     (N-hydroxysuccinimide) ester activated 

green dye molecules. (B) Tip conjugation can be performed only on p3 minor protein, where 

cysteine groups (   ) reduced by TCEP (tris(2-carboxyethyl)phosphine) react with Maleimide 

activated red dyes. 

Full body labeling has been done thanks to the     amine group ( -terminus) at the 

exposed to the solvent ends of each coat protein (p8, p3, p6, p7, p9) [54]. During the chemical 

reaction of labeling,     group links with N-hydroxysuccinimide (   ) ester whose in turn can 

be bound to the dye molecule. In this thesis we chose green dyes for the virus body labeling 

(Fig.0.22A). Full body labeling is employed in this thesis to study dynamical properties of 

colloidal suspension via single particle tracking. We have been working within an assumption 

that the green dye molecules which cover the surface of whole particle do not affect the virus 

self-diffusion behavior in colloidal dispersions.  

Tip labeling has been performed thanks to the exposed disulfide bridges (    groups) 

formed by cysteines on p3 proteins at one of the tips of fd-virus [54], [55]. Disulfide bridge 
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reduction to the thiols (SH groups) by tris(2-carboxyethyl)phosphine (TCEP) compound is 

required to conduct further reaction with Maleimide activated red fluorescent dye molecules 

[110] (Fig.0.22B). The same principle of regio-selective chemistry has been already successfully 

realized for the construction of the virus based colloidal multiarm structured [56], where biotin 

has been used instead of red dye molecules. In our study, the primary purpose of the virus tip 

labeling is the creation of enthalpic patchiness. The fluorescent dye molecules are partially 

hydrophobic [111] due to the presence of aromatic rings. This leads to the localized attractions or 

“patchiness” between viral ends. The secondary purpose is the visualization by fluorescence 

microscopy of the local structure of virus colloidal suspensions with improved optical resolution 

and contrast. Fd-virus tip labeling reaction used in this thesis has been developed and optimized 

by Cheng WU [110], a former PhD student in our group. 

The combined labeling of virus surface is also performed to be able to observe the self-

diffusion of patchy viral particles. In this case we initially conduct tip labeling with red dyes, and 

then full body labeling with green dyes. 

 

0.5 Linear topological defects in lamellar liquid crystalline ordering 

The large variety of different phases displayed by lyotropic (concentration dependent) and 

thermotropic (temperature dependent) liquid crystals has led to investigate at least two major 

fields of soft matter science: phase transition theory (global symmetry breakings) and defect 

theory (local symmetry breaking) [82]. Topological defects are crucial to understand ordered and 

disordered systems, frustrated media, and phase transitions [80-82].  

In this section, we will specifically introduce the linear defects in liquid crystalline 

structures with lamellar organization, and review the main experimental results on their 

observation and structural analysis in smectic phase of molecular liquid crystals. 

0.5.1 Elastic properties of nematic and smectic A liquid crystals 

Because of quasi-liquid nature of nematic liquid crystals, they can be treated as media that 

have continuum or elastic properties [84], [85]. For example, nematic phase, which is a one-

dimensional ordered fluid where the particles are orientationally ordered and are aligned in 

average along common direction  , called director, but have no long range positional order, can 
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be treated as an elastic fluid. There are three possible elastic deformations of its structure: splay, 

twist, and bend deformations as shown schematically in Fig.0.23A-C. These deformations have 

the following Frank elastic constants associated with them, respectively,         . The free 

energy per unit volume   can be written as follow (        is related to the pitch   in the 

chiral nematic case if any) [80], [90]: 

  
 

 
  (   )  

 

 
  (        )

  
 

 
  [  (   )]   (0.17) 

 

Fig.0.23. (A)-(C) Basic deformation modes of a nematic director field: (A) splay 

deformation (     ); (B) twist deformation (       ); and (C) bend deformation 

(  (   )   ). (D)-(F) The same deformations of the director field in a smectic phase. Only 

splay deformation of the director field (D) is compatible with the constant layer spacing. A twist 

deformation (E) [bend deformation (F)] is only possible if screw dislocations [edge dislocations] 

are introduced [83]. 

In contrast to the (chiral) nematic phase, the smectic A phase shows a layered structure 

which is incompatible with a director field  ( ) which is twisted or bent. This consideration 

means that terms containing     cannot occur in smectic liquid crystals [86], [87]. Indeed, 

experiments on thermotropic liquid crystals have shown that the pitch   and the elastic 

coefficients    and    of the chiral nematic phase increase strongly in the vicinity of smectic A 
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phase and diverge at the nematic-smectic A transition [88], [89]. The only way to twist or to 

bend the director field of a lamellar structure is to insert so-called screw- or edge-dislocations, 

respectively (Fig.0.23 E, F).  

Dislocations are linear defect with broken translation symmetry. The screw dislocations 

impose a change of orientation of the smectic layer through the axial direction of the sample, and 

the rotation in the lateral packing of the rods becomes localized at defect core. The edge 

dislocations are characterized by the breaking of continuity of a smectic layer, where a new layer 

appears (Fig.0.24). The vector that represents the magnitude and direction of the lattice 

distortion, called Burger vector b, is parallel to the dislocation line in the case of a screw 

dislocation, whereas it is perpendicular to the dislocation line for an edge dislocation. 

 

Fig.0.24. Schemes of a screw and an edge dislocations. The Burger vector b is parallel to 

the dislocation line along the z-axis for a screw dislocation and it is perpendicular to the 

dislocation line along the y-axis for an edge dislocation. 

In smectic phase density of elastic free energy (0.17) has to be supplemented by a term 

which accounts for layer compresibility [80]: 
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In this expression,   is the displacement field, and   is the compressibility modulus. 

Taking into account      , and introducing the elastic length   √   ⁄  (typical length 

scale over which an exerted distortion relaxes in lamellar systems), we can rewrite the free 

energy density for smectic as [80], [92]: 
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By accounting only linear derivatives in the displacement field  , the solution of (0.19) for 

screw dislocation with Burger vector b and defect core axis along z-axis (Fig.0.24) can be 

exactly minimized as [82], [91], [93]: 
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)     (0.20) 

In the case of a single edge dislocation with Burger vector b along y-axis (Fig.0.24), the 

solution of equation (0.19) is also known [82], [91]: 
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where    ( ) is the error function. 

The expression (0.21) is valid only for the edge dislocations where Burger scalar   is 

much lower than the elastic length  (   ). To describe the general case when     or     

the higher-order derivatives terms must be added to the displacement field u in the expression for 

the free energy density (0.19) which yields the nonlinear exact solution for u: 
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0.5.2 Screw and edge dislocation in molecular liquid crystals 

Although dislocations play an important role in liquid crystals determining many static 

and dynamic properties of these materials [94]-[98], quantitative experimental analysis of 

displacement field around dislocations and detailed structure of their cores remains scarce to the 

date [99]. Recently observations of screw and edge dislocations have been reported in liquid 

crystal material made of bent-shape molecules E9 [100] (Fig.0.25) by employing cryogenic 

transmission electron microscopy (Cryo-TEM), and in ordered films of PS/PBMA diblock 

copolymers by using atomic force microscopy (AFM) [112]. 

For a screw dislocation the width of defect core (blank region between red and green layer 

on the bottom sketch for Fig.0.25A) is found to be less than 5nm, which is nearly equal to the 

smectic interlayer spacing, and is in agreement with the “melted” ( nematic or isotropic) model 

of the core proposed for thermotropic smectic A phase by Pleiner [101], [102]. Using equation 

(0.21) the elastic length   of E9 liquid crystalline material has been estimated from the edge 
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dislocation profile shown in Fig.0.25B. The experimental findings provided an approximate 

value for   which has the same order of magnitude as the value of smectic interlayer spacing. 

 

Fig.0.25. TEM-images of (A) a screw dislocation with 3D model of its core on the top and 

cross section of the smectic layers on the bottom, and (B) an edge dislocation in bent-shape 

liquid crystal material E9 [100]. 

From this demonstration, we can conclude that investigation of dislocations depends on 

the quality of their visualization at length scale corresponding to smectic layer periodicity, which 

is typically of several nanometers for molecular systems. This results in poorly resolved images 

as we can see in Fig.0.25. Therefore it could be very useful to take advantage of the micrometer 

range smectic periodicity of, for instance, lyotropic fd-virus liquid crystalline dispersion, and 

perform observation of dislocation in this system gaining highly resolved optical images. 

Specifically, one might expect to probe the detailed structure in dislocation core via, for 

example, observation of particle self-diffusion within it. The local order within the dislocation 

core is expected to be “melted” into a higher-symmetry phase; (nematic or isotropic), but it does 

not receive yet an experimental confirmation [103], [104]. 
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0.6 Outline of the thesis 

The recognition that entropic and enthalpic patchinesses can lead to diverse morphologies 

assembled at the microscale has inspired the development of numerous chemical methods for 

creating novel types of colloidal particles with selective and directional interactions [7], [8]. In 

our group we exploit the fact that the functionalization by patchy inclusions can be locally 

performed at one of the single tips of filamentous viruses [56], producing a new sort of shape-

anisotropic particles with enthalpic patchiness. As the experimental studies of phase behavior and 

dynamics of patchy rods are scarce to the date [41], [42], it has motivated us to investigate the 

effect of highly localized attractive interaction on the structural and dynamical properties of fd-

virus liquid crystalline colloidal dispersions. Therefore, the aim of this thesis is to study the phase 

diagram and the dynamical features of fd-virus dispersions with tunable directional attraction and 

to compare the obtained results to that of pristine i.e. purely repulsive particles. 

In Chapter 1, the structural properties of viral particles with highly localized directional 

attractive interaction are studied. Firstly, we employ the regiospecific surface functionalization to 

achieve the local attraction between rod tips. Then we show that the strength of the resulting 

attractive interaction can be tuned by using different fd-virus mutants and by varying the dye 

molar excess during the chemical reaction. Computer simulations performed by the group from 

Eindhoven University of Technology is used to get deeper insight into the effect of directional 

attraction on self-assembly of rod-like colloids. Experimental phase diagram of patchy viruses as 

a function of their volume fraction and the interaction strength is thus constructed and compared 

to the simulation phase behavior of modeled patchy rods. As the liquid crystalline behavior of tip-

functionalized rods is highly sensitive to the mutual positions between patchy inclusions in 

different phases, particular attention of our analysis is devoted to the smectic ordering due to the 

high correlation of sticky particle ends in this organization. 

In Chapter 2, we show how the dye molecules on the rod tips are used to observe the liquid 

crystalline lamellar structure by fluorescence microscopy with improved resolution and contrast. 

Thanks to this, the visualization of linear topological defects in the smectic phase, called edge and 

screw dislocations, is performed at the lattice periodicity level. The detailed structure of defect 

cores is evidenced, as well as displacement field around an edge dislocation is calculated and 

compared to the theoretical predictions [78], [79]. “Melted” ordering within the screw 
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dislocations is revealed thanks to the self-diffusion experiments performed at the individual 

particle level. 

In Chapter 3, we focus our attention on the dynamical features of tip-functionalized viral 

suspensions. Dynamics in all liquid crystalline states of both patchy and pristine rods is 

investigated by tracking individual particle displacements by fluorescence microscopy. To 

characterize the differences between the two types of viruses, their mean square displacements, 

and thus self-diffusion coefficients, are experimentally measured and compared. Local diffusion 

of patchy rods assembled into layered reminiscent of smectic ordering in the nematic and 

isotropic phases are also presented. 

Finally in Chapter 4, we combine the effects of entropic and enthalpic patchinesses. Non-

absorbing polymers are added into pristine as well as tip-functionalized viral dispersions inducing 

effective attraction between rod sides. Structural and dynamical properties of non-functionalized 

and tip-grafted particles under depletion interaction are studied by optical microscopy and small 

angle X-ray scattering techniques with the determination of the experimental phase diagrams. 

In the general conclusion, we summarize all the results obtained for dispersions of 

filamentous viruses with highly localized directional attractive interaction. Some perspectives of 

this work are also discussed including further ideas for combination of entropic and enthalpic 

patchiness, as well as varying the position of localized attraction on rod surface to achieve new 

types of virus based superstructures. 
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3.1 Introduction 

Dynamical properties of concentrated colloidal dispersions are of great importance in 

modern soft matter science. Structure of complex fluids cannot be fully understood without deep 

insight into transport processes occurring in media. Due to low Reynolds numbers, self-diffusion 

is the main transport process in colloidal dispersions defining their dynamical properties [18]. 

Dynamics in colloidal dispersions where constituting particles interact via hard-core repulsion 

has been fruitfully investigated experimentally in case of rod-like filamentous viruses [1]-[4], 

PMMA (polymethyl methacrylate) ellipsoids [29], and silica spheres [30]. Dynamical properties 

of some protein solutions have been also explained based on hard-core interaction between 

particles [5]-[7], [19]-[21]. However, despite increased attention to colloidal systems with 

directional attractive interaction or "patchiness", experimental investigations of their dynamical 

properties are presently lacking. Some studies based on neutron scattering have reported on the 

self-diffusion of nearly spherical proteins with weak patchy interaction and the comparison with 

the self-diffusion of their hard-core counterparts [8]. Nevertheless, a quantitative comparison of 

these two systems cannot be carried out due to difference of particle hydrodynamic radii 

(          and        for patchy and hard-core particles respectively) and their size 

polydispersity. Thus, our system of patchy colloidal rods is more appealing from this 

perspective, as the effect of local attraction on self-diffusion can be studied by direct comparison 

of two viral systems which only differ by presence of highly localized sticky inclusions on the 

particle tips in one of them, whereas other parameters characterizing size and shape of both 

particle types remain unchanged (see Chapter 1). Besides, the colloid motion can be visualized 

by fluorescence optical microscopy at the single particle level providing detailed understanding 

of the dynamical features of patchy dispersions. 

Therefore in this Chapter, we have performed an investigation of the translational self-

diffusion of tip-functionalized and pristine (purely repulsive) rod-like colloids covering a wide 

range of particle concentration: from isotropic liquid states up to highly concentrated regimes 

including different liquid crystalline phases. 
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3.2 Results and Discussion 

In order to study the effect of local directional interaction on the dynamical properties of 

viral dispersions, we chose to work with filamentous virus mutants M13C7C and M13KE (see 

Chapter 0.4), and with hydrophobic fluorescent dye molecules Dylight 550 and Dylight 594 

(ThermoFisher) which has been shown to act as patchy inclusions. As we already mentioned in 

Chapter 1, those two types of viruses only differ by the number of cysteine bonds at the viral 

proximal tips. Using this fact and varying the dye molar excess during chemical reactions for the 

tip functionalization, the number of dye molecules grafted on one of the viral ends can be 

controlled from        , 3 to 10 dyes per particle tip. In Chapter 1, we have shown that 

number of grafted dyes defines the strength of local attraction between viral tips and thus affects 

the phase behavior of patchy dispersions. However, exposed hydrophobic moieties of unfolded 

p3 proteins which appeared after cysteine reduction and dye labeling can also contribute to the 

patchy effect on rod tips. Still, it is reasonable to assume that the amount and size of these 

exposed groups increases with the degree of labeling, as shown by our experiments in Chapter 1. 

Self-diffusion was studied employing tracking of rod displacements by fluorescence 

optical microscopy adding a tracer amount of viruses with full body labeling (green dyes cover 

the whole viral surface) and combined labeling (red dyes on viral tip inducing patchiness, and 

green dyes cover the rest of the rod surface), into dispersions of pristine and patchy particles 

respectively (see section 0.4.3). 

3.2.1 Mean square displacements in different phases 

To characterize the differences in dynamical features between pristine and patchy viruses, 

for these two types of dispersions with respect to the main rod axis we quantified and compared 

parallel and perpendicular mean square displacements (     and     ), and then we 

determined the self-diffusion rates      and the diffusion exponents      via the expression 

              
     (see Chapter 0.4.2). MSD calculations rely on the individual trajectories of 

body-labeled viruses obtained via fluorescence optical microscopy. By performing the 

observation of tip-functionalized rod motion in all phases of viral dispersions, we discriminated 

two populations of patchy viruses. The first population is the fraction of patchy particles which 

diffuse qualitatively similarly to pristine ones meaning that their translational displacement 

parallel to the main rod axis direction is much more pronounced than in perpendicular direction 
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in the nematic and smectic states [1]-[4], whereas they have no preferential direction of motion 

in isotropic phase [1]. The second population is the fraction of patchy viruses which are bound at 

one of their tips to the two-dimensional clusters (see Chapter 1, Fig. 3). Having such constraint 

they perform "anchored" self-diffusion i.e. local rotational self-diffusion with one rod end being 

immobile. To achieve an adequate comparison between dynamics in tip-functionalized and 

pristine colloidal dispersions, we calculated MSD only of patchy particles from the first 

population disregarding the second one, whose specific behavior will be discussed in section 

3.2.3. 

Local attraction between rods is expected to strongly affect the dynamical properties of 

particles in crowded conditions [23] resulting in subdiffusive behavior of viral dispersions 

characterized by diffusion exponent     (see Chapter 0.4.2). Subdiffusive behavior with     

have been detected recently for the smectic phase of filamentous viruses [4], due to effect of 

crowding when approaching the crystalline phase, where voids are created in the adjacent 

smectic layers.  

Below we reported the results on MSD of patchy rods and compared them to the MSD of 

pristine rods in order of decreasing particle concentration in dispersions. 

 

3.2.1.1 Columnar and Smectic B phases  

The most concentrated states which have been achieved experimentally in patchy and 

pristine rod dispersions are columnar and smectic B liquid crystalline phases. It has been shown 

recently by means of SAXS experiments on raw fd suspensions that both phases possess 

positional order in the directions perpendicular to the director [9]. Dynamical studies by 

fluorescence microscopy revealed the lack of significant viral self-diffusion except very rare 

half- and full-rod-length jumps in columnar phase (a particle jumps one time per around 12 

hours) stemming from particle moving into defects and due to collective dynamics in which 

particles move in and between columns, respectively [4], [10]. Our experimental study has 

evidenced the existence of positional order in columnar and smectic B phases in dispersions of 

patchy viruses (see Chapter 1, Fig. S3). Self-diffusion experiments have not revealed any 

significant motion of tip-labeled viruses in these highly concentrated states. We have not 

detected any half- and full-rod-length jumps in our patchy dispersions within time observation 
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window of around 10 seconds, which was limited by the green dye photobleaching. The 

examples of single patchy particle trajectories in columnar and in layered B phases are shown in 

Fig. 3.1, indicating only signals which are less than microscope x-z resolution corresponding to 

about 0.2 µm. Slightly higher signal magnitude in parallel direction can be caused by asymmetry 

of 2D Gaussian fit during particle detection [1]. 

 

Fig. 3.1. Overlay of florescence microscopy images showing red signal coming from tip-

functionalized viruses (3 dyes per tip) in (A) columnar (              ⁄ ) and (B) layered 

smectic B (              ⁄ ) phases. Tracer amount of particles with combined labeling 

(red dyes on the tip, green fluorescent dyes on the body) has been added to enable single rod 

tracking experiments. Scale bar: 2µm. Examples of trajectories in (C) columnar and (D) smectic 

B phases where particles do not show self-diffusion. Insets represent the signal magnitude in 

parallel and perpendicular directions. White arrows indicate the particles whose trajectories are 

plotted in (C) and (D). 

MSD of both patchy and pristine dispersions in directions parallel and perpendicular to 

the main rod axis have been calculated relying on single particle trajectories and revealed no 
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time evolution confirming the lack of significant motion in columnar and smectic B phases. Each 

MSD curve (Fig. 3.2) has different positive offset coming from localization uncertainty during 

particle detections [11]. As there is no time evolution of MSD, we have not performed the 

numerical analysis to determine self-diffusion rates in the columnar and smectic B phases. 

 

Fig. 3.2. Log-log representation of the parallel (left, open symbols) and perpendicular 

(right, solid symbols) mean square displacements (MSD) for the columnar and smectic B phases 

of pristine (0 dyes) and patchy (3 dyes) viral dispersions. The rod concentration in the columnar 

phase is 150 mg/ml (pristine particles) and 151mg/ml (patchy particles), and in the smectic B 

phase is 126 mg/ml (pristine) and 124 mg/ml (patchy). 

3.2.1.2 Smectic A phase 

Dilution of smectic B leads to one more lamellar phase which is smectic A . There is 

liquid-like order within the smectic layers. Due to decreasing concentration, patchy and pristine 

rods gain mobility in smectic A, thus tip-functionalized viruses can be discriminated in two 

populations according to the their dynamical behavior. Dynamics of the first population of 

patchy rods is qualitatively similar to the one found for pristine rods: discontinuous hopping-like 

displacements between adjacent layers parallel to the viral rod axis and continuous motion 

perpendicular to it within layers [2]-[4]. We evidenced that the tip-functionalized particles from 

the first population usually belong to the cluster-free homogeneous smectic domain (Fig. 3.5). 

Residence time of sticky rods within one smectic layer is longer meaning that their jumps 

between layers take place much more rarely compared to raw particles. Examples of patchy rod 

trajectories with lateral (motion within the layer) and hopping-like self-diffusion are shown in 

Fig. 3.4. Due to local attraction between tips, rods prefer to stay close to each other performing 

displacements within the layers rather than jump abruptly to a neighbor layer. This behavior 
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results in higher smectic ordering potential of tip-functionalized particles measured in Chapter 1. 

It has values within the range        for tip-labeled rods compared to        for pristine 

ones (Fig. 3.3). 

 

Fig. 3.3. (Left) Smectic ordering potentials calculated from experimental distribution of 

particles, as a function of the particle position, normalized by the smectic layer spacing, for 

different rod concentrations. In gray we indicate the experimentally measured potential of 

immobile particles, which is equivalent for the potentials of point spread function (PSF) op the 

optical setup. (Right) Smectic potential barriers as a function of virus concentration. In all 

graphs, black symbols correspond to pristine i.e repulsive rods, while red ones correspond to 

tip-labeled particles. 

Typical trajectory of patchy rod from the second population (which corresponds to 

viruses bound by one of their tips to the two-dimensional cluster) is shown in Fig. 3.5C. Two-

dimensional clusters have been defined as the regions with increased red signal compared to the 

signal coming from homogeneous smectic domains (Fig. 3.5A). Patchy rods with “anchored” 

self-diffusion do not show significant displacements compared to the “free” (from the first 

population) particles (Fig. 3.5 B,C). We have also characterized two types of sticky viruses in 

smectic A by plotting their angular distribution with respect to director (Z-axis). Gaussian fits of 

these distributions        [ 
 

 
(
    

 
)
 

], where y is the probability,    is the center of the 

distribution   is angle value, give the same standard deviation values of around        for 

both anchored and free particles (see details in Appendix, section A5). It means, that local 

particle concentration within clusters and far from them within homogeneous smectic layers is 

similar. 
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Fig. 3.4. Optical fluorescence microscopy images at different times displaying lateral (A) 

and hopping-like (B) motions in smectic A (              ⁄ ) bulk of patchy rods. The 

vertical and horizontal dashed lines are plotted to point out the particle displacements within 

and between smectic layers, respectively. Scale bars are provided by the 1µm smectic layer 

spacing periodicity. Examples of the trajectories which reveal the patchy rod motion within the 

layer (C), and rare jump events between adjacent layers (D). White arrows indicate the particles 

whose trajectories are plotted in (C) and (D). 

 

Fig. 3.5. (A) Optical fluorescence microscopy image of smectic A (              ⁄ ) 

phase showing patchy virus from cluster-free homogeneous smectic domain which perform 

translational diffusion (first population); and tip-labeled virus which perform "anchored" self-

diffusion as one of its ends is bound to a cluster (second population). Clusters have been 

identified as the regions with increased red signal compared to the signal coming from 

homogeneous smectic domains. Scale bars are provided by the 1µm smectic layer spacing 

periodicity. Examples of patchy rod trajectories which belong to homogeneous smectic domains 
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(B), and of the particles which bound to the cluster at their tip (C). Insets in (B) and (C) 

represent the angle time evolution of the patchy viruses with respect to the Z-axis. 

MSD of the first population of patchy rods in smectic A phase are calculated and 

compared to MSD of pristine viruses (Fig. 3.6). The log-log representations of data points 

indicate two different slopes for parallel and perpendicular MSD values. At short times, we find 

a subdiffusive behavior (   ) for both types of viruses, while at long times the diffusive 

regime (   ) is recovered. The crossover between the two diffusion modes occurs at 

approximately             for both pristine and patchy viruses (see details in Appendix, 

section A1). Both parallel and perpendicular diffusion exponents lie within the range of      

        for patchy viruses while they span the interval of              for pristine rods (see 

details in Appendix, section A3). As   decreases when approaching crystalline states in 

suspension of fd viruses, we can use this parameter to characterize the ordering of colloidal 

dispersions. Therefore, due to lower values of   we can conclude that patchy viruses in smectic 

A phase are more ordered compared to their pristine counterparts. 

Dynamics in smectic A phase can be considered as the virus motion in periodic one 

dimensional potential field induced by layers. Each smectic layer acts as a “cage” which 

constrains rod motion in parallel direction. The cage effect is evident from the particle MSD [25] 

(Fig. 3.6). When particle motion is compatible with the size of the cage, their diffusion is 

impeded by other rods which results in subdiffusive behavior characterizing by     at short 

times. When virus displacement is larger than the size of the cage, it corresponds to the diffusion 

in the colloidal dispersion describing by diffusive behavior with     . Therefore, crossover 

time   between the two diffusion modes can be used to estimate the width of the cage in smectic 

A phase of our colloidal rods by using expression       √   , where   is the translational 

diffusion rate. Taking typical values of    for pristine viruses (see section 3.2.2) which are     

     
   

 
, and value of             , we can estimate the typical cage width as            

      . These values are compatible with the smectic layer spacing value which is of 1   . 

Therefore for non-labeled rods, smectic layers can be considered as cages which confine their 

motion. As parallel and perpendicular rod displacements are not independent due to particle 

penetration into adjacent layers, cage effect and, thus, subdiffusive behavior should also emerge 

in the direction normal to the main virus axis. 
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Overall, from MSD curses in Fig 3.6, we conclude that self-diffusion of patchy rods is 

more hindered compared to self-diffusion of pristine ones due to presence of local directional 

interaction which induce higher smectic ordering potential in tip-labeled viral dispersions (see 

section 3.2.2). 

 

Fig. 3.6. Log-log representations of parallel (top) and perpendicular (bottom) examples 

of MSD at different rod concentrations of pristine and patchy viruses in and smectic A phase. 

Virus concentrations for 0 and 3 dyes are indicated in units of mg/ml. Subdiffusive regime is 

found at short times, whereas diffusive mode is recovered at long times. Green and blue lines 

indicate the slopes corresponding to subdiffusive and diffusive regimes respectively. Dashed red 

lines indicate the crossover time              between two diffusion regimes. 
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3.2.1.3 Nematic phase 

Patchy rods from the first population in the nematic domains diffuse qualitatively in the 

same way as pristine particles do: there is mainly continuous anisotropic diffusion along viral 

main axis which corresponds to the nematic director. Detailed analysis of patchy rod self-

diffusion from the first population in nematic phase shows that their motion is more complex 

compared to that of pristine rods.  

 

Fig. 3.7. (A) Optical fluorescence microscopy images at different times representing the 

nematic phase (             ⁄ ) of patchy rods where the director corresponds to Z-axis. 

The crossed dashed lines are drawn for visual guide to bring attention to the particles which 

exhibit relatively long (B) and short (C) parallel displacements. Scale bar: 2µm. Yellow arrows 

indicates the particle with longer displacement, whereas white ones indicate the particles with 

short displacement. 

We found that tip-labeled viruses reveal wide distributions of trace extension values in 

both parallel and perpendicular directions to nematic director: from up to several micrometers 

down to the fractions of micrometer (Fig. 3.7), whereas raw rods show in average uniform 

distribution for a given time range. For a given rod concentration, it results in relatively wide 

distribution of MSD curves calculated individually for each patchy particle, while the 

distribution for pristine particles is much narrower (see details in Appendix, section A2). In Fig. 

3.7 we presented the trajectory examples for two patchy rods demonstrating relatively long (Fig. 

3.7B) and short (Fig. 3.7C) parallel viral displacements. We argue that these two viruses belong 

to two clusters made of different amount of patchy rods. If cluster is relatively small (relatively 

low number of constituent rods), the red signal coming from the viral tips is too low to be 

measured and observed by optical microscopy, thus, we can observe only the biggest clusters. As 
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we added only a tiny amount of viruses with combined labeling into patchy dispersions (roughly 

one green virus per ten thousands of patchy viruses      ), not all rods which belong to the 

cluster are expected to be body-labeled. It is reasonable to presume that the mobility of cluster 

decreases with increasing its number of constituting particles. Therefore patchy viruses with 

varied parallel displacements represent the displacements of two-dimensional clusters with 

different number of constituting rods. 

However, if the two-dimensional cluster is big enough to be detected by fluorescent 

microscopy, we can observe binding (Fig. 3.8) and unbinding (Fig. 3.9) events for patchy rods. 

Binding event is a rod transition from the nematic background to the state when rod is bound to 

the cluster and exhibits anchored self-diffusion characterizing by only local rotation with one rod 

end being immobile (anchored self-diffusion will be discussed in section 3.2.1.4, Fig.3.11A). 

Unbinding event occurs in the opposite direction: from anchored self-diffusion to anisotropic 

motion in the nematic domains. 

 
Fig. 3.8. (A) Optical fluorescence microscopy snapshots showing the binding of a patchy 

rod to bilayer “lamellae” dispersed in a nematic background (             ⁄ ).Yellow 

arrows indicate the binding particle. Nematic director corresponds to Z-axis. Scale bar: 2µm. 

(B) Typical trajectory of a particle displaying binding event. Green horizontal line is plotted to 

emphasize the time interval when patchy rod is bound to cluster and exhibits the anchored self-

diffusion. 
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Fig. 3.9. (A) Optical fluorescence microscopy snapshots representing the unbinding 

event of a patchy rod from the bilayer “lamellae” toward a nematic background (       

      ⁄ ). Scale bar: 2µm. (B) Typical trajectory of the particle showing an unbinding event. 

Green horizontal line is drawn to emphasize the time interval when patchy rod reveals the 

anchored self-diffusion before being transferred from the cluster to the nematic bulk. 

Parallel and perpendicular MSD of patchy viruses based on trajectories from the first 

population (typical anisotropic self-diffusion in nematic phase with displacement mainly 

occuring along the director) are calculated and compared to that of raw viruses. We found that 

both pristine and patchy rods exhibit diffusive regime        in the direction parallel to the 

director. In perpendicular direction, raw rods are found to reveal subdiffusive regime        at 

short time (       ), and diffusive regime at long time, while patchy rods reveal subdiffusive 

behavior over all observation window (Fig. 3.10). The reason of subdiffusive behavior in 

perpendicular direction (    ) of our pristine dispersions in the nematic phase in not clear. 

Previous study on fd evidenced diffusive regime in nematic state for perpendicular self-diffusion 

in all time range [4]. One might expect the same behavior for our M13 viruses, thus, this 

question remains open. In case of perpendicular self-diffusion of patchy rods, we argue that 

diffusive regime is not recovered because rod motion is suppressed due to their involvement into 

relatively small clusters.  
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Overall in nematic phase, we have found decreasing of tip-labeled rod mobility compared 

to raw rods, which can be explained by local attraction between viral ends as well as patchy rods 

involvement into two-dimensional clusters of varied size. 

 

Fig. 3.10. Parallel (top) and perpendicular (bottom) MSD of patchy and raw viruses in 

nematic phase. Virus concentrations for 0 and 3 dyes are indicated in units of mg/ml. Pristine 

and patchy rods exhibit diffusive regime        in parallel direction. In perpendicular 

direction there is subdiffusive regime at short times and diffusive regime at long times for 

pristine rods; and only subdiffusive regime for patchy rods. Green and blue lines indicate the 

slopes corresponding to subdiffusive and diffusive modes respectively.  
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3.2.1.4 Isotropic liquid phase 

The main feature of patchy dispersions in isotropic liquid phase is that the majority of 

patchy rods are bound to the two-dimensional clusters by one of their ends revealing anchored 

self-diffusion. Therefore, most of tip-labeled rods belong to the second population of patchy 

viruses. In Fig. 3.11A we demonstrated the large field of view capturing tip-functionalized 

viruses anchored to the lamellae. They perform local rotational self-diffusion with significant 

angular displacement (Fig. 3.11B). Gaussian fit of distributions of angular displacements for 

anchored rods in isotropic phase gives standard deviation value of around 10° (see details in 

Appendix I, section A5). Angle distributions for patchy rods from the first population in the 

isotropic phase are expected to be uniform as there is no orientational order, therefore the value 

of angle standard deviations should be zero. Translational self-diffusion of patchy rod reveals no 

significant displacement of a single anchored particle (Fig. 3.11C), but it demonstrates the global 

motion performed by the whole cluster in colloidal suspensions. 

 

Fig. 3.11. (A) Overlay of fluorescence microscopy images of patchy viruses in dense 

isotropic phase (             ⁄ ) showing anchored viruses to the clusters. Scale bar: 2µm. 

(B) Angle evolution of patchy rod anchored to lamellae with respect to Z-axis [dotted white box 

in (A)]. The insets represent the two maximum virus deviations from its average orientation 

shown by the vertical dashed line (horizontal dashed line indicated the “lamellae” orientation). 

Scale bar: 2µm. (C) Corresponding displacement of center of mass of the patchy virus involved 

into bilayer cluster evidencing the anchored self-diffusion combined with collective motion of 

whole cluster. 

In order to evidence the motion of single patchy rods from the first population (not 

involved into two-dimensional clusters), we have prepared isotropic suspension with viral 



Chapter 3: Effect of patchy interaction on dynamics of rod-like colloids 

 

104 

 

concentration lower than overlap one (                  
 ⁄ ;              

                  ) in 

which all particles received combined labeling meaning all patchy rods are body-labeled by 

green dye molecules. At these conditions all two-dimensional clusters are fully dissolved and 

only single patchy particles are observed (Fig. 3.12A). To avoid overlap of particle traces, we 

have prepared dispersion at very low particle concentration of about          
      ⁄ . It is 

worth stressing that the red signal coming from viral tips is too low to be measured and detected 

for this range of rod dilution. Typical trajectory of single patchy rod with no preferential 

direction of motion, contrary to smectic and nematic phases, is reported in Fig. 3.12B. 

 

Fig. 3.12. (A) Optical fluorescence microscopy image showing patchy viruses at very low 

virus concentration (         
      ⁄ ) where all particles have received green dyes body-

labeling. Scale bar: 2µm. (B) Typical trajectories of center of mass of a single virus. Yellow 

arrow indicates the rod whose trajectory is plotted in (B).  

In our experiments we detect 2D-projection of 3D isotropic rod motion, thus, we cannot 

properly distinguish parallel and perpendicular components of viral displacements due to 

difficulties of determining the angle between rod main axis and Z-axis for a given snapshot (Fig. 

3.12.A). Thus, when quantifying MSD, we set Z-axis as a pseudo-parallel  ( )  and X-axis as a 

pseudo-perpendicular   ( )  component of particle displacements (Fig. 3.12A). Results reported 

in Fig. 3.13 indicate diffusion regime (   ) for patchy and pristine rods at very low rod 

concentration. 
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Fig. 3.13. Pseudo-parallel (left) and pseudo-perpendicular (right) MSD of pristine and 

patchy viruses at very low rod concentration (         
      ⁄ ). Blue sloped lines are for 

eye guide to illustrate the diffusive regime    . 

Our experimental finding show that both patchy and pristine self-diffusion values in 

pseudo-parallel and pseudo-perpendicular (Z-axis and X-axis in Fig. 3.12.A) directions are 

nearly equal:   ( )   ( )       
  ⁄ . It is reasonable to assume that from our experimental 

output the total virus self-diffusion equals to     
    

 

 
(  ( )   ( )). It gives experimental value 

of total self-diffusion to be equal     
           ⁄ . According to the theoretical predictions 

[17], rod diffusion at infinite dilution is        
 

  

      (  ⁄ )

   
, where   and   is rod length and 

diameter respectively, and    is solvent viscosity. Taking parameters of our viral rods       , 

       and viscosity of colloidal water dispersion      
      , we have calculated the 

theoretical value of virus self-diffusion      
           ⁄  at very low particle concentration. 

We found a quantitative agreement between theoretical and experimental self-diffusion values 

for rods in the deep isotropic phase indicating that local attraction between viral tips (induced by 

3 and 10 dyes per rod end) has no effect on particle mobility at rod concentration which is lower 

than the overlap concentration. 



Chapter 3: Effect of patchy interaction on dynamics of rod-like colloids 

 

106 

 

3.2.2 Self-diffusion coefficients of patchy and pristine rods 

To characterize and compare dynamical behavior in liquid crystalline dispersion of tip-

functionalized and pristine viral rods, the translational self-diffusion coefficients    and    for 

both systems are calculated via expression               
    .  

In columnar and smectic B liquid crystalline states, due to lack of significant rod self-

diffusion, we did not calculate self-diffusion rates for these phases. 

In smectic A phase of both patchy and raw viral dispersions, we detect two types of 

behavior: subdiffusive regime at short times and diffusive regime at long times (Fig. 3.6). Self-

diffusion rates which correspond to two diffusion regimes are found to be nearly equal:     
      

    
    

. We find that both    and    for patchy rods are roughly one order of magnitude lower 

than that for rods with purely repulsive interaction (Fig. 3.14). This slowing down of tip-labeled 

rod self-diffusion can be explained mainly by higher smectic ordering potential in patchy 

dispersions induced by local attraction between viral tips. 

In nematic state of patchy and in chiral nematic state of pristine rods, we detected 

diffusive behavior during the whole observation time in parallel direction. In perpendicular 

direction, raw rods are shown to possess slight subdiffusive behavior at short times, and diffusive 

one at long times, while patchy rods exhibit subdiffusive regime over all time observation range. 

The origin of subdiffusive behavior in perpendicular direction (    ) for pristine rods is 

unknown and requires further studies. In case of patchy viruses, we interpret subdiffusive 

behavior as rod involvement into two-dimensional clusters of varying size. Numerical fit yielded 

self-diffusion values for tip-labeled viruses in both directions to be around five times lower than 

the values for raw particles (Fig. 3.14). We argue that tip-labeled rod mobility in nematic phase 

is hindered compared to pristine non-labeled rods due directional attraction between viruses and 

their involvement into clusters. 

Self-diffusion values of patchy and pristine rods converge at very high rod dilution below 

viral overlap concentration. This can be caused by relatively short range of patchy attraction 

between viral tips, which does not affect the viral mobility at highly diluted states. 

In Fig. 3.14, we report the evolution of parallel and perpendicular diffusion rates (    and 

  ) in nematic and smectic A ranges of viral dispersions. Anisotropy       of self-diffusion 
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rates is also shown as a function of rod concentration. Anisotropy of raw rods is around twice as 

high as one of patchy rods in smectic A phase, while it is about 50% higher in nematic state. 

 

Fig.3.14. Parallel     and perpendicular    self-diffusion rates as well as their ratio 

       for raw and patchy viruses (for suspensions with both 1 and 3 dyes) in nematic (left) and 

smectic (right) phases.     and    values are obtained via fit of MSD using expression        

      
 . 
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3.2.3 Orientational order parameter in patchy and pristine suspensions 

By using angular displacement distributions which reveal typical anisotropic self-

diffusion occurring mainly along the director in nematic and smectic A phases (see Appendix, 

section A4) of raw and patchy rods (first population of patchy particle), we have calculated the 

orientational order parameter    〈
 

 
      

 

 
〉, where   is local angle value characterizing rod 

main axis deviation from the director. We found that the behavior of     is nearly the same for 

raw and patchy viruses in both nematic and smectic A phases (Fig. 3.15). It is consistent with the 

fact, that local attraction between viruses does not affect the isotropic-nematic phase transition. 

 

Fig.3.15. Orientational order parameter     〈
 

 
      

 

 
〉, where   is local angle 

value characterizing rod main axis deviation from the director, for 0, 1, and 3 dyes in nematic 

(left) and smectic (right) phases. 

We also compare angular displacement distributions for patchy rods with typical 

anisotropic self-diffusion (first population) and anchored self-diffusion of rods involved into 

two-dimensional clusters (second population) [see Appendix, section A5]. Orientational order 

parameters     are, thus, also calculated for two populations of rods showing nearly the same 

values for both types of sticky particles in nematic and smectic A states (Fig. 3.16). Therefore, 

the local concentration of rods which bound to clusters is the same to the rod concentration in the 

bulk. Note that     for the first population of particles is zero in the isotropic phase, whereas it 
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has non-zero value for the anchored particles as their rotational self-diffusion is restricted due to 

attachment to the two-dimensional clusters. 

 

Fig.3.16. Orientational order parameter     for patchy particles (3 dyes system) from the 

first population (typical anisotropic self-diffusion in nematic and smectic A) and the second 

population (anchored self-diffusion). The red dashed lines at the bottom of the graph indicate the 

phase diagram of patchy virus suspension. 

3.3 Conclusions 

Our findings show that dynamical behavior of patchy and pristine i.e. purely repulsive 

rods is markedly different. We distinguish two populations of patchy viruses. The first 

population behaves qualitatively similarly to the rods with purely repulsive interaction showing 

anisotropic self-diffusion with main displacement along the director in nematic and smectic 

phases. This fraction of viruses has been used to establish the concentration evolution of 

translational self-diffusion coefficients. The second population is unique to patchy viral 

dispersions, and contains sticky rods which are bound at one of their ends to the two-dimensional 

clusters revealing “anchored” self-diffusion and lack of significant translational motion 

The comparison of self-diffusion coefficients reveals stark contrast between the mobility 

of patchy and raw viruses. Lower values for tip-functionalized rods suggest the existence of a 

mean-field attraction in patchy dispersions induced by sticky inclusions on particle tips 
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uniformly distributed throughout the suspensions volume. This mean-field promotes increasing 

smectic ordering potential in lamellar state and appearance of two-dimensional clusters in all 

phases of viral dispersion hindering the self-diffusion of patchy rods. Directional attraction is 

shown not to affect the orientational order parameter of tip-labeled rod suspensions compared to 

pristine ones. 

Overall, our dynamical studies provided deeper understanding of colloidal suspension 

structure with local directional interactions emphasizing the strong impact of weak patchy 

inclusions on properties of complex fluids. 
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Appendix 

Effect of patchy interaction on dynamics of rod-like colloids  

A1. Numerical fitting of MSD curves averaged over particles  

A1.1 0 dye or pristine viral system 

 

Fig. 1. Log-log representation of the parallel (top) and perpendicular (bottom) mean 

square displacements (MSD) for pristine viral dispersions in the columnar/smectic (left) and 

nematic (right) range. Black values indicate the rod concentrations in mg/ml; the red and green 

values indicate anisotropic exponents   obtained from the numerical fit by a power law 

             
      at short (subdiffusive regime) and long time scale (diffusive regime) 

respectively. Red dashed lines indicate the crossover time             between the two 

diffusion regimes. 
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The mean square displacements (MSD) of the pristine (0 dye) and patchy (1 and 3 dyes) 

systems are reported in Fig. 1, 2, and 3 respectively. The anisotropic diffusion rates      and 

exponents     , parallel ( ) and perpendicular ( ) to the director, are extracted from the 

numerical fits of the MSD curves performed employing a power law              
      for 

the different virus concentrations. For consistency of the results, we adjusted the time range of 

the fit to keep its high quality with a minimum value for the reduced chi-square. 

 

A1.2 Patchy system with 1 dye per rod tip 

 

 

Fig. 2. Log-log representation of the parallel (left) and perpendicular (right) MSD curves 

for patchy (1 dye per tip) viral dispersions. Black values indicate the rod concentrations in 

mg/ml; green and red values indicate anisotropic exponents   obtained from the numerical fit by 

a power law              
      of parallel and perpendicular component of MSD 

respectively. Relatively short (of around 8 s) time observation range recorded experimentally for 

this set of data does not allow for discrimination between different diffusion regimes at short and 

long time scales. 

 

 

 



Appendix: Effect of patchy interaction on dynamics of rod-like colloids 

 

115 

 

A1.3 Patchy system with 3 dyes per rod tip 

 

Fig. 3. Log-log representation of the parallel (top) and perpendicular (bottom) MSD for 

patchy (3 dyes per tip) viral dispersions in the columnar/smectic (left) and nematic (right) range. 

Black values indicate the rod concentration in mg/ml; red and green values indicate anisotropic 

exponents   obtained from the numerical fit by power law              
      at short 

(subdiffusive regime) and long time scale (diffusive regime) respectively. Red dashed lines 

indicate the crossover time             between the two diffusion regimes. 
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A2. Individual MSD curves of single particles 

 

 

Fig. 4. Collection of parallel (top panel) and perpendicular (bottom panel) of about 50 

MSD curves corresponding to each individual trajectories for (A) 0 dye (pristine viruses) system 

at virus concentration c=75.6 mg/ml, (B) 1 dye patchy system at c=79.0 mg/ml, and (C) 3 dyes 

patchy system at c=79.4 mg/ml. Lowering and widening of "patchy" MSD curves compared to 

"raw" ones indicates hindered viral self-diffusion due to attraction between rods and particle 

involvement into the two-dimensional clusters of varying size. 
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A3. Subdiffusive exponents evolution with virus concentration 

 

Fig. 5. Parallel (solid symbols) and perpendicular (open symbols) anisotropic exponents 

  obtained from the numerical fit by a power law              
      at short time scale 

indicating subdiffusive behavior of patchy (red symbols) and pristine (black symbols) rods. The 

red dashed lines at the bottom of graphs indicate phase diagram of patchy suspension, while the 

black dashed lines at the top indicate phase diagram of pristine viruses (I is isotropic, N (N*) is 

nematic (cholesteric), SmA is smectic A, and SmB is smectic B). 
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A4. Angle distributions of raw and patchy viruses from first population 

(typical anisotropic self-diffusion in nematic and smectic A phases) 

 

Fig. 7. Examples of the angle distributions which characterize rod deviations from the 

director for pristine (top) and patchy (middle and bottom) viruses from first population at three 

different particle concentrations. Numerical fits are performed using Gaussian function    

    [ 
 

 
(
    

 
)
 

], where    is the center of the distribution, and   is proportional to the full 

width at half maximum (FWHM) and has been used to calculate orientational order parameter 

(see main text, section 3.2.2) 
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A5 Angle distributions of patchy viruses from second population (“anchored 

self-diffusion”) 

 

Fig. 8. (A) Examples of the angle displacement distributions at three different 

concentrations showing the anchored rod deviations (second population of patchy particles) with 

respect to the direction perpendicular to the cluster whose they are bound to. Numerical fits are 

performed using Gaussian function        [ 
 

 
(
    

 
)
 

], where    is the center of the 

distribution, and   is standard deviation of distribution. (B) Standard deviation comparison of 

patchy rods from first and second particle populations indicating slightly weaker fluctuations of 

anchored viruses. Angle distributions for patchy rods from the first population in the isotropic 

phase are expected to be uniform as there is no orientational order, therefore the value of angle 

standard deviations should be zero. The red dashed lines at the bottom of graph indicate phase 

diagram of patchy suspension. 
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Self-organization of rod-like particles with combination of both entropic and 
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4.1 Introduction 

Colloids anisotropic in shape and in surface chemical functionality have attracted recent 

interest in soft matter science due to their promising role as constituent blocks for self-assembly 

into novel functional materials [1]. One can distinguish two complementary concepts of 

interaction directionality or patchiness between particles [5]: the first concept is related to 

enthalpic patchiness characterized by sticky chemical functions covering some fraction of colloid 

surface (discussed in Chapter 1); the second one is entropic patchiness characterized by 

topological surface irregularities such as corners, dimples, edges etc. which are able to 

mechanically induce directed interactions between building boxes under entropy driven depletion 

attraction.  

The examples of enthalpic patchiness have been reported for colloidal spheres [11] and 

rods [12]. In case of entropic patchiness, there were also several studies by computer simulation 

on self-assembly of non-spherical particles, which, in particular, have predicted the existence of 

diamond lattice exhibiting a full photonic gap [2]-[4]. Several experimental studies demonstrated 

the use of microparticles possessing dimples [6], and edges [7] to assemble them into colloidal 

molecules, polymers, and crystals under attractive depletion interaction. Other type of 

anisotropic particles such as rod-like colloidal fd-viruses has been shown to self-organize into 

ribbon-like structures [8], membranes [9], and platelets [10] under depletion.  

 

Fig. 4.1. Transmission electron microscopy (TEM) images at different magnification of 

silica particles with (a) 1, (b) 2, (c) 3, (d) 4, (e) 6, and (f) 12 dimples. Scale bars: 100nm. 

Finally, the concept of patchiness has been extended by obtaining silica particles 

combining both entropic and enthalpic contributions that can be tuned in order to enhance a 

particular desired particle alignment [13], [14]. It has been shown that preparation of colloids 
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with a controlled number of dimples from 1 to 12 can be performed adjusting the size of these 

topological irregularities (Fig. 4.1). Functionalization by sticky propyl groups at the bottom of 

the dimples and on the conventional particle surface has been reported providing the evidence of 

getting the particles with two types of patchinesses. 

Although, the synthesis of colloids with synergistic effect of combined patchinesses has 

been reported, the structural and dynamical properties of dispersions containing such objects 

have not been studied yet. Therefore in this Chapter, using fd-viruses as a model system of 

colloidal rods, we aim to go beyond depletion studies which have been done on pristine particles 

[8]-[10], and investigate how localized enthalpic patchiness on rod tips affect the self-

organization of viral particle mixture with non-adsorbing polymers. Interaction strength of both 

entropic and enthalpic contributions can be tuned by varying polymer volume fraction in the 

suspension and by varying the number of grafted dyes per virus tip respectively. Moreover, the 

range of depletion interaction can be adjusted by employing polymers with different radius of 

gyration    [17]. Micrometer length scale of colloidal rods allows for studying viral self-

diffusion within the structures formed under action of entropic and enthalpic patchinesses at 

single particle level. In this Chapter, we discuss the competition between two types of directional 

attractive interaction, and present how it affects the structure morphology formed in virus-

polymer mixtures. 

4.2 Material and Methods 

In this section we introduce, that enthalpic patchiness can be locally achieved at one of 

the rod tips, while entropic patchy sites can be located on the rod sides. 

4.2.1 Enthalpic patchiness: virus tip-labeling with fluorescent dyes 

In order to study the effect of combined patchiness, we chose to work with virus mutant 

fd-Y21M (see section 0.4) as a system of rod-like particles. These viral rods possess two cysteine 

groups bound by a disulfide bridge at the exposed to the solvent part of P3 protein. Thus, 

enthalpic patchiness can be induced by performing chemical reaction of fd-Y21M tip-

functionalization as reported in Chapter 1. Fluorescent dyes Dylight 594 have been chosen for 

rod tip-labeling. The average number of grafted dyes per virus tip       has been quantified by 

optical absorbance measurements. The UV spectra of four independent dilutions of tip-labeled 
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fd-Y21M were recorded employing Lambda 950 (PerkinElmer) spectrophotometer (Fig. 4.2A), 

from which, after background subtraction,       has been found to be equal 1 (Fig. 4.2B). 

 

Fig. 4.2. (A) Absorbance of dispersions of pure dyes (Dylight 594) and tip-functionalized 

fd Y21M viruses measured with the optical path of 10 mm. The concentration of tip-labeled virus 

suspension is 0.39 mg/mL                 and the dye concentration is       mg/mL 

               . The numbers represent the wavelength of the maximum absorption. (B) 

Average number of dyes per virus tip,      , obtained from the absorbance spectra of four 

dilutions of tip-labeled virus suspension and using the molar extinction coefficient given in [19]. 

4.2.2 Entropic patchiness: choice of depleting agent 

Entropic patchiness for the suspension of anisotropic colloidal particles can be induced 

by adding non-adsorbing polymers [5]. As the diameter of fd-Y21M mutant is of around   

    , we chose to work with two types of non-adsorbing polymers PEG 20k and PEG 8k to 

promote different types of morphologies formed under depletion interaction [9], [10]. To 

facilitate the access of polymers to the viral surface in water dispersion, we use relatively high 

ionic strength i.e.          to reduce the Debye screening length, which is equal to        

in this case [15]. The relationship between the radius of gyration   ( ) of PEG and its molar 

mass   in units of       is   ( )              [16]. Therefore, the radius of gyration of 

PEG 20k is   
         (around twice as high as the radius of fd-Y21M) and of PEG 8k is 

  
       (approximately the same as the radius of fd-Y21M). To deduce the maximum depth 

of depletion potential induced by polymers in viral suspension     
                   

   , 

where   is osmotic pressure,         
    is the maximized overlap volume between rods (when 



Chapter 4: Self-organization under combination of both entropic and enthalpic patchinesses 

 

125 

 

parallel rods are in contact with each other, see section 0.3.2), let us assume that our mixture is in 

dilute polymer regime (below polymer overlap concentration   
     (    

 )⁄ , which is 

         and          for PEG 20k and PEG 8k respectively). Thus, osmotic pressure 

exerted on the colloidal particles is proportional the depletant number density   
    :   

  
      . Using the expression   

      
     

 
 (where   

    is polymer mass concentration in 

units of       and    is Avogadro’s number), and the maximum value of overlap volume for 

both polymers (for PEG 20k:         
                , and for PEG 8k:         

        

       , see Appendix, section 3) we can now write down an equation which describes the 

dependence of the depletion potential depth between two parallel fd-Y21M on polymer volume 

concentration: 

    
            

    
  

 
          

           (4.1) 

 

Fig.4.3 Evolution of depth of depletion potential between two parallel fd-Y21M viruses 

with polymers PEG 20k (blue line) and PEG 8k (red line) volume concentration. Inset: sketch of 

depletion potential between two parallel hard rods indicating depth of depletion potential     
    

(r is the center-to-center distance between two rods, D is rod diameter,    is polymer radius of 

gyration or half of the thickness of depletion layer surrounding rod). Dashed blue and red lines 

correspond to PEG 20k and PEG 8k overlap concentrations. 
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The evolutions of     
    in the units of     with polymer mass concentration are plotted 

in Fig. 4.3 for two types of polymers. It is worth mentioning that the values of     
    given by 

expression (4.1) are overestimated in our experiments as the rod diameter is compatible with the 

size of polymers resulting in colloid penetration into open polymer structure [20] (see illustration 

in Appendix, section 4). This leads to the weaker depth of depletion attraction than the one 

predicted by expression (4.1). 

4.3 Results and discussions 

Strictly speaking, the range of enthalpic patchy attraction between functionalized viral 

tips in our system is not known. Therefore, to probe the competition between entropic and 

enthalpic patchinesses and its effect on viral self-assembly, we employ two types of polymers 

with different sizes to induce attractive depletion interaction of varying range. 

4.3.1 Effect of PEG 20k on tip-labeled suspension 

4.3.1.1 Phase diagram of fd Y21M+PEG20k  

All data on fd Y21M and PEG 20k mixtures reported below have been obtained by the 

former postdoc in our group Baeckkyoung Sung. 

At zero polymer concentration pristine fd-Y21M rods form stable isotropic, (chiral) 

nematic, and smectic phase [22], [23] with increasing viral volume fraction in agreement with 

theoretical and computer simulation predictions [24], [25]. The phase diagram of non-labeled 

rod-like viruses with effective attraction interaction induced by non-adsorbing polymers has been 

reported elsewhere [20], [21]. Our experimental phase diagrams of pristine fd-Y21M and tip-

labeled mixtures with PEG 20K are reported in Fig. 4.4 being qualitatively similar to the one 

reported by Dogic [21]. Depletion interaction between rods has been shown to widen the 

isotropic-nematic phase coexistence region with polymers mainly located into the isotropic 

phase. In this case, nematic droplets (tactoids) are formed in the isotropic background (Fig. 

4.4E). Unwound chiral nematic phase within individual tactoids has been observed because 

cholesteric order cannot be developed due relatively high strength of planar anchoring of rods at 

the isotropic-nematic interface. 
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Fig. 4.4. Phase diagram of tip-labeled fd-Y21M (top panel) and pristine fd Y21M (bottom 

panel) virus suspension under depletion interaction. Top panel: inserted images indicate DIC 

(A) and fluorescents (B) microphotographs of twisted ribbons with membranes as well as DIC 

(C) and fluorescents (D) pictures of smectic filaments formed in tip-labeled viral suspensions. 

Bottom panel: DIC images of tactoids (E), twisted ribbons with membranes (F), and smectic 

filaments (G) in pristine virus dispersions. Green signals represent the positions of tip-labeled 

viruses which additionally received full body labeling and were added into suspension with ratio 

of      .Color coding for the different structures is given in the inset, and the white regions 

indicate the phase gaps between coexisting states. Scale bars: 3µm. 
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At higher polymer concentrations, right after mixing both pristine and tip-labeled fd-

Y21M dispersions with PEG 20k, we observed a self-assembly of rods into ribbon-like and 

membrane-like structures (Fig. 4.4 A, B, and F). These assemblies have the same morphology as 

the ones recently reported for fd-wt mixture with Dextran polymers [8], [9]. Membranes are 

composed of a monolayer of aligned rod in the smectic A configuration with twisted edges. 

Twisted ribbons are identical to membranes except they possess inhomogeneous tilting of the 

rods (see section 0.3.2, Fig. 0.12F). Increasing further the depletant concentration leads the 

disappearance of twisted ribbons, and colloidal membranes are found to stack up on top of each 

other and form filaments with smectic structure (Fig.4.4 C, D, and G). 

Structure morphologies in virus-polymer mixture are determined by the depletant 

concentration. One would presume that the phase diagram region of tip-labeled rods with smectic 

A type of ordering (with twisted ribbons and membranes) should be extended into lower polymer 

concentration, as it has been shown for bulk smectic A phase in Chapter 1. In our experiments, 

the phase behavior of raw and patchy viruses under depletion interaction is the same (Fig. 4.4), 

meaning that phase transition between nematic-like (tactoids) and smectic A-like structures is not 

affected by hydrophobic patchy functions on the rod tips. It could be explained by the weak 

strength of enthalpic patchiness, which, as deduced from computer simulations, not higher that 1-

2     (see Chapter 1), compared to strength of depletion attraction equal to tens of     (Fig. 

4.3). We can also speculate that the range of enthalpic patchiness is relatively short (fractions of 

nanometer) compared to the maximum range of depletion which is of around 7 nm for PEG 20k. 

Thus, entropic patchiness overcomes the local attraction between viral tips and fully determines 

phase behavior of tip-functionalized rods mixture with PEG 20k. According to these results, we 

can also conclude that the range of enthalpic patchiness between rod ends is significantly lower 

than that of depletion attraction given by a size of polymer. 

4.3.1.2 SAXS experiment on fd Y21M suspension with combined patch 

In order to probe the internal order of structures assembled in raw and tip-labeled viral 

systems under depletion and, thus, measure the average inter-rod distances, we performed SAXS 

experiments. Scattered profiles of tip-labeled viral dispersion at different polymer concentrations 

are reported in Fig.4.5. From the width of (100) peaks which correspond to average inter-rod 

distance, we can conclude, that spectra corresponding to polymer concentrations from       
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 to   

  

  
 represent liquid-like order of twisted ribbons and membranes, while range of 

polymer concentrations from           
  

  
 to     

  

  
 correspond to smectic B filaments with 

positional order. Using expression d=  √     ⁄  [22], where      is the position of (100), we 

calculated the average inter-rod distance d within structures formed under depletion in case of 

both pristine and tip-functionalized rods (Fig. 4.6A). We have not detected (110) Bragg 

reflection, which is supposed to be located at around               (as      √     ), and it 

would be the signature of hexagonal long-ranged positional order especially at highest polymer 

concentrations [10], [22]. Peak at      is not visible, probably, due to interference with the rod 

form factor. Another parameter to characterize and compare raw and tip-labeled systems is the 

average number of closest neighbors in radial direction for a given depletion strength which has 

been estimated as the ratio of translational correlation length and inter-rod distance (Fig. 4.6B). 

Correlation length has been calculated via expression   
  

    
, where FWHM is the full width 

at half maximum of (100) peak [22].  

 

Fig. 4.5. SAXS spectra of tip-labeled fd Y21M viruses self-organized into different 

structures under depletion interaction shown in Fig.4.4. Numbers in the inset correspond to 

polymer concentration in mg/ml. Spectra which correspond to twisted ribbons and membranes 

span the range from         
  

  
 to   

  

  
 revealing broad (100) Bragg reflection; smectic B 

filaments are within the range from           
  

  
 to     

  

  
 showing the narrow (100) Bragg 
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reflection. As wave vector of structure peak for          
  

  
 is too low, it is out of accessible 

range. 

Fig.4.6 demonstrates the same evolution of inter-rod distances and number of closest 

neighbors with concentration for both raw and tip-labeled viral assemblies formed under 

depletion. From the discontinuity of neighbors number values, we can conclude that transition 

from liquid-like order to positional order occurs at polymer concentration          
  

  
 for 

both types of system. Thus, sticky inclusions at viral tips have no effect on local ordering of tip-

functionalized rods and their structural properties are determined by effective depletion 

attraction.  

 

Fig. 4.6. (A) Inter-rod distance d=  √     ⁄  and (B) average number of closest 

neighbors for a given polymer concentration in pristine and tip-labeled fd Y21M virus 

suspensions under depletion interaction. Number of closest neighbors in radial direction is 

estimated as the ratio    , where   is the translational correlation length measured via 

expression       ⁄  (FWHM is a full width at half maximum of (100) peak extracted from 

SAXS spectra in Fig.4.5). Grey dashed area in (B) indicates the instrumental resolution. Blue 

dashed lines indicate the transition from liquid-like to positional order. 
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4.3.1.3 Single rod dynamics within the assemblies 

DIC microscopy reveals the overall structure of twisted ribbons, such as their pitch 

(around 4 µm) and width (around 2 µm), as well as lamellar morphology of filaments at higher 

depletant concentration (Fig.4.4A-C). By adding tracer amount of viruses with combined 

labeling (green dyes on the body, red dyes on the tip), we can observe local ordering of the 

assemblies and rod self-diffusion within them thanks to fluorescence microscopy. It shows the 

liquid-like dynamics of single tip-labeled viruses within the twisted ribbon (Fig.4.7). The same 

type of motion has been found by Gibaud et al. [8] in the ribbons consisting of pristine rods. In 

case of smectic filaments, we have not detected significant viral motion within them. Tip-labeled 

viruses have been found to be located perpendicular to the layers. Fluctuations of patchy rod 

position shown in Fig. 4.8C representing the collective motion of the entire structure whose this 

particle belongs to. For a given time window of about 10 seconds, we have not detected any 

hopping-like diffusion of single viruses between filament layers, therefore we confirm positional 

order within smectic filaments at high depletant concentration evidenced by SAXS. 

 

Fig. 4.7. Liquid-like order within twisted ribbons. Isolated twisted ribbon consisting of 

tip-functionalized fd-Y21M visualized with (A) DIC and (B) at different times with fluorescence 

optical microscopy. (C) Schematic structure of twisted ribbon [8]. Liquid-like order is deduced 

from the time –sequence images representing the motion of virus with combined (green dyes on 

viral body, red dyes on tip) labeling (B).Viral Z-X trajectory (D) and time evolution of Z-

component. White arrows indicate particle with combined (red dyes on the tip, green dyes on the 
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body) labeling diffusing through twisted ribbon in combination with drift motion of entire 

structure. Scale bars: 2 µm. 

 

Fig. 4.8. Positional order within smectic filaments consisting of tip-labeled fd-Y21M 

viruses. Smectic B filament visualized with (A) DIC and (B) fluorescence optical microscopy. (C) 

Particle trajectory representing lack of significant motion within filaments. Inset: viral trajectory 

in Z-X plane. White arrow indicates the virus whose trajectory is plotted in (C). Nearly 

perpendicular virus position with respect to filaments layer confirms smectic B nature of the 

assemblies. Scale bar: 2 µm. 

4.3.2 Effect of PEG 8k on tip-labeled viral suspension 

Data on fd Y21M and PEG 8k mixture reported below have been obtained by a PhD 

student in our group Arantza Zavala Martinez. 

As there is no effect of enthalpic patchiness on virus self-assembly under depletion 

attraction induced by PEG 20k, we have changed the depletant agent and chose to work with 

smaller polymer PEG 8k decreasing the maximum range of depletion forces from 7 nm to 4 nm 

to induce structures with positional order. Phase behavior of pristine rods and PEG 8k mixture is 

depicted in Fig. 4.9 (bottom panel). At viral concentrations below 10 mg/ml, we have observed 

tactoids (nematic droplets) formed in isotropic background (Fig. 4.9C). At higher rod 

concentrations (up to 15 mg/ml), the same anisotropic structures are self-assembled, but each 

assembly possesses a layered isotropic-nematic interface (Fig. 4.9D). The distance between 

closest layers of such interface along the tactoid’s long axis is roughly one virus long. These 

structures have been described by Dogic [21]. They have nematic interior with the surface frozen 
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smectic phase. Increasing further PEG 8k concentration, we obtained elongated smectic 

filaments consisting of small membranes stuck on top of each other (Fig. 4.9E). 

For the tip-labeled rods mixture with PEG 8k as a depletant agent, we found the region of 

twisted ribbons within the range of polymer concentrations 10-14 mg/ml (Fig. 4.9, top panel). At 

higher PEG 8k concentration, smectic filaments been observed. 

The appearance of structures with liquid-like order such as tactoids and twisted ribbons 

under depletion interaction induced by PEG 8k is not expected. Relatively small size of depletant 

agents should promote the assembly of structures with positional order in isotropic liquid 

background [10]. This question remains unsolved and opens new perspectives on the 

investigation of viral systems with entropic patchiness of relatively short ranges compared to 

viral radius. 

 

Fig.4.9. Phase diagram of patchy (top panel) and pristine (bottom panel) fd-Y21M mixed 

with PEG 8k polymer. DIC and fluorescence optical microscopy images of (A) twisted ribbons 

and (B) smectic filaments. Pinkish shadow is drawn to emphasize the twisted ribbon range. DIC 
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microscopy images of (C) nematic tactoids in isotropic background, (D) tactoids with smectic 

layers on its surface, and (E) smectic B filaments. 

4.4 Conclusions 

We combined the effect of entropic and enthalpic patchinesses by adding non-adsorbing 

polymers into dispersion of tip-functionalizes fd-Y21M viruses. In order to vary the strength of 

entropic patchiness i.e. depletion attraction strength [17], we used two types of depletant agents 

PEG20k and PEG 8k which differ by their size [16]. The radius of gyration of former one is two 

times higher than the viral radius, while the size the latter depletant is approximately the same as 

the rod radius. 

We found no difference in phase behavior of tip-labeled viruses with in average 1 dye per 

rod end under depletion interaction induced by PEG 20k compared to phase diagram of pristine 

rods mixture with these polymers. In our experiments, hydrophobic inclusions on viral tips do 

not affect the structural properties of rods under depletion promoted by PEG 20k because the 

strength of enthalpic tip-patchiness is estimated by computer simulations to be not higher than 1-

2     which is significantly lower than the strength of entropic patchiness between parallel rods 

estimated to be tens of     . The range of enthalpic interaction in our system in principle is not 

known, but we can speculate that is it equal to fraction of nanometer which is at least one order 

of magnitude lower than that of depletion interaction given by a size of polymers. Knowing the 

fact that number of grafted dye molecules defines the local attraction strength between rod tips 

(Chapter 1), we can, therefore, expect that increasing the quantity of dyes per viral end one can 

affect the phase behavior of tip-functionalized particles under depletion interaction. In order to 

significantly enhance the strength and the range of enthalpic interaction, it is potentially possible 

to graft other compounds on virus tip to induce attractive interaction such as PNIPAM polymers 

[26]. 

Employing polymer PEG 8k as a depletant agent, we decreased the range of entropic 

patchy interaction by a factor two. Unexpected structures with liquid-like order have been found 

in both tip-labeled and pristine viral mixtures with relatively small polymers which are supposed 

to promote positional order within structures. This open question should stimulate new studies of 

rod self-assembly under depletion attraction with relatively short range of interaction. 
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Appendix 

Calculation of depletion attraction depth for rod-polymer mixture 

1. Overlap volume between two cylinders 

Let us begin with two overlaid cylinders which have the same height L and radius r 

(Fig.1). From simple geometrical arguments, their overlap volume Voverlap is given by the 

expression (Soverlap is overlap area between cylinder bases): 

                       (1) 

 

Fig. 1. Scheme representing overlap volume Voverlap between two cylinders with heights L 

and radii r, and overlap area Soverlap between their bases. 

2. Overlap area between two circles: general case 

To quantify the overlap volume between two cylinders, it is, thus, essential to calculate 

the overlap area between their circular bases. Let us consider the general case, and give the 

expression for the overlap area Soverlap between two circles with different radii           (d is the 

center-to-center distance between two spheres,    and    distances between circle centers and 
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line which connect two intersection points,           are the red and blue areas on the scheme 

below) (Fig. 2) [1]: 

                 
        (

  

  
)    √  

    
    

        (
  

  
)    √  

    
 

 (2) 

 

Fig. 2. Overlaid spheres with different radii           , where                is the 

overlap area, d is the center-to-center distance between two circles, and    and    distances 

between circle centers and line which connect two intersection points [1]. 

When both radii are equal        , expression (2) can be written as: 

               
       (

 

  
)  

 

 
 √          (3) 

3. Overlap volume for fd-Y21M viruses in mixture with PEG 20k and PEG 8k 

polymers 

Let us move to fd-Y21M virus (length of              , radius of              ) 

[2] surrounded by the excluded volumes induced (i) by PEG 20k (radius of gyration of   
    

    ) and (ii) by PEG 8k (radius of gyration of   
       ) [3]. In order to calculate maximum 
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overlap volume between two excluded layers induces by PEG 20k and PEG 8k polymers around 

fd-Y21M viruses (Fig. 3), we need to calculate overlap volume between two cylinders with radii 

(i)             
    for PEG 20k, and (ii)             

   for PEG 8k, when two viruses 

are in contact with each other (meaning that          ). 

 

Fig. 3. Scheme representing the top view of maximum overlap volume between excluded 

layers induced around fd-Y21M viruses by PEG 20k and PEG 8k polymers. Blue circles 

correspond to viruses, and dashed lines correspond to excluded layers.        is viral radius, 

  
   and   

   are the radii of PEG 20k and PEG 8k respectively, d is the center-to-center 

distance between two viruses. 

Let us firstly calculate the maximum overlap areas between two cylinder bases which 

correspond to (i) fd-Y21M+PEG 20k and to (ii) fd-Y21M+PEG 8k. According to Fig. 3 

expressions (3) for our case can be rewritten as (  is the polymer radius of gyrations): 
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 (4) 

Hence, the overlap bases are: 

 fd-Y21M+PEG 20k:                
  

 fd-Y21M+PEG 8k:                
  

 

Therefore, the maximum overlap volumes between two excluded layers for fd-Y21M 

virus mixture with polymers are: 

 fd-Y21M+PEG 20k:                                
                    

 fd-Y21M+PEG 8k:                
                    

4. Depth of depletion attraction 

Finally, we can calculate the depth of depletion interaction potential between two fd-

Y21M viruses by using expression [4]: 

                     (5) 

where   is the osmotic pressure exerted by the polymers on viruses, and in the dilute 

polymer regime it is given by expression [4]: 

    
            (6) 

Hence (  
    is the polymer concentration),  

        
                    (7) 

Let us calculate      at polymer overlap concentration which is given by expression [5]: 

  
    

 

    
        (8) 

The values for PEG 20k and PEG 8k overlap concentrations are: 

 PEG 20k overlap concentration:   
                  

  

  
 

 PEG 8k overlap concentration:   
                  

  

  
 

 

Using expression (7), we can now calculate the depth of depletion attraction induced by 

polymers between fd-Y21M viruses: 
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 Depth of attraction in case of PEG 20k: 

    
                                          

 Depth in case of PEG 8k: 

    
                                          

It is worth stressing that these values for      are overestimated due to two points. The 

first reason is that expression (6) for the osmotic pressure is valid only at dilute polymer regime 

meaning that polymer concentration must be lower the overlap concentration. The second point 

is that expression (7) is valid as long as diameter of rod is much larger than the diameter of 

polymer. In our experiments the size of polymer is the same for PEG 8k and two times higher for 

in case of PEG 20k than rod diameter. It leads to the virus penetration into the open polymer 

structure without overlapping any of the polymer segments resulting in the weaker depth of the 

attractive depletion potential predicted by expression (7) [5]. 

 

Fig. 4. Illustration of rod penetration into open polymer structure when rod radius is 

lower (or the same) as the radius of polymer. 
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Conclusions and Perspectives 

In this thesis, we aimed to investigate the structural and dynamical properties of colloidal 

rod-like fd-viruses with localized directional attraction interaction. This heterogeneous 

interaction between particles or so-called "patchiness" has been introduced by functionalizing the 

proximal viral tips by grafting hydrophobic fluorescent dye molecules onto them. Phase behavior 

and self-diffusion of patchy rods have been then studied revealing strikingly different features 

compared to their pristine i.e. purely repulsive counterparts. 

We began with studying the structural properties of fd-viruses with local directional 

attraction in Chapter 1. It has been shown that the strength of patchy interaction between rod tips 

depends on the number of bound dye molecules, which has been tuned by employing different 

viral mutants and by varying the dye molar excess during the labeling reaction. In order to model 

our experimental system of patchy colloids and get deeper insight into the effect of localized 

interaction on their self-assembly, computer simulations have been conducted by the group from 

Eindhoven University of Technology in which rods were represented by the chain of partially 

overlapped hard spheres with an attractive bead at the end. We have shown, in agreement with 

numerical simulations, that increasing the attraction strength between rod tips extends the 

smectic phase range at the cost the of nematic phase leaving other phase transitions i.e. isotropic-

nematic and smectic-columnar nearly unchanged. It has been suggested that only the lamellar 

ordering responds to the tip-labeling because in this organization all sticky viral tips are brought 

together being not highly correlated in other states of virus dispersion. 

In this work, fluorescent dyes at the tips of fd-viruses have been used also for the 

observation of liquid crystalline structure in lamellar organization with improved resolution and 

contrast. In Chapter 2, we visualized the linear topological defect in smectic phase, such as edge 

and screw dislocations, at the lattice periodicity level. Edge dislocation profile has been extracted 

as well as quantitative the analysis of displacement field has been performed and compared to 

the theoretical predictions. The intrinsic length scale (elastic length) over which an imposed 

distortion relaxes in a lamellar system has been experimentally determined for our viral 

dispersions giving the value which is two order of magnitude lower than the smectic layer 

periodicity. In case of screw dislocations, we visualized the structure of the defect core enabling 



Conclusions and Perspectives 

 

144 

 

its handedness determination. The distribution of core width has been also established showing 

its mean value to be equal to the lamellar periodicity. Self-diffusion experiments performed at 

the single rod level revealed the nematic-like organization within the screw dislocations. 

Having clear insight about phase behavior of patchy viruses, our focus has shifted to the 

investigation of their dynamical properties. Dynamics of both patchy and pristine rods have been 

studied and compared by tracking individual particle displacements by fluorescence optical 

microscopy. In order to characterize the differences between the two types of rods, their self-

diffusion coefficients have been experimentally measured. We evidenced that in all liquid 

crystalline phases of virus dispersions patchy rod diffusion is hindered compared to the diffusion 

of pristine ones. Particularly in smectic phase, tip-labeled rods have been found to mainly diffuse 

within the smectic layers perpendicular to the rod main axis, contrary to the non-labeled particles 

whose self-diffusion between layers is far more pronounced. This behavior has been explained 

by the higher smectic ordering potential experimentally measured in the dispersions of patchy 

rods compared to the potential obtained for raw particles. Angle fluctuations of individual rods 

with respect to the director at different concentrations have provided quantitative measurements 

of the orientational order parameter, which has been found to show similar behavior for both 

viral systems. This is consistent with the fact that isotropic-nematic phase transition is not 

affected by rod tip-functionalization. We also discussed the anomalous diffusion in the lamellar 

organization of viral dispersions estimating the typical “cage” size, which has been evidenced to 

have the same order of magnitude as the smectic layer periodicity.  

In the last Chapter of the thesis, we combined the effect of entropic and enthalpic 

patchinesses. Non-adsorbing polymers have been added into dispersion of tip-labeled fd-viruses 

inducing effective depletion attraction between rod sides. Experimental phase diagrams for two 

viral systems under depletion interaction have been established by optical microscopy and SAXS 

experiments revealing no effect of sticky rod ends on self-assembly of tip-labeled viruses. We 

interpreted it by the both short range and weak strength of attraction induced by hydrophobic 

dyes which are not sufficient to affect the viral interaction originating from depletion effect. As a 

perspective of this work, in order to enhance both range and strength of attraction between rod 

ends, we suggested to employ other compounds to induce attraction interaction such as thermo-

responsive PNIPAM (poly(N-isopropylacrylamide)) polymer [1]. By increasing the temperature 
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to more that the lower critical solution temperature (LCST) this polymer becomes hydrophobic 

which could lead to the reversible patchiness at the viral tip (Fig. 1A). 

An idea of introducing patchy interaction between rod-like viral particles opens up a 

several perspectives for further investigation of complex fluids with directional attractive 

interactions. The directional attractive interaction induced by PNIPAM patch could be reversibly 

controlled by heating up or cooling down the colloidal dispersion with respect to LCST. For 

example, if we heated up the colloidal dispersion in the nematic phase consisting of PNIPAM-

functionalized viruses, the thermo-induced smectic phase at the same virus concentration would 

be generated due to attraction between hydrophobic polymers at the rod ends (Fig.1B). Such 

complex fluid could be an example of liquid crystal where phase transitions can be tuned by both 

particle volume fraction and temperature at the same time. 

 

Fig. 1. (A) Scheme of thermo-responsive fd-virus with tip-patchiness induced by poly(N-

isopropylacrylamide) (PNIPAM) polymer on the one of the rod ends. The directional attractive 

interaction could be achieved by heating up the colloidal dispersion above lower critical 

solution temperature (LCST) [1]. (B) Reversible nematic-smectic phase transition could then 

occur upon increasing the temperature of PNIPAM-functionalized viral dispersion. 

In future, one can also use the mixture of tip-labeled rods with non-adsorbing polymers to 

study the fluctuation spectra of colloidal membranes assembled under depletion interaction [2]. 

Improved contract and resolution of optical images obtained with fluorescence microscopy could 

reveal detailed information on thermal undulations of top and bottom membrane surfaces (Fig.2), 

which are otherwise not accessible with DIC microscopy. 
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Fig. 2. (Left) Schematic side view of colloidal membrane constituting of tip-labeled rods. 

Fluorescent signal comes from both top and bottom membrane surfaces. (Right) Spectra coming 

from both membrane surfaces could be recorded with fluorescence optical microscopy. 

Another short-term perspective could be, for example, to investigate the structural 

properties of patchy viral dispersions varying the rod flexibility. Higher rod stiffness has been 

shown to stabilize the smectic phase [4]. Thus, one could be interested what would be the phase 

behavior of tip-labeled viruses which possess higher persistent length such as fd-Y21M. In terms 

of dynamical study, we could compare the self-diffusion of pristine and tip-labeled particles in 

the liquid crystalline matrix of patchy viruses. It would be interesting to investigate the effect of 

attraction mean-field induced by sticky viral tips on the mobility of raw i.e. purely repulsive 

rods. 

As a long-term perspective, one could use fd dispersion in smectic phase as a 

transmission diffraction grating for various photosensitive devices [3] thanks to its typical 

lamellar periodicity of around 1 µm. Illumination of viral suspension in smectic phase by white 

light results in the light diffraction. Thus according to the Bragg law          (where   is 

wavelength,   is a periodicity of diffracting grating i.e. smectic layer spacing, and   is the 

deviation of a given wave from the 0
th

 diffraction order (Fig.3)), white light spreads out with 

different colors depending on their wavelengths (Fig. 3A). Our experiments showed that typical 

variation of smectic layer spacing values for patchy suspensions spans the range from d=1 µm to 

d=1.04 µm, which is twice higher than the values range for raw suspensions. If we placed a 

screen in front of illuminated smectic dispersion with grating periodicity of 1 µm, blue light 

would deviate on angle of   23.6° whereas red light would deviate on angle of   44.4°. In 

this case, according to the expression         (     
 

 
), at screen-to-grating separation 
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equal to, for example, D=10 cm, the distance between 0
th

 diffraction order and blue or red spot 

will be h=4.4 cm or h=9.8 cm respectively (Fig. 3B). In case of diffraction grating periodicity of 

d=1.04 µm the positions of blue and red spots will be shifted down to the heights of h=4.2 cm 

and h=9.1 cm respectively. If we were able to change the virus concentration by varying the 

volume of smectic dispersions, we would be able to control the periodicity of diffraction grating 

i.e. smectic layer spacing, and therefore tune the positions of colors on the screen. This technique 

could be potentially applied in various photonic devices [3]. 

 

Fig. 3. (A) Glass cuvette which contains fd smectic dispersion illuminated from behind by 

white light. Variation of colors represents the light diffraction. Blue, green, yellow, and red 

arrows are drawn for eye guide to indicate the colors which appear thanks to wave deviation 

according to the Bragg law. Scale bar is 5 mm. (B) Scheme of the setup with smectic viral 

suspension as a diffraction grating with varying periodicity. Positions of colors are shown at the 

two different periodicity values of d=1µm and d=1.04µm, which are the lowest and the highest 

values respectively found in our experiments. 

As another long-term perspective, we could also use the genetic modifications on p9 and 

p7 proteins to display disulfide bridge (S-S bond) on the distal end of fd virus, in order to graft 

patchy functions efficiently. With, for example, fluorescence dye molecules at both ends of the 

rod (Fig. 4), we could expect to strengthen the effect of smectic phase extension at the cost of the 

nematic or even the isotropic phase. 
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Fig. 4. Scheme of bifunctionalized fd virus by fluorescent dye molecules. 

Overall, localized directional interaction between rod-like building blocks can promote 

the appearance of highly desirable for material science layered structures [5] at low particle 

volume fraction. 
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