
 

warwick.ac.uk/lib-publications  
 

 

 

 

 

 

A Thesis Submitted for the Degree of PhD at the University of Warwick 

 

Permanent WRAP URL: 

http://wrap.warwick.ac.uk/99038  

 

Copyright and reuse:                     

This thesis is made available online and is protected by original copyright.  

Please scroll down to view the document itself.  

Please refer to the repository record for this item for information to help you to cite it. 

Our policy information is available from the repository home page.  

 

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/99038
mailto:wrap@warwick.ac.uk


M
A

E
G
NS

I
T A T

MOLEM

U
N

IVERSITAS  WARWICENSIS

Characterisation and control of the dynamical properties of

swimming microorganisms under confinement

by

Matteo Contino

Thesis

Submitted to the University of Warwick

for the degree of

Doctor of Philosophy

Department of physics

August 2017



Contents

Acknowledgments iii

Declarations iv

Abstract v

Chapter 1 Introduction 1

Chapter 2 Background and previous works 4

2.1 Hydrodynamics at low Reynolds number . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Flow singularities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.2 Stokeslet near a no slip plane . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.3 Regularised Stokeslet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.4 Microorganisms flow field . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Microfluidics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 Microfluidics-based studies of microswimmer motility . . . . . . . . 11

2.3 Chlamydomonas reinhardtii . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.1 The flagellar apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.2 Flagellar motility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.3 Motility of Chlamydomonas reinhardtii . . . . . . . . . . . . . . . . . . 25

Chapter 3 Scattering of Chlamydomonas reinhardtii from curved surfaces 28

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.1 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.2 Scattering observables . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4.1 Random scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4.2 Deterministic scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

i



3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

Chapter 4 Chlamydomonas reinhardtii diffusion in straight channels 47

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.1 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.2 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3.1 Swimmers across the channel width . . . . . . . . . . . . . . . . . . . . 52

4.3.2 Motility along the channel length . . . . . . . . . . . . . . . . . . . . . 55

4.3.3 Analysis of the simulations results . . . . . . . . . . . . . . . . . . . . . 58

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Chapter 5 Chlamydomonas reinhardtii escape from a circular pool 64

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2.1 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2.2 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.3.1 Corner escape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.3.2 Corner escape simulation analysis . . . . . . . . . . . . . . . . . . . . . 74

5.3.3 CR and Anti-CR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

Chapter 6 Conclusions 78

Bibliography 80

ii



Acknowledgments

I would like to thank my supervisor Marco Polin for his guidance and support, and the

others members of the biofluids group, especially Vasily Kantsler, for teaching me how

to handle microfluidics and Matthew Turner and Gareth Alexander for advice and useful

discussions. I would also like to thanks the collaborators that gave their contributions

to the work presented in this thesis: Idan Tuval, Enkeleida Lushi, Emiliano Perez Ipina,

and Fernando Peruani. My special thanks goes to my partner Marta and to our families,

without whom I would have never been able to make it to the end of my PhD: thanks for

all the love and support you have given and continues to give me every day.

iii



Declarations

This Thesis is submitted to the University of Warwick in support of my application for the

degree of Doctor of Philosophy. I have read and understood the rules on cheating, pla-

giarism and appropriate referencing as outlined in my handbook and I declare that the

work contained in this assignment is my own. No substantial part of the work submit-

ted here has also been submitted by me in other assessments for this or previous degree

courses, and I acknowledge that if this has been done an appropriate reduction in the

mark I might otherwise have received will be made. The work presented in this thesis is

the product of collaboration with other researchers:

• In chapter 3 the simulation code has been written by Enkeleida Lushi, a researcher

at Brown University.

• In chapter 4 the simulation code has been written by Emiliano Perez, a Postdoc at

the University of Nice.

• In chapter 5 the simulation code has been written by Idal Tuvan, assistant profes-

sor at EMEA.

Work contributing to this thesis has appeared in the peer-reviewed publication:

• M. Contino, E.Lushi,I.Tuval,V.Kantsler,M.Polin. Microalgae Scatter off Solid Sur-

faces by Hydrodynamic and Contact Forces. Physical Review Letters, Volume 115,

Issue 25, id.258102. [1]

• R. Jeanneret,M.Contino,M.Polin.A brief introduction to the model microswimmer

Chlamydomonas reinhardtii.The European Physical Journal Special Topics Novem-

ber 2016, Volume 225, Issue 11âĂŞ12, pp 2141âĂŞ2156. [2]
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Abstract

Due to their importance for scientific and technological purposes, interactions

between swimming microorganisms and solid boundaries is raising a growing interest

in the scientific community but, despite recent efforts, many of their aspects are still

unknown. In this thesis we investigate through experiments carried out in PDMS mi-

crofluidic devices and simulations the effect that the presence of solid walls produce

on the motility of a well known puller-type microswimmer Chlamydomonas reinhardtii

(CR). We present the study of the scattering of CR against circular pillars in a microflu-

idic device. Exploiting the curvature of the pillar surface, we are able to determine the

contribution of hydrodynamic and contact forces to the scattering interaction. We find

that lubrication forces tend to make algae swim parallel to the pillar surface and flagellar

contact break this entrapment, making CR to scatter away at a fixed angle determined

by the ratio between flagellar and body length independently of their original swimming

direction. We also report the existence of random scattering, which, as the name sug-

gests, results in an outgoing trajectory probability uniformly distributed across all possi-

ble directions. We find that these interaction rules also apply flat and concave surfaces.

Through these results we are able to describe the effect of geometrical confinement in

narrow straight channels and circular pools. We find that in channels it is possible to

change the cellular transport efficiency simply by varying the distance between channel

walls and we discover the existence of an optimal width for the transport of wild type CR.

We also describe the escape dynamics of cells from circular pools through narrow aper-

tures; once again we find that the attraction to solid boundaries is essential in describing

the results, as cells can find the exit on the perimeter by sliding out of the pools while

v



swimming along its perimeter.
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Chapter 1

Introduction

Charles Darwin, in his 1859 book, "On the origin of Species", define the process of nat-

ural selection as "the principle by which each slight variation, if useful is preserved" [3],

suggesting that individuals with "useful" traits in a given environment are more likely

to survive and reproduce, transmitting them to the next generation. Through this pro-

cess, the great majority of a population would present such traits after a few generations;

due to their fast life cycle and to their long presence on planet Earth, bacteria and other

microorganisms became the undisputed champions of survivability and adaptation to

their habitat, which can be as challenging as arctic snow[4] or geysers[5] and, under cer-

tain condition, they can even survive in outer space [6]. Every microbe is a masterpiece

of engineering (and “a nanotechnology dream” [7]) having capacity of moving, imple-

menting search pattern, responding to stimuli and communicating in a body of just few

microns. Motility is arguably one of the most striking feature of microorganisms, and

allow them to find food [8, 9], colonise protected surfaces [10], and even increase the

intake of nutrients by stirring the surrounding fluid [11]. Microswimmers do not live

in completely unrestrained fluid, and most of their characteristics must be understood

considering the interface with solid or gaseous domain of their habitat, which they ex-

ploit to enhance their survivability. One clear example is the formation of biofilms, an

aggregation of bacteria adhering to a surface usually contained in a matrix of a polymeric

substance[12]; such configuration, among other things, makes bacteria more resistant

to environmental threat [13] and allows inter cellular communication through chemi-

cal signalling [14, 15]. Despite being favourable to microbial survival, the formation of

biofilms can cause severe health issues. Microbial biofilms are more resistant than iso-

lated cells to antimicrobials agents [16, 17], and, when forming on prostethic implants or

damaged tissues, are able to resist inside a patient body to repeated antibiotics sommin-

istration cycles[18, 19] in a non-viral, quiescent state and, although rarely fatal, they can
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persist for months or even years. Another sector where avoiding the formation biofilm

is desirable is marine engineering: microbiofouling is the accumulation of algae, bac-

teria and other microorganisms on submerged surfaces that, in the case of ships’ hulls

for examples, result in a enhanced drag and reduced fuel efficiency. To prevent biofoul-

ing, ship hulls are usually coated with biocides but, with the ban of toxic coatings such as

tributyltin (TBT) based paint [20], and copper-based compounds raising concerns about

their environmental impact [21] novel methods are required. A novel possibility is repre-

sented by the micropatterning of submerged surfaces, where recent experiments [22, 23]

showed a decrease in microbial adhesion to biologically inspired microstructures. To

design engineered micropatterns the scientific community needs to shed further light

on the interaction mechanisms between microorganisms and solid surfaces which, de-

spite their scientific and technological importance, are not yet fully understood. Due to

the development of microfluidic technologies, the efforts in the field have dramatically

increased, with a vast community of researchers working on the topic. Recent experi-

ments showed that biological and artificial microswimmers can turn microgears [7, 24]

or deliver cargoes [25], paving the way for new technological applications. The work

presented in this thesis will address some of the open questions in the field of inter-

actions between microswimmers and solid objects, defining the role of hydrodynamics

and contact forces in the scattering against surfaces of different geometries, and will ex-

plore some possibilities of exploiting the results to control the motility of swimming in

microorganisms. The thesis is structured as follows:

• In Chapter 2, we will introduce the basics of low Reynolds number hydrodynamics,

briefly describing singularity solutions to the Stokes equation and illustrating the

method of images to build a solution to for the flow field in the vicinity of a no

slip surface. Later in the chapter we will take an in depth look to microfluidics as

the most relevant experimental technique used, and we will present in depth the

unicellular green alga Chlamydomonas reinhardtii: a microorganism commonly

used as a model puller type swimmer in motility and hydrodynamics studies.

• Chapter 3 explores to a fine level of detail, through a large dataset, the first reported

experimental study of the interactions between CR and a curved surface, namely

a cylindrical shaped obstacle, in a microfluidic circuit.

• In Chapter 4, we we will present and characterise the behaviour of CR in straight

narrow channels, showing how confinement highly affects the motility of the algae

and presenting new opportunities of controlling microorganismal motility.

• Chapter 5 will present another example of application of the results in Chapter 3,
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studying algal motility inside small circular pools and characterising the escape

dynamics through narrow apertures on the pool external perimeter.

• In chapter 6, we will present a critical discussion of the work presented in the thesis

analysing possible future directions in the field.
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Chapter 2

Background and previous works

2.1 Hydrodynamics at low Reynolds number

The flow field u and pressure p generated by a swimming organism in an incompressible,

Newtonian fluid must satisfy the Navier-Stokes equation:

ρ

(
∂

∂t
+u·∇

)
u =−µp +µ∇2u+ f, ∇·u = 0 (2.1)

where ρ is the fluid density and µ is the viscosity. By rescaling Eq.2.1 by opportune quan-

tities [26], one obtains the non dimensional Navier-Stokes equations:

Re

(
∂

∂t ′
+u′·∇

)
u′ =−∇p ′+µ2u′+ f′, ∇·u′ = 0 (2.2)

where:

Re = ρU L

µ
(2.3)

is called the Reynolds number, with U and L being representative values of the flow ve-

locity magnitude and the body size respectively, and represents the ratio between inertial

and viscous forces. Typical values of Re for a swimming micro organism ranges between

Re ∼ 10−5 for a bacterium to Re ∼ 10−1 for a Paramecium [27]. In these cases we can

approximate Re = 0, simplifying Eq.2.1 to:

−∇p +µ∇2u+ f = 0 ,∇·u = 0 (2.4)
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called the Stokes equation which are linear and time independent. A common approach

to solve linear equations is to derive a fundamental solution, also called Green function

or impulse response, due to a point force; notice that any derivative of a fundamental

solution, is also a solution to the initial equation. In the next section we will present the

most common Green functions used in literature as presented in [28, 29].

2.1.1 Flow singularities

Consider a point force acting in x′ of the form δ(x−x′)f: the solution to Eq.2.4 for the flow

and pressure field generated by such force is called a Stokeslet[30], and is equal to (using

[29] notation):

uSto(r; f) = 1

8πµ

[
f

r
+ (f·r)r

r 3

]
p(r)Sto = r

4πr 3 · f (2.5)

where r = x−x′ and r =|r|. Due to linearity, as mentioned, every derivative of Eq.2.5

is also a solution to the Stokes equations. The first order spatial derivative, obtained

through multipole expansion[31], is called a Stokes Doublet:

uSD (r; f,g) = 1

8πµ

f×g× r

r 3 + 1

8πµ

[
− f·g

r 3 +3
(f·r)(g·r)r

r 5

]
(2.6)

pSD (r; f,g) = 1

4π

[
− f·g

r 3 +3
(f·r)(g·r)r

r 5

]
, (2.7)

where g is a vector called the dipole moment. Note that the velocity field is a sum of

two components: the first one is antisymmetric respect to the inversion of f and g and is

called a Rotlet while the second is symmetric and goes under the name of Stresslet.

Another important class of solutions is obtained when we consider a system with

no force applied and constant (or null) pressure:

∇2u = 0 (2.8)

This class of solutions represents the injection of fluid at point x′ with unit rate and has

the form:

uSou(r) = 1

4π

r

r 3 (2.9)
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Figure 2.1: Stokeslet perpenicular (left) and parallel (right) to a no slip surface and corresponding
image system. Figure adapted from [32].

while its first order derivative, obtained as for Stokes doublet:

uSou(r;g) = 1

4π

[
− g

r 3 +3
(g·r)r

r 5

]
(2.10)

is called a Source Dipole (doublet) or Potential Dipole. It is worth noting the relationship

between a source dipole and a Stokeslet:

uSou(r;g) =−1

2
∇2uSto(x;g) (2.11)

pSou(r;g) =−1

2
∇2pSto(x;g) = 0 (2.12)

as shown in [28].

2.1.2 Stokeslet near a no slip plane

The solutions obtained in the previous sections are valid for an unbounded, infinite vis-

cous fluid which has no equivalent in the real world. In reality, fluids are always found

in the presence of a solid or gaseous boundary, which heavily affects the fluid flow cre-

ated by swimming object. Expressions for confined flow fields have been known since

the end of the 19th century [33], but J.R.Blake [32] suggested a method to construct a

solution starting from an “image” singularity placed on the other side of the surface as

commonly used in the method of images for electrostatic charges near a conducting sur-

face [34]. While in electrostatics there are scalar boundary conditions, in the field of fluid

dynamics the no slip conditions forces all components of the velocity vector to be equal

to zero on the surface. If we consider a Stokeslet at a point y, at a distance h from the
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wall, placing a corresponding singularity at y′ a distance 2hm, where m is the unit vector

pointing in a direction perpendicular to the wall, placed at x3 = 0, will only cancel the

tangential or normal components of the velocity depending on which direction the orig-

inal Stokeslet is pointing. A solution that satisfies the no slip boundary condition must

be more complex, including additional singularities to the image system. Using Einstein

notation, the fluid velocity and pressure value at a point x [29], can be written as:

ui =
F j

8πµ

[(δi j

r
+ ri r j

r 3

)
−

(δi j

R
+ Ri R j

R3

)
+2h(δ jαδαk −δ j 3δ3k )

∂

∂Rk

{hRi

R3 −
(δi 3

R
+ Ri R3

R3

)}]
, (2.13)

p = F j

4π

[
r j

r 3 − R j

R3 −2h(δ jαδαk −δ j 3δ3k )
∂

∂Rk

{ R3

R3

}]
. (2.14)

where F is the Stokeslet vector intensity, r = x−y and R = x−y′. The first two term are

easily recognisable as infinite space Stokeslet while the rest is a combination of a Stokes

doublet and a source dipole, as shown in Figure 2.1.

2.1.3 Regularised Stokeslet

Although very convenient analytically, the singularity approach can be problematic to

implement numerically. As visible from Eq. 2.5, a Stokeslet is singular in x′, which can

complicate the numerical implementation: to avoid complications, an approach that

gives a regular flow everywhere has been introduced. First introduced by Cortez [35, 36]

in the early 2000s, the method of regularised Stokeslet has been vastly used in numerical

simulations of Stokes flows. Conceptually, it consists in obtaining the solution to Eq.2.4

when the force has the form fφε(r), where φε(r) is called a cut-off function [36] and is

a smooth, radially symmetric function so that
∫ ∞

0 φε(r)dr = 1. Introducing φε allow to

spread the force over a small area (a blob) where the parameter ε controls the area of

the spread, so that φε → δ(r) for ε → 0. The mathematical derivation is described in

[35, 36, 37]. The regularised Stokeslet given a cut-off function φε can be written, using

Einstein notation, as:

Sεk j (r) = 8π

[
∂2Bε (r)

∂xk∂x j
−δk j Gε (r)

]
(2.15)

P ε
j (r) = 8π

∂Gε (r)

∂x j
, (2.16)
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where the functions Gε and Bε are defined so that:

∇2Gε(r) =φε(r), ∇2Bε(r) = Gε(r). (2.17)

To build a normalised Stokeslet, usually a cut-off function is selected (examples available

in [36]), then Bε and Gε are calculated and finally the two functions shown in Eq. 2.16 are

built. In [37], other fundamental regularised solutions are shown. Since Stokes equations

are linear, a solution can be constructed as a linear combination of regularised singulari-

ties: in particular, when studying biological fluids in the presence of no-slip surfaces, the

method of images can still be used to build the image system of regularised singularities

[37].

2.1.4 Microorganisms flow field

Microorganisms swimming is “force free” as the thrust generated by flagella or cilia is

steadily balanced by the viscous drag on their body, and their flow field for r → ∞, is

well described by a force dipole or stresslet and decays as r−2. The dipole moment p is

usually oriented along the swimming direction e of the cell and, depending on its sign,

we usually distinguish two categories: pusher, when p < 0, and puller when p > 0. This

simple picture has been tested experimentally in [39, 38] with excellent agreement to

the theoretical prediction: in Figure 2.2 are shown two examples of measured flow field

for Chlamydomonas reinhardtii and E. coli and the comparison with theoretical models.

The representation of Chlamydomonas reinhardtii flow field as three Stokeslets placed

at the body and flagella positions will be used in the simulations discussed in Chapter 3.

In [27], the interactions between two microswimmers are analysed; the flow induced by

a dipole p = pe at distance r is:

u(r) = p

8πηr 3

[
3cos2θ−1

]
r (2.18)

where θ is the angle between the considered position r and the dipole direction e. Hy-

drodynamic interactions between two cells can lead to attraction or repulsion depending

on their relative positions and dipole signs. A more interesting (at least in the context of

this thesis) effect of the hydrodynamic interactions, is the reorientation due to velocity

gradients. To find an expression for the hydrodynamics induced rotation, we must start

from the expression for the vorticity field:

ω=∇×u = 3p

4πη

(e · r)(e×e)

r 3 . (2.19)
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Figure 2.2: Experimentally measured flow fields of a pusher and a puller-type swimmer and com-
parison with theoretical model. A) Average flow field created by a freely swimming E. coli: loga-
rithmic color map indicates the velocity modulus. B) Fit of the measured flow field with a force
dipole. C) Difference between measured and theoretically predicted flow field obtained by sub-
tracting the fit results of B) to the experimentally observed flow field shown in A). D) Time and
azimuthally averaged flow field created by a freely swimming Chlamydomonas reinhardtii. E)
Flow field resulting from a three-Stokeslet model (not fitted): red arrow indicates the direction
of the singularity placed at the body position, two more Stokeslets of opposite sign are placed
approximately at flagellar position. A-C fom [38], D-E from [39].

A cell subject to this field rotates with rate equal to half the vorticity Ω = ω/2, which

sign depends on the sign of e [27]. As a result, for pullers separated by a distance h and

oriented at an angle θ with respect to the distance perpendicular to their separation (see

Figure 2.3), the rotation rate is Ω∼−pθ/ηh3. Two pushers will tend to reorient towards

a configuration where they swim parallel while pullers will swim towards or away from

each other. As discussed in the previous section, in a leading order approximation, we

can suppose that a cell near to a wall is interacting with a phantom mirror cell placed

on the other side of the surface. As a result, the equilibrium configuration for a pusher

will be swimming at an angle of θ = 0 with respect to the local tangent to the wall, while

a puller will swim at an angle θ = ±π/2. In other words, pushers will tend to align and

9



Figure 2.3: Schematic representation of microorganisms’ flow field and cell-cell and cell-surface
interactions. a,b) Schematic representation of a pusher and puller swimmer. A pusher swim-
mer, like a E. coli, draws fluid from the sides and drives it out from the front and back while a
puller swimmer, represented by a Chlamydomonas reinhardtii, draws fluid from the front and
back and expels it from the sides. c,d) Scheme of cell-cell interaction: blue dotted arrows repre-
sents the torque exerted by hydrodynamic forces, the gray dotted line is the distance h between
the two swimmers and θ is the angle between the cell swimming direction and a vector perpen-
dicular to h. In case of two pusher swimmers (c), the equilibrium configuration would be two
cells swimming parallel to each other (θ = 0 for both cells), while two puller swimmers would be
reoriented towards or away from each other (θ = ±π/2) depending on the initial angle between
the swimming directions of the cells. e,f) Hydrodynamic interactions between swimmers and
solid surfaces: similarly to cell-cell interactions (see text) pushers are steered in a direction paral-
lel to surface tangent (θ = 0) while pullers are reoriented perpendicularly to the wall (θ =±π/2).
Figure modified with permission from [27].

swim parallel to solid surfaces, while pullers will swim head on into them. Since pullers

have front mounted flagella (and usually a rather complicated beating pattern), their

equilibrium direction will not be stable, leading to an interesting interaction dynamic.

The next section will be a brief introduction of microfluidics, an experimental technique

vastly used to study the motion of microswimmers.

2.2 Microfluidics

In the words of G. Whitesides, microfluidics “is the science and technology of systems

that process or manipulate small (10−9 to 10−18) amounts of fluids, using channels with

dimensions of tens to hundreds of micrometers”[40]. Although the typical size of a mi-

crofluidic channel is indeed in the order of hundreds of microns, it is currently possible

to realise features in the order of microns and even nanometers. Microfluidics is the

key experimental technique used during the work presented in this thesis: we used the

possibilities offered by the technology to realise circuits with complex geometries, which

allowed us to gain insights on the interactions between biological microswimmers and

solid surfaces. Arguably, the main field of application of microfluidics is the biomed-

ical research where in the last decade the uptake of microfluidic technologies drasti-

cally increased largely due to development of soft litography techniques and the use of
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poly-dimethilsiloxane (PDMS) [41]: a transparent, biocompatible silicon elastomer that

is permeable to air and chemically inert. Thanks to its properties, PDMS devices can

be used to image and culture living cells [42, 43]. Building a planar microfluidic device

is relatively easy (3D multilayer devices are feasible although more complicated [44]);

the procedure is shown in Figure 2.4. The first step towards a microfluidic circuit is the

realisation of a mould through standard lithographic techniques: this procedure is usu-

ally carried out in a clean room or in a laminar flow cabinet. To fabricate a mould, a

silicon wafer previously covered with a uniform layer of photoresistent material (SU8)

through spin coating is irradiated with patterned UV light shining through a mask (usu-

ally printed on acetate). A chemical agent successively removes the non illuminated

parts on the wafer, leaving a replica of the mask pattern on the wafer. The second phase,

is the realisation of the actual microfluidic device. A mixture of PDMS and crosslinker

is then poured onto the mould and baked for 10 minutes at 75◦; once PDMS is hard-

ened, it presents a replica of the mould on its lower face and can be detached from the

mould by simply peeling it off. After punching inlet holes on the channels using a biopsy

puncher, it can be bonded to a substrate (usually glass or PDMS) through plasma surface

treatment, completing the device fabrication. Although microfluidics present numerous

advantages, its current usage is mostly restricted to research and, even in the research

environment, it requires some degree of expertise not always present in all labs. As a

result, the vast majority of papers in the field are a proof of concept (POC) published in

engineering journals and aimed at demonstrating that traditional laboratory assays can

be performed on microfluidic devices, as shown in [45]. In the next section we present

some key studies in microfluidic devices in the field of microswimmer motility which

has also been reviewed in [46, 47].

2.2.1 Microfluidics-based studies of microswimmer motility

In this section we will present some examples of experimental works in the field of swim-

ming cell motility in microfluidic circuits. We selected, among the vast literature on the

topic, some representative works where the solid boundaries play a crucial role in the

description of swimmers’ behaviour. We will also introduce some examples of studies

where microfluidic devices have been used as model system for porous materials, as

closely related to the work presented in this thesis.

Motility and collective motion

Swimming microorganisms represent a perfect model for systems intrinsically out of

equilibrium; as such, a bacterial suspension can provide work without an external drive
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Figure 2.4: Realisation of a microfluidic mould and circuit. a) Procedures to build a microflu-
idic mould: first, a silicone wafer is coated with a homogenous layer of photoresist. The wafer
is illuminated with UV light through a patterned mask; the illuminated area is more resistant to
chemicals, so, after chemical etching, the non illuminated pattern is removed, leaving a pho-
toresist mould on the wafer. b) A mixture of PDMS and its crosslinker is poured on top of the
photoresist mould; after baking at high temperature (> 75◦) the PDMS circuit solidifies, main-
taining the mould shape and can be detached from the mould. After punching the inlet holes,
both the circuit and a substrate (usually glass or PDMS) are exposed to plasma and subsequently
put in contact, so that a covalent bond is formed between the two. The circuit is usually baked
for a few more minutes and is finally ready for use. Figure from [48].

or force. Arguably the most famous experimental proof of this concept is presented in

[7], where collisions with cells in a bacterial bath are able to continuously rotate a micro-

gear in a version of Feynman ratchet and paddle machine (see Figure 2.5b). The same

result has been obtained using artificial swimmers [51]: in this configuration, although

the microgear rotation is slower, artificial swimmers are stably found on the microgear

edges. This out of equilibrium condition, also suggests that microswimmers can be ac-

cumulated on one side of an antisymmetric circuit or trapped inside a properly designed

chamber. One of the first experimental examples was made by Galajda et al [49] where

they showed it is possible to concentrate E.coli on one side of a channel cut in half by

a walls of funnels (see Figure 2.5a): the accumulation mechanism is still unclear, but

it has been shown that upon interactions with solid surfaces bacteria are reoriented to

swim parallel to the obstacle surfaces, leading to a net migration towards the “large”

end of the funnel, as shown in Figure 2.5a. The accumulation has been observed even

for a puller-type swimmer like Chlamydomonas reinhardtii in [52] but the accumula-
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Figure 2.5: Examples of motility study in microfluidics. a) Experimental images from [49]. In a
microfluidic device consisting of two chambers separated by a wall of asymmetric funnels, a sus-
pension of fluorescent bacteria (green) is injected. The system evolves from an initial uniform
concentration (left) to a net accumulation on the right side of the device (right) at steady state
(∼ 80min). Figure from [49]. b) Microgear suspended in a dense suspension of E.coli completes
a revolution around its center in about a minute. Figure from [7] c) Suspension of B.subtilis con-
fined in a drop of growth medium, simulations (top) and experiments (bottom). The black dot in
simulation figures indicate the direction of swimming of the cells. Starting from 1, where no di-
rectional order is noticeable, the suspension develops a stable vortex starting from the boundary
(see 2) and develops a stable vortex in 3. At steady state a central vortex rotating clockwise and a
boundary layer counter rotating are present. Figure from [50].

tion is much weaker. Others examples of swimmer accumulation through obstacles or

specifically designed boundaries are [53] where E .col i cells are accumulated in arrow

shaped chambers. Microfluidics also favoured recent development in the understand-

ing of collective motion in microswimmer suspensions. Wioland et al. showed how con-
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finement orders the system in a vortex-like state both in circular pools [54] and channels

[50] (see Figure 2.5c). Pusher-type swimmers, as mentioned in a previous section, are

known to align with solid surfaces and with other swimmers of the same kind. As a con-

sequence, a self reinforcing mechanism that forces cells to swim in circles takes place.

The final ordered state consists of a central vortex and a counter rotating layer at the do-

main boundary. More complicated geometries showed how neighbouring vortices are

able to synchronise through hydrodynamics [55]. Alignment among swimmers and with

channel boundaries in microfluidic circuits has also been shown to cause artificial micro

rotors to self organise in a comet-like flock [56].

Porous materials

In the last decade, researchers exploited the fine geometric control offered by litho-

graphic techniques to create simplified model system of porous environments. In recent

years, the locomotion of soil organisms has been studied in microfluidic devices with

structured or random dispositions of cylindrical posts to model the porous structure of

soil. For example in 2008, Park et al. [57] studied the undulatory locomotion of soil worm

C. elegans in an agar shallow microstructured microfluidic chamber, with a number of

pillars placed in a square lattice (see Figure 2.6d) with different lattice parameters. Sur-

prisingly, they found that when the chamber lattice parameter matched the wavelength

of worm oscillation, its velocity increased up to ten times when compared to swimming

in an empty circuit; this increase in speed was explained by a combination of swim-

ming and crawling on the circuit lower surface. These results were confirmed by [58],

where they observed an increase in C. elegans motion efficiency in a saturated granular

medium. Two years later, [59] performed the experiments in a PDMS device whose depth

did not allow worms to crawl and still observed an increase in moving speed; through

a purely mechanical model they were able to relate the increased performance to the

use of posts as pivoting points during the swimming oscillation, exploiting the increased

drag caused by the presence of posts. The same research group later measured the forces

exerted on posts by C. elegans [60], confirming their model. These studies proved how

soil organisms adapted to their environment, showing a greater locomotion efficiency

in a complex medium. C. elegans is a complex organism, provided with a brain, and

its ability to adapt may not seem surprising, but even at the microscale, in the study of

bacterial motility, swimming cells proved to be able to exploit the presence of obstacles.

In [61, 62] authors studied the unbiased diffusion of bacteria in random or structured

landscape of pillars. In these studies, the authors found that bacteria adhere to obstacles

for short length, hopping from one obstacle to the next, as shown in Figure 2.6a. Inter-

estingly, a particle with this kind of behaviour explores the domain far more efficiently
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than a billiard particle in the same geometry. A similar behaviour has been observed

in [63], where artificial swimmers in a colloidal crystal follow the outer surface of col-

loidal beads and hop between neighbouring beads’ surface. In [64], the authors studied

the bacterial diffusivity in random medium with increasing porosity: in this case the dif-

fusivity of bacteria decreases as the obstacle density grows larger. Another interesting

phenomenon which has been studied in porous environment is chemotaxis. Microflu-

idics revolutionised the way chemotaxis was studied, offering the opportunity to create

steady, precise gradients of chemical concentrations and the possibility to track single

cells from video recordings of the experiments. The earliest example of study of chemo-

taxis in microfluidics was proposed by Mao et al. [65]: the autors realised a microflu-

idic circuit where three streams are flowing in parallel. The central stream contained

a suspension of bacteria while the two neighbouring streams contained respectively a

chemoattractant and a buffer solution; they measured the relative migration of bacte-

ria towards the stream containing the chemicals they were attracted to, proving that the

chemotactic sensibility of E. Coli was strikingly higher than measured previously (1000

times higher). Another notable advance in the study of chemotaxis is [66], where using

particle tracking, the authors reconstructed a chemotactic velocity map of E. Coli. In na-

ture, chemotactic microorganisms are usually found in rather complex environments:

to see how the surrounding environment affected the chemotactic behaviour of bacte-

ria, [67] used a T-junction channel to inject two streams, one containing bacteria and

one containing a chemoattractant, inside a porous-like channel, containing a densely

packed hexagonal lattice of circular pillars. They showed that flow enhanced the chemo-

tactic response of the cells in such a complex medium, suggesting that even chemotaxis

must be understood in relation to the habitat of cells. To further prove this point, Singh

et al. [68] built a dual porosity microfluidic channel for the study of chemotaxis: they first

placed a lattice of large pillars in a microfluidic chamber and then placed some smaller

pillars inbetween the larger ones in a portion of the channel (see 2.6b) to recreate a low

permeability zone. They observed that in a steady gradient, bacteria migrate from high

to low permeability zones of the circuit. This result, theoretically predicted by Olson in

2006 [69] may prove useful for bioremediation purposes, where contaminants are likely

to accumulate in “clay lenses” (area of low porosity) and are more difficult to be removed

through other methods. Finally it is worth mentioning the study of biofilm formation in

porous materials. In [70], a nutrient stream has been flowed inside a porous like device

where bacterial cells were present (see Figure 2.6c). It has been observed how in this de-

vice, the nutrient flow follows preferential paths and biofilms tends to grow in patches:

it has also been reported that biofilm patches in contact with the nutrient stream gave a

stronger fluorescence signal, indicating a higher respiration rate.
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Figure 2.6: Porous media model in microfluidic devices. a) Study of E.coli motility in a hexagonal
lattice of PDMS pillars that mimics a porous material. Bacteria tend to adhere to surfaces for
short length and hop from one post to the next, enhancing their run time. Figure from [62].
b) Microfluidic device with dual porosity to study chemotaxis of E.coli. Two high permeability
zones, on top and bottom, consisting of a square lattice of circular pillars are separated by an area
of low permeability in the middle. The low permeability zone presents the same pillar disposition
with the addition of smaller pillars inbetween. Figure from [68] c) Bacterial biofilms (green) in a
porous like microfluidic devices consisting of a random disposition of pillars of different sizes
where flow of nutrients (red) is present. In certain flow conditions, preferential channels of flow
in the biofilm and pillars matrix are observed and biofilm patches in contact with these flow
channels emit a brighter fluorescence signal. Figure from [71]. d) Time lapse images of Soil worm
C.elegans swimming in an agar matrix of pillars. Scale bar is equal to 1 mm. Figure from [57].

2.3 Chlamydomonas reinhardtii

Chlamydomonas reinhardtii (who will be referred as CR in the rest of the thesis) order

Volvocales, family Chlamydomonadaceae) is a unicellular green alga which has emerged

in the last 60 years as a premier model system within a large variety of areas in molecular
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Figure 2.7: Schematic layout of a vegetative Chlamydomonas cell. F : flagella; E : eyespot; M :
mitochondria; C : chloroplast; S: stroma; P : pyrenoid; V : vacuole; N : nucleus; Nu: nucleolus; G :
Golgi. (Reprinted with permission from [81].)

and cell biology, including structure and function of eukaryotic flagella, biology of basal

bodies/microtubule organising centres, organelle biogenesis [72, 73, 74], photosynthesis

[75, 76], cell cycle control [77, 78], and cell-cell recognition [79]. The complete genome

has been sequenced relatively recently [80]. There are arguably at least three main rea-

sons leading to this development: i) the relative easy culturing techniques ii) its cell cycle

can easily be entrained to the day/night cycle of the diurnal chambers where it is usually

grown, offering a very straightforward way to generate macroscopic suspensions of cells

whose progression through the cell cycle is synchronised iii) it has proven relatively easy

to isolate and characterise mutants.

All this has ushered, in the last ∼ 10 years, a new interest for CR on the biophysics

front -although “visionary pioneers” were working on it already over 20 years ago [82].

Physicists, mathematicians and engineers have engaged primarily with two areas: pho-

tosynthesis and motility. The interest in this organism is testified by the existence of “The

Chlamydomonas Sourcebook” [81], a detailed 3 volume review of the state-of-the-art

knowledge on CR. The species Chlamydomonas reinhardtii was first described by Dan-

geard in 1888, who named it in honour of the Ukranian botanist Ludwig Reinhardt. There

are currently three principal strains used for research: the Sager line; the Cambridge line;

and the Ebersold/Levine 137c line. The main wild type strains used in the literature, 21

gr, (UTEX 89, UTEX90), (CC124, CC125), come from each of these three lines respec-

tively. They are all supposedly descendant from a single mating pair (plus and minus,
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akin to male and female) derived from the third (c) zygospore in isolate 137 collected by

GM Smith in 1945 in a potato field near Amherst, Massachussetts. Figure 2.7 illustrates

the basic cellular architecture in CR. The cell body is approximately a 10 µm diameter

spheroid, containing all the standard eukaryotic organelles (nucleus/nucleolus, mito-

chondria, rough and smooth endoplasmic reticulum, Golgi apparatus etc.). The basal

2/3 of the cell are occupied by a single cup-shaped chloroplast, where light capture and

photosynthesis happen. The chloroplast contains a single pyrenoid located towards the

base of the cell, where CO2 is fixed, and most of the starch accumulates. This front-back

asymmetric architecture causes the centre of mass to be displaced towards the bottom

of the cell (bottom-heavy) which causes the cells to have a slight upward swimming bias,

through a so-called gravitactic torque [82, 71]. Towards the cellular equator we find the

eyespot, a rudimentary light-sensitive organelle that the cell uses to perform phototaxis

(motion towards/away from light). The eyespot is composed of two main parts. One

is a specialised region of the plasma membrane containing channelrhodopsin, a light-

gated ion channel protein with good sensitivity in the 450−700nm spectral range. The

other is the stigma, a specialised region of the chloroplast containing several stacks of

carotenoid-rich granules acting as a dielectric mirror [83]. This mirror has a dual role: it

concentrates the light on the rhodopsins when the eyespot is facing the light source; and

it screens the rhodopsins when the eyespot is facing away from the light source. This re-

sults in a∼ 80-fold increase in the light signal detected by the cell and hence a more accu-

rate motile response to light [84]. The carotenoids also give the eyespot its characteristic

bright orange-red colour. Towards the cell apex we find two contractile vacuoles. These

organelles are common in freshwater protists, where they regulate intracellular pressure

by periodically ejecting excess water that entered the cell by osmosis [81]. In CR they

swell (diastole) reaching ∼ 2µm diameter, and quickly contract (systole, ∼ 0.2s) with a

period of 10−15s. The precise mechanism leading to water ejection is unclear [85]. Close

to the contractile vacuoles are two basal bodies, from which the two flagellax originate.

Basal bodies have a cylindrical shape and are composed of 9 microtubule triplets. They

not only act as flagellar bases, but during cell division double up as centrioles. As such

they are essential organelles. The two basal bodies are directly connected by the distal

striated fibre, containing the contractile protein centrin. Additional fibres (rhizoplast),

also centrin-based, connect basal bodies to the nucleus. There is evidence that centrin-

based fibres can contract in vivo in response to changes of Ca2+ concentration in the cell

[86]. Changing the tension of the distal striated fibre might have an impact on flagellar

dynamics and synchronisation (personal opinion) but the link has never been studied.

Additional sets of fibres connect the basal bodies to four microtubule rootlets, which

extend deep within the cell body and are responsible for a precise and reproducible ar-
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rangement of cellular organelles (e.g. the correct orientation of the eyespot relative to

the flagellar plane, which is essential for phototaxis) (see also [81], Vol. 3, Ch. 2). CR cell

body is enclosed in a ∼ 200nm-thick cell-wall composed of 7 distinct layers consisting

primarily of glycoproteins, with no trace of cellulose. The ultrastructure of the wall is

well characterised, but its synthesis and assembly is not understood as well. From each

basal body a single flagellum extends outwards for ∼ 10−12µm. The flagella are motile

and usually beat in a characteristic breaststroke fashion at ∼ 50Hz. These will be de-

scribed in more detail in the next section. Vegetative Chlamydomonas cells are haploid

(i.e. the nucleus contains the same number of gene copies as that of a gamete: 1 copy of

each gene), and can reproduce indefinitely in this state. This asexual reproduction has

a cycle of approximately one day, and can be entrained to be exactly one day if the cells

are grown within a diurnal chamber set to a day/night cycle of 24hr. This is (necessarily)

a clonal reproduction, whereby the mother cell undergoes n subsequent cell divisions

during the night, producing 2n daughter cells. These then hatch from the mother and

the cycle repeats. The number of divisions n depends on the cellular volume reached by

the mother cell as it commits to cell division (size checkpoints),usually it is at most 3 (i.e.

8 daughter cells). This fascinating process, including the control possibilities afforded

by light, has been studied extensively (see also [81], Vol. 1, Ch. 2). CR can also undergo

sexual reproduction, whereby a pair of cells of opposite mating types (plus and minus)

fuse together to form a temporary quadriflagellate zygote (diploid) which remains motile

for ∼ 2hr and then forms a zygospore with a tough external wall. In this state the cell has

available proteins from each of the two original haploid cells, and thus mutations carried

by only one of these can be recovered in the zygote by the proteins of the other. Upon

maturation (only a few days under lab conditions) the zygospore germinates and gives

rise to four vegetative cells by meiosis. These can be separated manually using a stan-

dard cell biology technique called tetrad dissection, and the subsequent progeny from

the asexual reproduction of each of the four cells can be picked and cultured indepen-

dently. This is a powerful and quite straightforward technique to combine genes from

different strains.

Plus and minus cells can only mate after becoming competent for sexual repro-

duction. The process is called gametogenesis, and in the lab it can be induced easily by

moving the cells to a medium without N-sources. The cells will then generally undergo

a final round of cell division and then become gametes: they swim well and do not grow

and divide. In principle, this produces a population of cells with very uniform proper-

ties, and in fact it has been used in several occasions in the past to study CR motility.

Gametes’ properties should remain constant for several days, but eventually they will

die unless they mate or N is added back to the medium (in which case they revert to the
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In the axonemes of sea urchin sperm and other organisms, tektin has been 
proposed to play this role in axonemal assembly ( Norrander et al., 1996 ).
Tektin is a protein with a high probability of forming coiled coils, similar 
to the subunits of intermediate fi laments. However, in  Chlamydomonas , 
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FIGURE 6.1      The ultrastructure of axonemal dyneins. (A) Axonemal cross-section revealing the inner 
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this doublet contains a full complement of inner arms. This micrograph was kindly provided by 
Dr. Ken-ichi Wakabayashi. Reprinted from  Sakato and King (2004) , with permission from Elsevier. 
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repeat. Reprinted from Sakato and King (2004) , with permission from Elsevier.    
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proteomic analyses using mass spectrometry (MS). For exam-
ple, comparative genomic approaches cannot readily identify
genes encoding flagellar proteins, such as kinesins and many
signal transduction proteins, that have close homologues in
plants, and examination of gene induction during flagellar re-
generation is likely to miss many proteins that function in both
the flagellum and cytoplasm. In contrast, such proteins can be
readily identified by a proteomics approach, which also can
uniquely provide an indication of the abundance of a protein
and its distribution in the flagellum. A preliminary proteomic
analysis of detergent-extracted ciliary axonemes from cultured
human bronchial epithelial cells identified 214 proteins (Os-
trowski et al., 2002); however, this study was compromised by
the presence of other cellular structures in the axonemal prepa-
ration, and by limitations in the amount of material available
and/or sequence data obtained, with the result that only 89 of
the proteins were identified by more than a single peptide.
Here, we use MS to identify the proteins in biochemically frac-
tionated 

 

C. reinhardtii

 

 flagella, which are available in large
amounts and in high purity.

 

Results

 

Identification of flagellar proteins

 

To identify the proteins that compose 

 

C. reinhardtii

 

 flagella,
these organelles were released from vegetative cells by di-
bucaine treatment, isolated from the cell bodies by low speed
centrifugation and sucrose step gradient fractionation, and
harvested by high-speed centrifugation. The membranes of
flagella isolated in this way generally remain intact and the ma-
trix remains in situ (Fig. 2 A). The purified flagella were then
fractionated into a Tergitol-insoluble fraction containing mem-
brane and axonemes (Fig. 2 B), or into a Nonidet-soluble frac-
tion containing membrane 

 

!

 

 matrix proteins, a fraction con-
taining proteins released from the Nonidet-demembranated
axonemes by KCl extraction, and a fraction containing the ax-
onemal proteins remaining after KCl extraction (Fig. 2 D).
Electron microscopy of isolated flagella and axonemal frac-
tions indicates that they are highly pure (Fig. 2).

Initial analysis was performed on the Tergitol-insoluble
fraction isolated from wild-type flagella. However, peptides
derived from the outer dynein arm were very abundant, and
concerns that these might prevent identification of peptides

from less abundant proteins prompted us to use flagellar frac-
tions isolated from an outer dynein arm mutant (oda1-1) for the
remaining work. The proteins in each of the four fractions were
separated by one-dimensional SDS-PAGE, each gel lane cut
into 33 to 45 slices (Fig. S1), the proteins in each slice digested
with trypsin, and the resulting peptides eluted, separated by
HPLC, and analyzed by MS–MS using electrospray ionization
and an LCQ ion trap mass spectrometer. The search engine
Mascot was used to find the best matches to the MS–MS
spectra in the translated 

 

C. reinhardtii

 

 genome, and the peptides
also were searched against a database containing all predicted

 

C. reinhardtii

 

 proteins to identify the origins of those that

Figure 1. Flagellar structures. Diagram (A) and electron micrograph (B)
of a cross section of a motile flagellum (from C. reinhardtii). (C) Central
pair of microtubules; (I) inner dynein arm; (IFT) IFT particle; (M) flagellar
membrane; (O) outer dynein arm; (R) radial spoke.

Figure 2. Flow chart for isolation of flagellar fractions used for MS
analyses. (A) Electron micrograph of cross sections of isolated flagella. Most
of the flagella have an intact membrane; in these flagella, the matrix is
dense and obscures the axonemal microtubules. In a few of the flagella, the
membrane has ruptured, releasing the matrix into solution and revealing the
microtubules. No other cell organelles are apparent in the flagellar prepara-
tion. In the initial analysis (left pathway), isolated flagella from wild-type cells
were treated with the detergent Tergitol, which disrupts the flagellar mem-
branes without dissolving them, and releases the flagellar matrix. The
Tergitol-insoluble fraction (B) was then collected by centrifugation and ana-
lyzed by MS as described in the Materials and methods. For subsequent
analyses (right pathway), flagella were isolated from the outer armless mu-
tant oda1 and treated with the detergent Nonidet, which dissolves the mem-
brane and releases the matrix; the preparation was then centrifuged to yield
a supernatant containing the “membrane ! matrix” fraction and a pellet con-
taining the demembranated axonemes (C). The axonemes were resuspended
in 0.6 M KCl and the mixture was centrifuged to yield a supernatant contain-
ing the “KCl extract” and a pellet containing the “extracted axonemes” (D).
The KCl extraction releases numerous axonemal proteins, including those of
the inner dynein arms and the C2 central microtubule, which are missing in
the extracted axonemes. The “membrane ! matrix,” “KCl extract,” and “ex-
tracted axonemes” were then analyzed by MS. Bar, 0.2 "m. (B) Micrograph
courtesy of M. Wirschell (Emory University, Atlanta, GA).

 on June 16, 2015
jcb.rupress.org

D
ow

nloaded from
 

Published July 5, 2005

CHAPTER 4 :  Motility and Behavior90

    II.     FLAGELLAR STRUCTURE AND ORGANIZATION 
    A.     The axoneme 
   Early studies of fl agella at the light and electron microscopic level were lim-
ited by the resolution then achievable but revealed some details of fl agellar 
structure (Kater, 1929; Lewin and Meinhart, 1953; Gibbs et al., 1958). 
Ringo’s classic papers published in 1967 defi ned the organization of the cel-
lular microtubules and fl agellar root system, the basal bodies, and axoneme 
(Figure 4.1   ). As discussed in Chapter 2, the fl agella arise from a pair of basal 
bodies at the anterior end of the cell. Between the basal body proper and the 
fl agellar axoneme is the transition zone, whose stellate morphology is similar 
to that of other algae and also sperm cells of land plants but is not seen in 
protozoa or animal cells (see Melkonian, 1982; also Volume 3, Chapter 2). 

   Above the transition zone, the axoneme consists of a central pair and nine 
outer doublet microtubules, which are longitudinally continuous ( Figure 4.2   ). 
The central pair end above the transition zone, and only the nine doublet 
microtubules connect directly to the basal bodies. Each of these nine microtu-
bules consists of a fused pair of tubules, designated A and B, with 13 and 11 
protofi laments respectively. Radial spokes connect to all nine A tubules, and 
inner and outer dynein arms arise at regular intervals from the A tubules of 
eight of the outer doublets; the remaining outer doublet lacks outer dynein 
arms and has other specializations that distinguish it (Huang et al., 1979). 

FIGURE 4.1       Schematic representation of basal bodies and fl agella, showing cross sections of 
microtubules at ten levels from fl agellar tip to basal body. Note that the two single central microtubules 
terminate in the transitional region and are not templated by the basal body. In the transitional region, 
two of the fused triplet microtubules of the basal body become continuous with the fused doublets of 
the fl agellum, and here is situated the stellate structure characteristic of certain plant fl agella. From 
Pickett-Heaps (1975), redrawn from Ringo (1967a).    
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proteomic analyses using mass spectrometry (MS). For exam-
ple, comparative genomic approaches cannot readily identify
genes encoding flagellar proteins, such as kinesins and many
signal transduction proteins, that have close homologues in
plants, and examination of gene induction during flagellar re-
generation is likely to miss many proteins that function in both
the flagellum and cytoplasm. In contrast, such proteins can be
readily identified by a proteomics approach, which also can
uniquely provide an indication of the abundance of a protein
and its distribution in the flagellum. A preliminary proteomic
analysis of detergent-extracted ciliary axonemes from cultured
human bronchial epithelial cells identified 214 proteins (Os-
trowski et al., 2002); however, this study was compromised by
the presence of other cellular structures in the axonemal prepa-
ration, and by limitations in the amount of material available
and/or sequence data obtained, with the result that only 89 of
the proteins were identified by more than a single peptide.
Here, we use MS to identify the proteins in biochemically frac-
tionated 

 

C. reinhardtii

 

 flagella, which are available in large
amounts and in high purity.

 

Results

 

Identification of flagellar proteins

 

To identify the proteins that compose 

 

C. reinhardtii

 

 flagella,
these organelles were released from vegetative cells by di-
bucaine treatment, isolated from the cell bodies by low speed
centrifugation and sucrose step gradient fractionation, and
harvested by high-speed centrifugation. The membranes of
flagella isolated in this way generally remain intact and the ma-
trix remains in situ (Fig. 2 A). The purified flagella were then
fractionated into a Tergitol-insoluble fraction containing mem-
brane and axonemes (Fig. 2 B), or into a Nonidet-soluble frac-
tion containing membrane 

 

!

 

 matrix proteins, a fraction con-
taining proteins released from the Nonidet-demembranated
axonemes by KCl extraction, and a fraction containing the ax-
onemal proteins remaining after KCl extraction (Fig. 2 D).
Electron microscopy of isolated flagella and axonemal frac-
tions indicates that they are highly pure (Fig. 2).

Initial analysis was performed on the Tergitol-insoluble
fraction isolated from wild-type flagella. However, peptides
derived from the outer dynein arm were very abundant, and
concerns that these might prevent identification of peptides

from less abundant proteins prompted us to use flagellar frac-
tions isolated from an outer dynein arm mutant (oda1-1) for the
remaining work. The proteins in each of the four fractions were
separated by one-dimensional SDS-PAGE, each gel lane cut
into 33 to 45 slices (Fig. S1), the proteins in each slice digested
with trypsin, and the resulting peptides eluted, separated by
HPLC, and analyzed by MS–MS using electrospray ionization
and an LCQ ion trap mass spectrometer. The search engine
Mascot was used to find the best matches to the MS–MS
spectra in the translated 

 

C. reinhardtii

 

 genome, and the peptides
also were searched against a database containing all predicted

 

C. reinhardtii

 

 proteins to identify the origins of those that

Figure 1. Flagellar structures. Diagram (A) and electron micrograph (B)
of a cross section of a motile flagellum (from C. reinhardtii). (C) Central
pair of microtubules; (I) inner dynein arm; (IFT) IFT particle; (M) flagellar
membrane; (O) outer dynein arm; (R) radial spoke.

Figure 2. Flow chart for isolation of flagellar fractions used for MS
analyses. (A) Electron micrograph of cross sections of isolated flagella. Most
of the flagella have an intact membrane; in these flagella, the matrix is
dense and obscures the axonemal microtubules. In a few of the flagella, the
membrane has ruptured, releasing the matrix into solution and revealing the
microtubules. No other cell organelles are apparent in the flagellar prepara-
tion. In the initial analysis (left pathway), isolated flagella from wild-type cells
were treated with the detergent Tergitol, which disrupts the flagellar mem-
branes without dissolving them, and releases the flagellar matrix. The
Tergitol-insoluble fraction (B) was then collected by centrifugation and ana-
lyzed by MS as described in the Materials and methods. For subsequent
analyses (right pathway), flagella were isolated from the outer armless mu-
tant oda1 and treated with the detergent Nonidet, which dissolves the mem-
brane and releases the matrix; the preparation was then centrifuged to yield
a supernatant containing the “membrane ! matrix” fraction and a pellet con-
taining the demembranated axonemes (C). The axonemes were resuspended
in 0.6 M KCl and the mixture was centrifuged to yield a supernatant contain-
ing the “KCl extract” and a pellet containing the “extracted axonemes” (D).
The KCl extraction releases numerous axonemal proteins, including those of
the inner dynein arms and the C2 central microtubule, which are missing in
the extracted axonemes. The “membrane ! matrix,” “KCl extract,” and “ex-
tracted axonemes” were then analyzed by MS. Bar, 0.2 "m. (B) Micrograph
courtesy of M. Wirschell (Emory University, Atlanta, GA).
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Figure 2.8: Chlamydomonas flagellar schematics. a) Spatial organisation of basal bodies, transi-
tion region and axoneme proper. Notice the drawing of the striated fibers connecting the basal
bodies. b) Schematics and electron micrograph of axonemal cross section. O: outer dynein arms;
I : inner dynein arms; C : central pair; R: radial spokes; M : flagellar membrane; I F T : IFT trains.
Notice the microtubule doublet (# 1) without the central pair. c) Closeup of the basic 96nm re-
peat unit on the outer doublets. RS: radial spokes (S1 and S2). ( a,c) from [81]; b) from [87])

vegetative state).

Cells grow easily at a temperature of 20◦−24◦C and under “white” illumination

of ∼ 100µE/m2s (1E = 1 mole of photons). The medium can be completely inorganic,

forcing phototrophic growth (i.e. they need to photosynthesise to survive) or it can have

acetate as organic carbon source. The latter is called myxotrophic growth and it is much

faster (larger n on average), but cell synchronisation is non ideal.

2.3.1 The flagellar apparatus

The two front flagella are arguably the most evident organelles in Chlamydomonas (see

Fig. 2.8a). These are remarkably complex structures, composed by more than 500 dif-

ferent types of proteins [87]. Flagella are used not just for motility but also for sensing

(chemical and mechanical) and mating. An astounding amount of work has poured into

understanding CR flagella both at the molecular and dynamical levels, especially after it

was discovered that much has been conserved throughout evolution and as a result sev-

eral human ciliopathies can be studied successfully in CR [88]. Chlamydomonas flagella

are slender, whip-like objects ∼ 12µm long and ∼ 0.25µm thick, which exit the cell wall

through specialised regions known as “flagellar collars” (see [81] Vol. 1, Ch. 2). They are

completely enclosed by the flagellar membrane, a domain of the cell’s plasma membrane

whose composition is highly regulated also by a diffusion barrier at the flagellar base

(possibly realised by two structures known as the flagellar “necklace” and “bracelet”).

This membrane domain contains, among others, several types of voltage-gated and mechano-

sensitive ion channels involved in phototaxis and perception of mechanical stimuli. Ap-
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proximately 16nm outside the flagellar membrane there is an extra “fuzzy” layer termed

glycocalyx, a seemingly compact layer of carbohydrates connected to the most abun-

dant flagellar membrane protein (FMG-1B). Two opposite rows of 0.9µm-long, 16nm-

thick flexible filaments spaced 20nm apart, protrude from the distal 2/3 of the flagellum.

These so-called mastigonemes are exclusively found on the flagella of protists, where

they are thought to increase hydrodynamic drag. It is not clear whether mastigonemes

are anchored just to the flagellar membrane or directly to the internal scaffold. They are

completely replaced every ∼ 4hr. This is also the estimated turnover time for the flag-

ellar membrane, which is continuously shed from the flagellar tip through ectosomes

possibly involved in cell-cell signalling [89].

The core structure within the flagellum is the axoneme, which is based on the

standard 9+2 configuration: 9 microtubule doublets surrounding a central pair. The

doublets, composed of microtubules A and B (13 and 11 protofilaments respectively)

stem directly from the basal body triplets mentioned earlier, through a characteristic

transition region (Fig. 2.8a) displaying a “stellate” structure (sections 5,6 in Fig. 2.8a) typ-

ical of algae and sperm cells of land plants (e.g. ferns), but absent in protozoa or animals.

Along the flagellum proper, the doublets are linked by nexins, ∼ 40nm-long polymers of

a currently unknown protein. Notice that nexins are longer than the shortest distance

between adjacent doublets (∼ 30nm in straight axonemes). The central pair of micro-

tubules is not connected to the basal body. It nucleates within the transition region just

above the stellate structure, which is thought to prevent the pair from sliding into the

basal body itself. The two microtubules of the central pair are held together by bridges,

and host a variety of proteins likely involved in flagellar metabolism, as well as kinesin

motor proteins of unknown function. Along the portion of the central pair within the

flagellum proper (see Fig. 2.8a), projections emerge at regular intervals based on (multi-

ples of) a basic unit length of 16nm. The projections interact with the head processes of

the radial spokes, 30nm-long rod-like structures attached to the A-tubules and extend-

ing towards the central pair. There is strong evidence that this interaction is a key compo-

nent in regulating the generation of bending moments within the axoneme (see below).

The central pair is spontaneously twisted, a characteristic not shared by animals, making

a left-handed helix with∼ 2 full turns along its length, and rotates during flagellar motion

being driven by bend propagation along the axoneme [90]. All axonemal microtubules

are identically oriented with their plus-end towards the distal portion of the flagellum.

While the central pair terminates precisely at the flagellar tip, the outer microtubules end

∼ 0.5µm earlier, first with the B and then the A tubules (sections 1,2 in Fig. 2.8a). The cen-

tral pair and the A-microtubules terminate with different capping structures, all of which

include plugs entering directly into the microtubule’s lumen. The caps’ function(s) is
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still unclear. Altogether, these passive components make for a pretty stiff axoneme, with

an estimated bending rigidity κ ' 4×10−22 N m2 [91], which translates to a persistence

length κ/kB T ∼ 105µm (∼ 104× flagellar length). The bending moments leading to flag-

ellar motion are generated by axonemal dyneins, which localise on the A-microtubules

and extend towards the B-microtubule of the nearest doublet (Fig. 2.8b). They are or-

ganised in two rows, the outer and inner dynein arms (“oda” and “ida”), depending on

their position along the radius of the axoneme. Oda’s and ida’s are structurally different

dyneins. They are organised following the basic axonemal 96nm repeat unit (Fig. 2.8c).

This comprises 4 oda’s, 24nm apart, in the outer section; while in the inner section we

have: a variety of ida’s not yet completely characterised; two radial spokes; one dynein

regulatory complex (DRC) which localises at the base radial spoke 2, plus several other

regulatory proteins (mainly protein kinases and phosphatases). Linker proteins provide

a direct physical connection between neighbouring oda’s, between oda’s and ida’s, and

between oda’s and the DRC. This is a complex machine! One of the outer doublets lacks

oda’s: this is doublet 1 (Fig. 2.8b). The other doublets are numbered following the direc-

tion in which the dyneins extend. CR flagella are oriented with their doublets #1 facing

each other, and beat almost exactly along a plane determined by doublets 1, 5, and 6.

The process leading to microtubule bending is reasonably well understood [92]:

dyneins bridge between neighbouring doublets and use ATP hydrolysis to generate an

inter-doublet sliding force which is converted to bending by the presence of geomet-

ric constraints to relative sliding of doublets (nexin links and basal body are the main

suspects here). However, we currently do not have a clear understanding of either the

basic mechanism leading to active oscillations (i.e. how do you alternate the bending

direction?) or how such basic oscillation is then refined to give the observed wave-

forms. A solid body of experimental evidence shows that in Chlamydomonas the latter

is achieved through active regulation of dynein activity by at least DRC and ida I1, which

in turn are regulated by phosphorylation/dephosphorylation under the control of radial

spokes/central pair. This active regulation adds a level of complexity which I believe will

not be easy to model convincingly. In this context, high quality experimental character-

isation of flagellar dynamics in CR will certainly be very useful. Experimental investiga-

tions based on analysis of flagellar dynamics in CR date back at least to the mid 80’s [93],

and have been recently refined by (semi)automated methods [94, 95, 96]. They have pro-

vided tests for microhydrodynamics of cell locomotion (slender body vs. resistive force

theory), achieved direct measurements of bend propagation along the axoneme, and

characterised differences between wild type, ida and oda mutants. Comparing wild type

and mutants’ flagellar dynamics and swimming behaviour [97] revealed that ida’s and

oda’s contribute differently to flagellar beating. Oda’s provide most of the internal power,
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while ida’s are mostly responsible for the establishment of the correct waveform. As a

consequence, oda mutants mostly have an altered waveform but close to normal beat-

ing frequency (∼ 50Hz), while ida mutants have close to normal waveform but altered

beating frequency (∼ 20Hz). The basic mechanism leading to flagellar oscillations is still

not completely understood. Currently, there are three alternative hypotheses [92, 98]:

geometric clutch (GC), curvature control, and sliding control. These differ in the way

dynein activity is periodically inhibited on opposite sides of the axoneme, a necessary

condition for the emergence of oscillations. Ultrastructural analysis of quickly-frozen

beating flagella in CR [99] shows that when axonemes bend their cross section along

the bending plane expands by ∼ 25%. This observation would support the geometric

clutch idea of oscillations caused by dyneins detachment induced by diverging transver-

sal stresses within the axoneme. More recently the analysis of the most unstable beating

modes in the three models also supported GC as a plausible basic mechanism for flag-

ellar oscillation [98]. However, despite some evidence in support for GC, no definitive

consensus has emerged yet.

2.3.2 Flagellar motility

CR flagella follow mostly a so-called “ciliary” type of beating, with bending waves which

propagate along the axonemes [95, 96] and cause the continuous alternation of well de-

fined power and recovery strokes. A characteristic feature of this dynamics is the pro-

nounced synchrony of the two flagella, which usually phase lock for seconds on end,

although the exact average duration depends strongly on flagellar length [100]. This is

most often “in-phase” locking, but the phototaxis mutant ptx1 was recently shown to

display also extended periods of anti-phase synchronisation, which are however associ-

ated with a slightly different waveform [101]. It is not known whether there is a causal

connection between the type of phase-locking and flagellar waveform.

What causes phase locking? In the last few years, this problem has stimulated

quite a lot of work, both experimental and theoretical. Experimental investigations have

been based mainly on long-time high-speed recordings of flagellar motion in pipette-

held cells [100, 101, 102]. Following the lead of pioneering studies by U. Rüffer and W.

Nultsch in the mid 80’s [93], these studies have revealed that normal phase synchrony

is noisy, and that noise can occasionally lead to phase slips: brief lapses of synchrony

lasting a few beats (. 100ms) whereby one flagellum accumulates one or more full extra

cycles with respect to the other. Either flagellum can slip ahead, although the proba-

bility is usually biased to a cell-dependent-degree towards a specific flagellum. These

observations can be recapitulated very well using a simple effective model, where the

flagellar difference ∆(t ) evolves according to ∆̇(t ) = δν−2πεsin(2π∆)+ξ(t ). Here δν is
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the intrinsic frequency difference between the flagella (responsible for the slip bias), ε

is their effective coupling, and ξ is an effective noise term responsible for the slips. For

|δν| < 2πε the system has two fixed points, one stable and one unstable, the stable one

representing the observed state of phase locking. This stochastic Adler equation can

actually be derived as the first order description of the generic dynamics of weakly cou-

pled self sustained phase oscillators [103], so in a sense it is not completely surprising to

find it here. However, different coupling mechanisms will produce ε’s of different mag-

nitude and which depend differently on parameters of the system, and so experiments

that change ε can in principle be used to determine what is the origin of the observed

coupling. Two main models have been proposed: 1) the coupling comes from the inter-

play between direct hydrodynamic interaction and elasticity intrinsic in the waveform

[91]; 2) the coupling results from modulations of flagellar driving force within a beating

cycle [104]. Although the relative strength of coupling from these two effects can in fact

be tuned within colloidal systems of rotors [105], experimental tests with either CR [100]

or the related species Volvox carteri [106] support quite clearly an elasto-hydrodynamic

origin for the synchronisation observed. An alternative model based on cell-body rock-

ing has been proposed by B. Friedrich and coworkers [107], and we refer the reader to

his lecture notes for more information. Still, the observation of prolonged alternate pe-

riods of both in-phase and anti-phase synchronisation in ptx1 poses new challenges to

our understanding of flagellar synchronisation, currently not solved. The key to under-

standing the problem will come perhaps from experiments specifically characterising

flagellar beating noise [108]. Besides normal flagellar movement, Chlamydomonas can

also display a characteristic “shock” response, where the flagella undulate in front of

the cell in a “flagellar” type motion (snake-like). This shock lasts ∼ 500ms, and is trig-

gered by a massive Ca2+ influx within the flagellum [109] in response to intense stimuli.

Interestingly, during shock dynamics flagella hop between periods of in-phase and anti-

phase synchronisation, but this aspect has not been studied in detail yet. Hydrodynamic

models of flagellar waveforms suggest a reason for evolving a separate shock response:

this seems to be optimised for fast escape, while normal beating is optimised for feeding

[110]. However, during shock response the cell does slow down noticeably (20µm/s vs.

100µm/s), so the connection with a more efficient escape is not immediately clear.

Swimming is not only the way CR can move: looking under the microscope at

a drop of Chlamydomonas culture deposited on a coverslip, it is common to see at the

bottom surface many cells with their flagella spread wide apart and not beating. What

is perhaps a bit more unexpected is that these cells, whose flagella adhere to the cover-

slip, move. This movement is called gliding. During gliding the cells slide at ∼ 1.5µm/s

[111] with the leading flagellum in front determining the direction of motion, and the
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Figure 2.9: Characterisation of CR motion in media of different viscosities. a) Distribution proba-
bility of the deviation angle θ, defined as the angle between the istantaneous swimming direction
k(t ) and k(t + t0). b) Mean square displacement < r 2(t ) > for different medium viscosities. Con-
tinuous lines have slope m = 1, dotted line has m = 2. Insets show examples of trajectories start-
ing in the axes origin and lasting 0.5 s in media of different viscosity. Top right corner medium
viscosity is equal to η= 1.5m/,Pa/,s, the bottom left η= 1.5m/,Pa/,s. For symbols legend see c).
c) Swimming direction correlation function in media of different viscosities. Figure adapted from
[113].

other one trailing behind. The movement typically stops after a few seconds and when

it resumes both flagella have the same probability to be the new leader. The mechanism

leading to this very peculiar kind of movement, which might have evolved before the

actual axonemal beating [111], has only recently been demonstrated [111, 112] and it is

related to a seemingly completely disconnected phenomenon: the growth and mainte-

nance of eukaryotic flagella.

2.3.3 Motility of Chlamydomonas reinhardtii

The first microscopic high speed study of CR motility dates back to the early 80’s [114,

115], a laser scattering technique called Dynamic Light Scattering (DLS) is used in or-

der to obtain the cell velocity distribution of a suspension of algae inside an observation

cell. Several years later Hill and al. [116], used a microscopy based tracking system to

25



study the trajectories of algae with and without a phototactic stimulus. A few years later,

Vladimirov et al. used a laser based tracking technique to measure the distribution of

velocities [117] and the gyrotactic coefficient [118] of Chlamydomonas nivalis (a closely

related species) in a measurement cylinder. The velocities of cells and the period of the

helical path of CR were also measured using dynamic differential microscopy [119] and

video cell tracking both in 2D [113] and 3D [120]. CR are reported to swim at velocities

in the range 84−100µm/s along a tight left-handed helix, caused by small chiral tilts in

the waveforms of its flagella. The spinning frequency is ∼ 2Hz, with a resulting pitch of

∼ 50µm. For a detailed mathematical description of helical swimming see [121]. How-

ever, the helix is clearly not perfectly straight. Active flagellar noise (e.g. phase slips,

but the actual origin has not been explicitly investigated experimentally) causes a small

amount of angular diffusion Dr ot , which has been measured explicitly for C. nivalis to be

Dr ot ' 2rad2/s [116]. By itself, this would cause a spatial diffusivity D ' 0.25×10−4 cm2/s

[122]. This is significantly smaller than the value D ' 7×10−4 cm2/s which has been mea-

sured directly on a population of C. reinhardtii [123]. The discrepancy is due to the fact

that the effective angular diffusion is not the main mechanism leading to CR spatial dif-

fusion. Instead, diffusion is dominated by sharp reorientations which happen randomly

following a Poissonian dynamics with characteristic time ∼ 10s. These sharp turns are

due to ∼ 2s intervals during which CR flagella lose synchrony and beat at a constant but

∼ 30%-different frequency. This is probably due to a substantial increase of their intrin-

sic frequency difference [123] rather than a weakening of interflagellar coupling, possibly

caused by changes in cytosolic Ca2+ concentration. The resulting motion is a persistent

random walk, whose mean square displacement has the form:

<∆x2(t ) >= 2v2τp

[
t −τp

(
1−e

t
τp

)]
(2.20)

where v is the cell velocity and τp is called the persistence time. It is easy to show how

2.20 is ∝ t 2 for t ¿ τp and ∝ t for t À τp . In [119] CR are reported to swim in straight

lines for ∼ 100µm, slightly longer than one second, while Polin [123] and Garcia [113]

give an estimate of ballistic time around 10s (see Figure 2.9), ten times larger. When

subject to stimuli, the motion of CR resembles a persistent random walk with bias in one

direction; we will discuss some examples in the next section.

Directed motion

In this section we will briefly discuss the capacity of CR to move along a fixed direction

because of gravity or in reaction to chemical gradients or light stimuli. We have already

mentioned how CR swim along a helical path scanning the environment with its eye-
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spot placed on one side of the body cell. When swimming within a light field, the light

hitting the eyespot produces a temporally modulated signal in all cases where the cell is

swimming at an angle different from 0 (positive phototaxis) or π (negative phototaxis)

with respect to the direction of light propagation: in this case the light intensity on the

eyespot is constant [124]. Incident light, causes a Ca2+ ion current towards the flagella

[125, 126, 127]: this current increases cis-flagellum and decreases the trans-flagellum

beating amplitude [128]. Depending on the calcium ion current, CR can swim away

or towards the light source [124]. Although the mechanism underlying the steering is

understood, why the switch between positive and negative phototaxis happens is still

unclear; recently [129] showed how long exposure to light cause CR to switch between

the two regimes. Another factor that is known to affect CR swimming behaviour is grav-

ity. The weight distribution of CR is not uniform along the cell body, with the centre

of mass being shifted towards the rear (opposite to flagella) part of the cell, so that CR

are commonly said to be “bottom heavy”. As a result, the average swimming direction

is directed upward. This mechanism is called gravitaxis (or negative-geotaxis)[130, 131],

while the interplay between viscous drag and gravitational torque has been referred to as

gyrotaxis [132], and causes algae to swim towards downwelling region of the fluid. The

first effect creates a gradient of concentration, caused by the higher presence of CR in

the upper region of the fluid and a less dense lower region of fluid with fewer or no cells.

When the concentration difference is sufficiently large, convection flows are triggered

and we observe “bioconvection” patterns [133, 134], with the formation of downwelling

plumes. A continuous model has been proposed to describe the formation of this pat-

tern [135, 136] while Pedley and Hill analysed the stability of an algal suspension [137].

Finally it has been shown that CR perform chemotaxis and accumulate towards a higher

concentration of ammonium ions NH+
4 [138, 139, 140]; the chemotactic behaviour is lost

during gametogenesis, that can be triggered by a N depleted medium [141].
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Chapter 3

Scattering of Chlamydomonas

reinhardtii from curved surfaces

3.1 Introduction

From biofilm formation within soil’s porous structure [70], to protistan parasites navi-

gating through the densely packed blood of the host [142], and mammalian ova fertili-

sation [143], solid boundaries alter both motion and spatial distribution of microorgan-

isms [49, 52] in ways that are currently not well understood [144, 145]. Explaining these

interactions can pave the way for the use of extant microorganisms in technological ap-

plications ranging from bioremediation [146, 147], and artificial insemination [148], to

directed transport and delivery of pharmacological cargo at the microscale [149], as well

as inform the design of artificial microswimmers [150]. One of the most basic types of

interaction is the scattering off a solid plane. Bacteria and other microswimmers with

rear-mounted flagella (“pusher”-type) are well known to accumulate spontaneously on

planar surfaces [151], a phenomenon that has been equally well explained by theories

based on either purely steric [145] or hydrodynamic [144] interactions. New experi-

ments are finally prising these two effects apart, with results in clear support of the latter

[152, 153]. Our knowledge of cell-wall interaction for the other major class of microswim-

mers, those with front-mounted flagella (“puller”-type), is distinctly less advanced. Re-

cent experiments suggest that steric effects dominate the scattering of these flagellates

off flat boundaries [52]. If true in general, this would place the two microswimmer types

in clearly separated categories of interaction. However, similarly to the bacterial case

[153], differentiating steric and hydrodynamic effects requires one to move beyond a

plane wall. Here we report the first detailed experimental study of the scattering of a

model puller-type microswimmer, the biflagellate alga Chlamydomonas reinhardtii (CR)
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[154], off a curved surface. Our results, supported also by numerical simulations, show

that both hydrodynamic and steric forces are needed to explain the microswimmer’s in-

teraction with obstacles. At close contact, lubrication forces alone can lead to long-term

entrapment, which is avoided through direct flagellar action following cell spinning. This

might confer an advantage to organisms that, like Chlamydomonas, need to navigate

through heterogeneous media.

3.2 Experimental setup

3.2.1 Materials and methods

We describe here the microfluidic devices passivation and cell growth protocol, as well

as the instrumentation that will be used to perform all experimental work reported in

this thesis: where changes to these protocol are present, they will be reported in the ma-

terials and methods section of the corresponding chapter. We build “quasi 2D” (whose

thickness t = 30µm, measured using an optical profilometer, is comparable to CR cell

diameter 2a ∼ 10µm) PDMS devices cast from SU8 master mould produced with stan-

dard soft litography techniques [41]. Each device contains a region where 12.5 µm cylin-

drical pillars extending from top to bottom are arranged in either hexagonal or slightly

randomised square lattices of spacing 75µm between the pillar centres; these regions

are 4.5× 4.5mm2 big in the case of a random lattice and 3× 2.6mm2 for hexagonal ar-

rangement. We find that results are identical in both arrangements for any measured

experimental observable. This is also the case for the probability distributions of incom-

ing angle, that we show in Figure 3.2a for both lattices: distributions are almost identical,

but differ from the distribution arising from an isolated pillar, with the greatest discrep-

ancy in the 0◦ < θi n < 20◦ region. The inside surfaces of the channels were passivated by

injecting a syringe filtered 0.1% w/w solution of bovine serum albumine (BSA) in water to

completely fill the channel; the solution was left inside the channel for 30 minutes before

washing it using fresh culture medium and cells were subsequently injected inside the

device: the BSA concentration used in experiments has not been optimised but we did

not record any sign of CR sticking either to glass or PDMS in devices where this passiva-

tion protocol was used. It is worth advising the interested reader that BSA stock solution

must be kept refrigerated and diluted in small aliquotes prior to use: this procedure pre-

vents bacterial growth in the BSA which, when very severe contaminations are present,

may cause the loss of the solution’s passivating effect. Chlamydomonas reinhardtii (CR)

strains CC125 and SHF1 (short flagella mutant,) were grown axenically in Tris-Acetate-

Phosphate medium at 21◦C under continuous fluorescent illumination (100µE/m2s, OS-

RAM Fluora). Cells from exponentially growing cultures at ∼ 5× 106cells/ml were har-
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Figure 3.1: Experimental setups and scattering functions for CC125 and SHF1 strains. a)
Schematics of pillar arrangement. b,d) Conditional probability for the outgoing scattering angle
p(θout |θi n) for CC125 and SHF1. Solid black lines indicate fit to Eq.3.5, dashed lines shows the
value of θi n corresponding to the switch between contact and hydrodynamic regime. c) Conven-
tions used for measuring the signed scattering angles. e,f) Picture of a hexagonal and randomised
square lattice of pillars realised using phase contrast and bright field microscopy.
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vested and centrifuged for 7 minutes at 100 rcf; the supernatant is then steadily removed

and replaced with fresh TAP. The CR are then left for one hour in the growth chamber at

the conditions described above to recover. Algae are then loaded inside the experimen-

tal chamber and the sample is placed on a microscope stage. Cells were imaged under

phase contrast with a Nikon TE2000-U inverted microscope fitted with a long-pass filter

(cutoff wavelength 765nm, Knight Optical, UK) to prevent phototactic stimulation. High

throughput measurements of CR scattering off pillars are based on low magnification

(10×, Ph1, NA 0.25) low frame rate (50fps) recordings (Pike F-100B CCD camera, AVT).

Cells’ trajectories during the > 80k scattering events recorded for CC125 (> 45k for SHF1)

were digitised using a standard particle tracking algorithm implemented in Matlab [155].

High magnification (40×, Oil immersion, NA 1.3), high frame rate (1200 fps, Vision Re-

search Phantom V 5.2 CMOS) movies complemented the previous measurements with

more detailed insight on cell dynamics during scattering events. A total of ∼ 300 scat-

tering events were recorded at high speed. Measuring the flagellar length of a sample of

50 individuals for each strain, we found the cell body to be 11.4±0.2µm for both strains

while flagella are 11.2±0.2µm for wild type (CC125) and 9.4±0.2,µm for short flagella

mutant (SHF1), as shown in Figure 3.2b.

3.2.2 Scattering observables

We extract radius and centre of pillars in experimental images using MATLAB built in

Hough transform. We choose to define the scattering with reference to a circular impact

area, concentric to the post and extending from its surface up to a distance ∼ 3.5µm

larger than the flagellar length, giving a radius of 28µm for CC125 (SHF1: 25µm); results

are not affected by choosing a different corona size within reasonable limits, as shown in

Figure 3.2c. We define the impact point as the first tracking point within the scattering

region and analogously the take off as the last point inside the corona. The incoming

swimming direction nin is extracted by linearly fitting the five points right before the im-

pact point while the outgoing swimming direction nout analogously consists of the fitting

of the five points after the take off. This approach greatly reduces the noise intrinsic to

real swimming trajectories and gives us a simple and reliable method to measure scat-

tering quantities. θi n (θout ) is defined as the signed angle between nin (nout) and the

vector joining the pillar centre with the point where the cell enters (exits from) the scat-

tering corona. The scattering process is symmetric with respect to the sign of θi n , so we

consider equivalent events with a positive or negative sign of the incoming angle. This is

done by appropriately inverting all the relevant observables with θi n < 0. We will call α
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Figure 3.2: Experimental quantities relative to CC125 and SHF1 and scattering function with dif-
ferent scattering coronas. a)Probability to observe a scattering at a given θi n for a random and
hexagonal lattice and analytic solution for an isolated 2D disk with uniform impact parameter.
b)Distribution of flagella and body size for the strains used in the experiments. c) Scattering
functions obtained with three different sizes of scattering corona
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the total angle swept by the swimmer around the post during the scattering event and β

the angle between nin and nout. For sign conventions see Figure 3.1c.

3.3 Simulations

We consider a minimal “puller” swimmer model consisting of three Stokeslet beads con-

nected by springs. We assume constant propulsive forces concentrated on the two flag-

ella beads with radius half the body-bead; see the illustration in Fig.3.3. Using a zero

force condition on the entire swimmer and a balance of forces on each bead we can de-

rive the equation of motion for each bead. The coupled dynamics of the beads B ,L,R

(denoting the swimmer body, left and right flagellum beads respectively) can be de-

scribed by

dxk

d t
= 1

ξk

[
δk,(L,R)f f

k + fc
k + fx

k

]
+ ∑

j=(B ,L,R)
Ga j (xk ,x j )

[
(1−δk, j )fc

j + fx
j

]
(3.1)

+ ∑
j=(B ,L,R)

G̃a j (xk ,x j )
(
fc

j + fx
j

)
for k = (B ,L,R). Here ξk = 6πak are the Stokes drag coefficients and aB = 1/3, aL = aR :=
aF = 1/6 are the bead radii. The propulsive forces f f

L and f f
R act only on the two flag-

ella beads L and R. The connector spring forces fc follow a finitely extensible nonlinear

elastic (FENE) spring model [156]. The repulsive steric forces fx
k are calculated with the

Lennard-Jones potential activated at 21/6a ≈ 1.12a distance away from a bead’s center.

Ga(xk ,x j ) = 1

8π

[
r 2 +2a2

(r 2 +a2)3/2
I+ (xk −x j )(xk −x j )T

(r 2 +a2)3/2

]

with r = ||xk −x j ||, is a regularized 3D Stokeslet where the regularization parameter a is

the radius of the bead. Near a no-slip wall, the method of Stokeslet images, here denoted

by G̃a , are employed to calculate the fluid flow at each bead’s position. The model is

discussed and analyzed elsewhere for flat surfaces [157]. The wall in this case is a cylin-

drical pillar: since a solution for an image system with respect to a curved surface is not

known, we approximate the pillar as flat in the vicinity of the swimmer and we use the

solution for an infinite flat surface for each of the three Stokeslet beads as described in

[35]. We believe we still obtain good agreement with the experimental results because

the error introduced by this approximation is small compared to the one introduced

by approximating a CR using the three beads model. To approximate the experimen-

tal setup with the pillar diameter 25µm and algae average body radius 6µm, we take

the pillar diameter to be 4 aB . We take LF = 2aB and θF = 70◦ . Note that the model
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Figure 3.3: Diagram of the three-bead and springs swimmer model and the flow field (log scale)
generated near a cylindrical pillar.

is deterministic, though noise could be added to the dynamics. To show the impact of

algal rotation on swimmer trapping at the cylinder surface, we incorporate a periodic

rotation of the flagellar beads in the equations described above. Depending on the con-

figuration of a non-rotating three-bead swimmer with respect to the pillar, we observe

different regimes shown in Fig. 3.4(a-e). When the swimmer configuration is perpendic-

ular to the pillar, we observe (a) a hydrodynamic regime for high incoming angles (θi n>

θout
∗ ' 50◦) where the swimmer does not touch the pillar though it interacts with it hy-

drodynamically, (b) a trapping regime for low incoming angles (θi n< 20◦) where the the

swimmer orbits around the pillar, (c) a contact and scattering regime at intermediate in-

coming angles. When the swimmer configuration is tangential to the pillar surface, we

observe (d) a hydrodynamic regime for high incoming angles; (e) a trapping and orbiting

regime for low incoming angles . Note that in this latter configuration, scattering does

not happen. However, if swimmer rotation about its main axis is included in the dynam-

ics, the swimmer can escape entrapment and scatter away, as illustrated in Fig. 3.4f. For

a swimmer in the perpendicular configuration, the dependence of the scattering angle

on the incoming angle, θout (θi n), is shown in Fig. 3.5 in the two cases LF = 2 aB (black)

and LF = 1.8 aB (red), together with fits to Eq. 3.5 (solid lines). For θi n. 30◦ the simula-

tions deviate from the experimentally observed behaviour (θout= θ∗0 ) due to proximity to

the trapping threshold. Indeed the presence of a trapping regime highlights the fact that

differently from the case of hydrodynamic scattering, a more detailed model is necessary

to capture the correct behaviour of the swimmer during contact with the pillar.
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Figure 3.4: (a-c) Non-rotating swimmer with flagella configuration perpendicular to the surface.
Examples of (a) hydrodynamic regime; (b) trapping regime; (c) scattering regime. (d,e) Non-
rotating swimmer with flagella configuration parallel to the surface. Examples of (d) hydrody-
namic regime; (e) trapping regime. This configuration does not display a scattering regime. Red
lines are trajectories where hydrodynamics has been switched off. (f) Rotation-mediated escape:
a swimmer with configuration tangential to the pillar surface is trapped and orbits around the
obstacle, but it can escape when the rotation about the main axis is switched on.
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Figure 3.5: Scattering angle θout (θi n) for simulations with a swimmer in perpendicular config-
uration with LF = 2aB and LF = 1.8aB (black and red circles respectively). Solid lines are fits to
Eq.3.5, where fit values can be found in Table 3.1. Dashed lines are linear fits for the simulation
results in the range θi n = 25◦ → 45◦ with slopes m = 0.137 and m = 0.1 (black and red dashed
lines respectively).

θ∗ θ∗0 m q dmi n(θ∗) ` θr s

CC125 44◦ (48±
1)◦

0.59±
0.01

(22±
0.5)◦

10.7±
0.1µm

11.2±
0.2µm

(33.3±
0.4)◦

SHF1 45◦ (50.76±
1)◦

0.64±
0.05

(21±
0.4)◦

9.0±
0.2µm

9.36±
0.2µm

(50.0±
0.7)◦

CC125sim 53o (45±1)o 0.78 7.23◦ 1.58aB 2aB −−
SHF1sim 51.5o (44.3±

1)o
0.83 1.3◦ 1.41aB 1.8aB −−

Table 3.1: Synopsis of experimental and simulation parameters. (θ∗,θ∗0 ,m, q) are defined in
Eq. 3.5; dmi n(θ∗): minimal distance of Chlamydomonas from the pillar surface for θi n = θ∗; `:
average flagellar length; θr s : characteristic decay angle for the probability of random scattering.

3.4 Results

3.4.1 Random scattering

The ∼ 300 scattering events recorded at high speed reveal that the direct collision with

the pillar surface can sometimes induce Chlamydomonas to align along the short dimen-

sion of the sample cell (i.e. along the optical axis). During these events, the cell alternates

periods of clockwise and counter-clockwise swimming along the pillar circumference.

As a consequence, the memory of the initial direction is lost and the cell eventually leaves

the scattering corona with an equal probability of having positive or negative θout . We

refer to these as random scattering (RS) events. Notice that during standard scattering,

instead, θi nand θout have consistently the same sign, and the scattering process involves
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motion exclusively along the focal plane of the objective (i.e. no reorientations along

the optical axis). Let us now consider the “negative” scattering events, i.e. those with

opposite signs for θi nand θout . These are certainly of the random type, and are readily

recognised among the thousands of scatterings recorded at low-magnification. The red

lines in Fig. 3.6c,d show the distribution of the duration of negative scattering events for

each of the two strains used, multiplied by 2. We use this to approximate the curve that

would be obtained from the totality of the random scattering events. Notice that the tail

of this doubled curve matches exactly that of the distribution of scattering duration for

all the events recorded (black lines). Since the long-lasting scatterings are only random,

the agreement supports the assumption that the red lines in Fig. 3.6c,d represent well

the distribution of the duration of all RS events, not just the negative ones. This was fur-

ther tested by selecting all the events lasting longer than 0.75s, and comparing their be-

haviour with that of all negative scattering events. We find consistently good agreement

between the two, as shown e.g. in Fig. 3.6b. The doubled distributions from the nega-

tive scatterings are then used to set thresholds in the scattering duration allowing us to

either retain most of the deterministic scattering events and discard most of the random

ones or vice versa. We select only events lasting less than 0.32s in the former case, and

longer than 0.75s in the latter. As shown in Fig. 3.6a), 0.32s is an appropriate threshold

to select deterministic scattering events. RS, as their name would suggest, presents an

almost uniform distribution of outgoing angle; we tested that these distributions do not

change appreciably if different thresholds are selected, as long as the new thresholds are

lower/higher than those we report above, for deterministic/random events respectively.

As visible in Figure 3.6e, the scattering function for random scattering is, as expected,

almost uniform, with zero scattering events with θout =±90 and symmetrical respect to

θout = 0, justifying our initial assumption that during a random scattering there is an

equal probability of observing a resulting positive or negative θout .

Probability to perform random scattering

To model the process leading to random, rather than deterministic, scattering we make

the following hypotheses: i) a cell will perform random scattering with probability 1

when the angle that its back-front axis makes with the local normal to the surface, θ,

is 0; ii) a cell will perform random scattering with probability 0 for θ = θd ; iii) a cell has

an effective rotational diffusion Dr ; iv) there is an effective angular speed ω -which we

interpret as being due to flagella- advecting θ towards θd . As a result, the angle θ will

follow a simple 1D Brownian process in the interval [0,θd ], with absorbing boundaries.

At the continuum level this is described by the following Fokker-Planck equation for the
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Figure 3.6: Random scattering results. a) Distribution of θi n for all recorded scattering events (red
circles) and random scattering (blue circles). The black curve is obtained by subtracting random
events from the total distribution, and is compared to the cyan curve, which shows results for
events lasting less than 0.32s. b) Distribution of incoming angle for events lasting longer than
0.75s (red) and for scattering events resulting in a negative θout (blue). c,d) Time distribution for
deterministic (blue), random (red) and all scattering events (black). e) p(θout |θi n) for random
scatterings. f) Distribution of θi n for random scatterings for CC125 and SHF1.
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concentration c(θ, t ) of Brownian walkers at position θ at time t

∂c

∂t
= ∂

∂θ

(
−Dr

∂c

∂θ
+ωc

)
. (3.2)

The probability Pr s(θi n) that a cell with incoming angle θi nwill perform random scatter-

ing is then given by the probability that a Brownian walker starting at θ = θi n will be ab-

sorbed by the boundary θ = 0. This can be easily estimated by pinning the concentration

at a specific coordinate θi nto a fixed value c0 and solving for the steady state solution.

The steady state currents towards θ = 0 and θ = θd are respectively given by

j0(θi n) =− c0ω

e
ωθi n

D −1
; jd (θi n) = c0ω

1−e−
ω(θd −θi n )

D

, (3.3)

from which the probability Pr s(θi n) can be simply calculated as

Prs(θi n) = | j0(θi n)|
| j0(θi n)|+ jd (θi n)

= e−
ωθi n

D −e−
ωθd

D

1−e−
ωθd

D

. (3.4)

As shown in Figure 3.6f, the probability of performing a random scattering for both

strains fits nicely with an exponential decay, with SHF1 mutant having a higher prob-

ability of performing RS for large value of θi n , probably due to the intrinsically noisier

flagellar beating pattern.

3.4.2 Deterministic scattering

After subtracting random scattering from the total distribution, the duration of the re-

maining events is normally distributed with µ = 0.125s. The conditional probability

p(θout |θi n) is shown in Figure 3.1b,d for each of the two considered strains; the two

scattering functions look qualitatively similar and consist of two parts: for low values

of θi nthe outgoing angle seems to be centred around the same value of θout regardless

of the approaching direction of the alga. As the angle of impact increases and gets more

parallel to the surface of the pillar, the resulting output tends to increase linearly up to a

maximum value of θout = 85o .

In Figure 3.7a,c, average θout as a function of θi n is plotted; for small θi nthe func-

tion shows a very weak linear dependence, while for θi n> 55o , the curve is well fit by a

line with slope m ' 0.6o/degree for WT algae. We approximate the function as follows:

〈θout〉 (θi n) =
θ

∗
o if θi n < θ∗

mθi n +q if θi n ≥ θ∗
(3.5)
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Figure 3.7: Average minimum distance and deviation. a,c) Average θout (blue) and distance of cell
centroid from the pillar surface (green). b,d) Conditional probability for the deviation angle β
(see Figure 3.1a for convention) p(β|θi n) .
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which is plotted as a red line in Figure 3.7. We define θ∗ as the intersection between

the linear fit and θ∗o ; our coarse grained model doesn’t take into account the transition

between the two regimes which takes place in a range wide about 20-30o of θi n . For both

strains, the approximated curve maximum deviation from the actual data is ∼ 3.4o which

is an error ≤ 6% which justifies our coarse grained approach. See table 3.1 for values

measured in experiments for different strains and parameter values used in simulations.

Hydrodynamic regime

The hydrodynamic regime occurs when the minimum distance between the alga and the

pillar surface during the scattering is larger than the flagellar length, so that only hydro-

dynamic interactions are possible. Several theoretical studies based on far field hydrody-

namics suggest that a puller microorganism swimming by a solid wall experiences a re-

orientation that redirects its trajectory away from the surface; the graph of β(θi n) shown

in Figure 3.7b,d shows that the deflection exerted by the pillar ranges from (33.5±0.87)o

for θi n= 57o to (5.1±1)o for θi n= 84o never reaching zero. Since the minimum distance

reached by algae at these incoming angles is larger than the flagellar length, no contact

is present and the deflection can only be ascribed to hydrodynamics. In Figure 3.8, we

can see how, for these θi n , the swimming velocity increases by roughly 10% in the first

part of the scattering; this happens also in our simulations (Figure 3.9a,c) when hydro-

dynamic forces are present and remains constant when they are not included. It is no-

ticeable that in simulations, right after the initial increase, there is a dip in the swimming

speed of comparable magnitude which is not present in the experimental results; this

suggests that flagella are still able to beat at the same frequency despite the increased

drag. This suggests that flagella may have more power at their disposal than what they

usually employ in their beating cycle far from solid surfaces: as a consequence, when the

drag increases they are still able to beat at 50 Hz by consuming more energy.

Contact regime

For lower θi n , and consequently smaller dmi n , flagella make contact with the pillar walls

and steric interactions become dominant. Looking at Figure 3.8, we can separate the

scattering mechanism into three phases: the initial collision between the swimmer and

the pillar corresponds to the sharp drop that last between 40 and 60 ms, depending on

the incoming angle. Steric arguments [158] would predict v0 sin(θi n) (angle in radians) as

the minimal speed. We observe a decrease of significantly smaller magnitude (Fig. 3.8a),

reaching at most ∼ 25% for almost head-on events. The discrepancy is due to partial

cell reorientation during slowing down, possibly due to a combination of hydrodynam-
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Figure 3.8: Experimental velocity and distance profile during scattering for CC125 (left) and SHF1
(right): θi n = 0−10° (◦), 10−20° (◦), 20−30° (◦), 50−60° (◦), 60−70° (◦), 70−80° (◦). a,c) Experi-
mental values of v(t )/v0 during deterministic scattering events for CC125 and SHF1 respectively.
Inset in a): Experimental distribution of ∆θ (R +d)/(∆t v) during recovery stage (θi n ∈ [0,35◦]).
Red line: Gaussian fit (mean: 1.02±0.07; st. dev.: 0.42). b,d) Evolution of distance from the pillar
center during scattering in experiments for CC125 and SHF1.
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Figure 3.9: Velocity and distance profiles during scattering obtained from simulations. a,b) Swim-
mer velocity and distance profiles for a variety of launching angles at distance 2.0 ab away from
the pillar, normalized by the average value v0 of v in free space when in the “hydrodynamic
regime”. We observe a dip followed by a recovery, though the start and end values of v are not
the same due to the “hydrodynamic pull” of the swimmer by the pillar. The cases when hydro-
dynamics is switched off are shown in red color. c,d) Swimmer velocity and distance profiles
for a variety of launching angles at distance 2.5 ab away from the pillar when in the “contact-
and-scatter regime”. In all cases the swimmer is in the configuration perpendicular to the pillar
surface.
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ics and direct flagellar-wall contact. The reorientation is completed during the second

stage, ending with a fully recovered speed (v(t ) = v0) and the cell aligned parallel to the

pillar surface. Steric interactions imply that during this recovery, the angle θ that the cell

makes with the local surface normal should obey (angles in radians) θ̇ = v(θ)/(R +d),

where d is the swimmer-surface separation. Assuming v(θ) = v0 sin(θ), the angular vari-

ations within this stage, {∆θ j }, can be obtained from the instantaneous speed {v j }. These

should then satisfy
(
asin(v j+1/v0)−asin(v j /v0)

) = ∆t (v j+1 + v j )/2(R + d), where ∆t =
20ms is the inverse frame rate. Fig. 3.8a inset shows that this is the case, supporting the

interpretation that cells reorient by simply sliding over the convex, curved surface. Once

the cell is reoriented parallel to the surface, if no interactions were present, one would

expect to just swim away from the pillar in a straight line. If we consider a cell hitting the

post at θi n= 50o , starting from dmi n = 9µm, CC125 strain would take approximately 90

ms to leave the scattering corona; from the experiments we found this time to be 170±8

ms instead. From the high speed movies it is noticeable that both strains tend to swim

along the surface of the obstacles and, when leaving, flagella are always in a plain per-

pendicular to the walls: in this configuration, flagellar contact is maximised and the ap-

pendix closest to the pillar pushes away during the beating cycle. 〈θout 〉 resulting from

steric interactions as proposed in [52], should result to be 〈θout 〉 = 90o − arctan(l/2a)

which corresponds to 45.51o for CC125 and 50.61 for SHF1, which is very close to what

we observe experimentally (see 3.1, p. 35 for values obtained in experiments and simu-

lations). This interpretation suggests that the duration of scattering events should be in-

dependent of the size and curvature of the pillars used. To verify this hypothesis, we per-

formed experiments with posts of different size: 2R = 80µm. The microfluidic chamber

was slightly shallower (∼ 20µm measured using a stylus profilometer) and the distance

between pillar centres of 180µm. We recorded ∼ 20k events and measured the scatter-

ing function, using a corona with a thickness equal to the other experiments performed

for the CC125 strain and the scattering duration distribution as shown in Figure 3.10.

The distribution for the two experiments overlap almost perfectly, given that the noise

is higher for new experiments as the sample size is ∼ 1/4 of what we gathered for the

smaller pillars. We observe the scattering function shows just the plateau section while

the hydrodynamic regime has nearly disappeared. This fact agrees with our model: in

fact, we would expect the regime dominated by hydrodynamics to start when the min-

imum distance between the swimmer and the pillar centre is less than the pillar radius

plus the flagellar length. It is easy to show that the hydrodynamic regime in this case

should start at ∼ 76o . Also, from a comparison of the two time distribution, we can see

how a random scattering has a higher probability of happening for larger pillar radii. In

the simulations we show how the rotation of cells cause them to break the orbit and force
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Figure 3.10: Results for larger pillars. a) Scattering function for deterministic events relative to
pillars of 40µm radius. We expect the hydrodynamic part of the curve to begin around 75o , but
the binning of the data doesn’t allow to show accurately the linear dependence of this branch of
the curve. b) Duration distribution of scattering events for 40µm radius pillars compared to the
results we obtained for the 12.5µm radius pillar.

them to scatter at an angle fixed by the ratio between the length of the flagella and the

diameter of the body.

Given the waveform of flagellar beating, it is very unlikely that contact provides

an attraction that keeps cells swimming along the pillar surface for the time it spends

inside the scattering corona. The reason for this observed attraction may be the torque

given by lubrication forces present when in a fluid, an extended body is dragged along

a surface. Let us consider a spherical cell of radius a swimming at a speed U along the

positive x-axis (horizontal), and close to a fixed pillar of circular section and radius R =
aδ. The gap between the two equals aε. The torque induced on the cell by the lubrication

layer between the two bodies is given by [159]:

τlub = 8πηa2U
δ(4+δ)

10(1+δ)2 ln

(
1

ε

)
Note that the torque leads the cell to turn towards the pillar, rather than away from it. The

angular speed ωr ot can be estimated immediately by balancing the lubrication torque

with the rotational viscous drag τdr ag = 8πηa3ωr ot :

ω=
(

U

a

)
δ(4+δ)

10(1+δ)2 ln

(
1

ε

)
.
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Writing ωr ot =U /ρ, the radius of curvature of the trajectory becomes:

ρ = a
10(1+δ)2

δ(4+δ)

1

ln(1/ε)
.

The experimental values (R = 12.5µm, a = 5.7µm,dmin ' 8.5µm) correspond to (δ '
2;ε ' 0.5), and give ρ ' 64.5µm. So, lubrication accounts for more than 70% of the at-

traction acting on cells; of course CR are not spherical and there are residual factors not

considered that can account for the remaining force needed. According to this simple

calculation, we expect that sufficiently large pillars would trap cells into closed orbits if

it was not for the repulsion given by the flagellar beating.

3.5 Conclusions

We have presented the first experimental study of the interaction of the model microalga

CR, commonly regarded as a prototypical puller microswimmer, with circular obstacles.

The experiments reveal that the scattering is not simply steric, but follows qualitatively

different rules depending on the angle of incidence, with direct evidence of purely hy-

drodynamic interaction at large angles, and a multi-stage steric/hydrodynamic process

at small angles. The latter is terminated by direct flagellar contact with the surface pre-

venting the extended trapping around the convex structure predicted by minimal mod-

els, a behaviour recapitulated by our simulations. The ability to avoid long-term trapping

independently of obstacle size and shape might in fact represent a significant advantage

for a soil alga like CR, which in nature needs to navigate a heterogeneous porous mate-

rial. Together with these deterministic interactions, we report the existence of random

scatterings, and propose a mechanism to explain their likelihood. We will show in the

following chapter how these kinds of interaction have a profound impact on the motion

of CR in confined environment.
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Chapter 4

Chlamydomonas reinhardtii

diffusion in straight channels

4.1 Introduction

Controlling biological and artificial microswimmers is crucial for future applications such

as drug delivery [160, 161], bioremediation [162, 163] or stirring fluid at the submillilitre

scale, for example in microreactors [164, 165]. Microswimmer trajectories, although bal-

listic on a short time scale, become diffusive for large observation periods [116, 166].

Controlling motility of swimmers at the sub millimetre scale is a major challenge in the

field; microorganismal motility can be influenced by a series of external stimuli, such

as light fields [167] and chemical gradients [9] which allow some degree of control on

the spatial distribution and the swimming direction of the microswimmers. The tech-

nological implementation of these techniques on the microscale can be problematic, as

this would require the use of complex active ad hoc components, such as optical fibres

or pumping systems. Creating complex geometries, especially on PDMS microchips, is

very cheap and easier to achieve at the current state of technology: in the past few years

capture[168, 169], sorting[170, 171], and accumulation[49, 172] of microswimmers have

been achieved in experiments and reproduced in numerical simulations. Exploiting the

interactions with microstructures requires knowledge of the physics underlying the in-

teractions of the considered swimmer with solid boundaries. Building on the results

obtained in the previous chapter, we will present a study of diffusion of CR in straight mi-

crochannels of different width. Understanding algal behaviour in this geometry would

represent a first building block towards a mathematical model of puller microswimmer

motility in confinement. Our results show that swimmers diffusivity along the channel

axis can be easily tuned by varying the channel width. As seen in Chapter 3, lubrication
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forces tend to align CR swimming direction parallel to solid surfaces but rotational diffu-

sivity randomises the swimming angles of algae[123] after the scattering interactions are

over, so that boundaries work as rotational “noise quencher” for microorganisms swim-

ming, directing their motion along a fixed direction. As a consequence, we observe that

CR in narrower channels, where they interact more frequently with the channel bound-

aries, present a greater persistence length on the longitudinal axis; however, below a

threshold width of ∼ 50µm there is a sudden and unexpected drop of swimmer diffu-

sivity and persistence length. In the following pages, we will try to explain these results,

investigating CR motion and their interactions with walls. The chapter is organised as

follows: we will first introduce the experimental setup and give an overview of the sim-

ulations, defining some key quantities and explaining how we measured them. We will

then present data regarding algae swimming behaviour across the channel width high-

lighting how proximity to the walls promote alignment in algal swimming direction. We

will later discuss the motion along the channel length, and how it can be regarded as a

1D persistent random motion. In the final part we will use the simulations to discuss

the influence of random scattering and rotational diffusivity on the microbial transport

capability of the channels.

4.2 Materials and methods

4.2.1 Experiments

We build quasi 2D microfluidic devices (thickness ∼ 25µm) consisting of two chambers

of 2×3.6 mm connected by 7 channels of length L = 3.6mm and width w = 30,50,100,150,

200,300,400µm as shown in Figure 4.1a. The inlets are punched at the top and bottom

of the left chamber, along a direction perpendicular to the channel length: this proce-

dure prevents the development of pressure driven flows across the channels. We inject

fresh culture medium through these inlets, and we then apply pressure to both injec-

tion points using 1 ml syringes without plunges hung about 1 m above the device: since

PDMS is an air permeable material, the applied pressure pushes the remaining air out

of the device, filling both chambers and the channels with culture medium. We sub-

sequently inject CC125 strain of CR, grown using the protocol discussed in Chapter 3,

through the inlet and we leave them free to diffuse across the device. We record mi-

croscopy videos of 15k frames using a 2x magnification objective and a frame rate of 10

fps. We record a total ∼ 50k trajectories, not equally distributed among different chan-

nel widths w . In Figure 4.1b, the x and y axis convention is also shown: we will define

the x axis, as the longitudinal direction of the channel while the y axis will be referred

to as the transverse section of the channel. We measure scattering angles at a distance
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Figure 4.1: Schematics of the experimental setup. a) Scheme of the microfluidic channel used
in the experiments: two rectangular chambers 3.6×2 mm connected by seven channels of width
(from top to bottom) w = 30,50,100,150,200,300,400µm respectively and length L = 3.6mm.
Circles placed on the top and bottom of the left chamber are punched using a biopsy puncher
and culture medium is injected with a syringe through a needle placed in the punched holes. b)
Representation of the inside of the channel; w is the channel width,wi nt is equal to the average
flagellar length for CC125 strain measured in chapter 3 and is the distance at which CR touch the
channel wall with their flagella: in experiments it is the distance from the wall where both θi n

and θout are measured, in simulations it is the distance at which interactions between particles
and boundaries are triggered. θout greater than 90◦ are considered to be “random scattering”
(see Chapter 3 for definition). The axes at the bottom are the convention we will refer to in the
remainder of the chapter.

wi nt = 11µm, equal to the average length of CC125 flagella measured in Chapter 3, from

the channel walls. We define the incoming and outgoing direction ki n and kout by fitting

the last three point before the alga enters the interaction zone and the first three points

after leaving it respectively. We then measure the scattering angles θi n and θout with re-

spect to the x axis of the channel, using the convention shown in Figure 4.1b. Note that

events resulting in a θout > 90◦ are random scattering events (see Chapter 3 for defini-

tion).

4.2.2 Simulations

Motion in “the bulk”

We model the swimming of each individual cell far from the walls (the “bulk”) as a per-

sistent random walker, whose position is given by the following equations of motion,

~̇x =v0v̂(θ)

θ̇ =
√

2Dθξθ.
(4.1)

where the dot indicates the temporal derivative, ~x is the position of the cell, θ is the

moving direction and v̂ = (cos(θ),sin(θ))T . Eq. (4.1) indicates that the centre of mass of
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the cells moves with a mean speed v0 while their moving direction is affected by a white

noise that obeys 〈ξ(t )〉 = 0 and 〈ξ(t )ξ(t ′)〉 = δ(t − t ′). The amplitude of the angular noise

is such that the angular diffusion coefficient is Dθ. We assume there are no interactions

between cells as we use a low concentration of algae in experiments.

Interaction with the walls

We consider that cells interact with the walls through hydrodynamic and steric forces.

The interaction takes places in a region within a distance of wi nt , from the walls, as de-

picted in Figure 4.2. After entering this region, cells start steering at a rate:

θ̇ = kθi sin(θ∗−θ)+
√

2Dθξθ, (4.2)

where kθi is an arbitrary parameter, until their swimming angle reaches a value θ∗; at this

point we consider the scattering event to be over and the cell starts moving away from the

wall. We consider also that this relaxation constant can take two different values, kθ1 and

kθ2 , depending on whether the cells are moving towards or away from the wall, to reflect

the back/front asymmetry of the cells. We implement random scattering by setting a

fixed probability r0 of performing random scattering depending on the incoming angle

θi n , so that the occurrence of random events is maximum for θi n = 90◦ and is equal

to zero for θi n = 0◦ . Following a random scattering, θout is picked randomly from a

uniform distribution θr nd ∼ U[−π/2+δθ;π/2−δθ] where δθ is a parameter chosen so

that particles leave the interaction zone in a finite time (with a scattering angle of 0◦,

a particle would continue swimming inside the interaction zone in a direction parallel

to the wall without ever leaving it). In this model, for instance, we can turn off random

scattering by assuming r0 = 0 or set r0 = 1 so that every interaction with the walls results

in a random event.

v0 80µm/s

Dθ 1.125 r ad 2

s
kθ1 3s−1

kθ2 18s−1

θdet
175°

θr nd ∼ U[−π/2+δθ;π/2−δθ])
δθ]) 9°
Wi nt 15µm
r0 > r0mi n

Table 4.1: Model parameters. v0 is measured directly from the experiments, kθ1 and kθ2 were
fit to reproduce the scattering results from the experiments. Dθ , Wi nt and r0 are free model
parameters.
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Figure 4.2: Interaction scheme in the simulations. Region of interaction wi nt and an example
of trajectory for each of the possible scattering type. Cells begin to interact with the wall when
they are within a distance less than wi nt from it. a) Hydrodynamic scattering: after entering the
interaction zone, cells start steering with a rate kθ until they either reach θ?out . b) Deterministic
scattering: if the cell reaches a distance from the wall equal to its body radius r , it adhere to the
surface and start sliding along it for a distance ds before leaving at a fixed angle θ?. c) Random
scattering: after reaching the distance r from the wall, cells have a fixed probability to perform
random scattering: in this case the outgoing angle is drawn from a uniform distribution of θout .

4.3 Results

We are interested in describing CR motility inside the channels, with the aim of coarse

graining the effect of the transverse section of the channel on the longtudinal mobility

of algae. CR are known to exhibit diffusive behaviour, swimming in straight lines with

small deflections occurring at random time intervals, resulting in a persistent random

walk [118, 123]. When scattering events happen at a high frequency (1/τi ntr a ¿ 1/τ?p ,

where τi ntr a is the time interval between two successive scattering and τ?p is the per-

sistence time in “bulk” (far from walls), we expect the algae to swim in straight lines at

an angle fixed by scattering interactions between the two walls in a sort of sawtooth tra-

jectory; on the other hand, in wider channels algae lose memory of the wall scattering,

resulting in a more random motion in between two interactions with the channel edges.

We will divide the data analysis in two parts: in the first section we will analyse how
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some key characteristics of the algal motion change across the channel width (y axis in

our convention), while in the second part, we will show how the characteristics influence

the x axis dynamics of the cells, with particular focus on the x axis diffusivity.

4.3.1 Swimmers across the channel width

Figure 4.3c,d show that CR are found preferably in the immediate vicinity of the chan-

nel walls both in experiments and simulations. In experiments there is a 5-10 µm area

close to the boundaries where we observe a 15-20% higher chance of finding an alga

compared to the centre of the channel; this accumulation is also present in simulations

although in a far more evident fashion, with a 100% higher probability of finding a cell

in the immediate proximity of the wall (we use point like particles in simulations), where

cells slide along the surface. In the simulations it is possible to observe a second peak

in the particle distributions, in the area we defined as the interaction zone, where hy-

drodynamic repulsion begins to act; this second peak is present also in the experiments

but is far less pronounced, with a 5% higher concentration of CR. This is significantly

different from the uniform distribution one would have for brownian particles, and it is

a consequence of the swimmers motility, which has been previously observed in sim-

ulations [173] for active matter, and observed experimentally for pusher-type microor-

ganisms [144] but has been reported for puller-type swimmers only for concave surfaces

[174]. In experiments the magnitude of the peaks do not vary appreciably as a function

of the channel width, except for channels with w < 50µm where the situation is qualita-

tively different as the accumulation peaks relative to each side of the channel are close

enough to overlap. The presence of a solid surface not only affects the concentration

profile but also, more importantly, the swimming behaviour of the microorganisms: we

observe in Figure 4.3a,c how the swimming direction is aligned with the channel axis for

distances from the walls r < 35−40µm and how this alignment vanishes as we approach

the channel centre. This effect is evident also in Figure 4.3d, where the 2D nematic order

parameter OPw (d) for different channel widths w measured at different distances from

the closest wall d , defined as < 2cos2(θsw (d))−1 >, shows a maximum in the proximity

of walls decaying as the distance increases. The order parameter OP reach its maximum

close to the wall, OPw (5µm) ∼ 0.4 and decays as d increases. The maximum value is al-

most constant for 100 < w < 400 while the minimum varies significantly as a function

of the channel width: in the w = 300,400µm curves, OP reaches zero for d > 80µm,

while in the w = 100µm curve, the minimum value observed is OP ∼ 0.2. It is worth

noting how OP100(50µm) >OP400(50µm). In the two narrowest channels, w = 50,30µm

the maximum value of the order parameter is observed for w ∼ 15µm. In the simula-

tions OPw goes to zero in almost every channel for distances greater than 30µm; this
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Figure 4.3: Position and swimming direction in experiments and simulations for w : 30 µm (ª),
50 µm (ª), 100 µm (ª), 150 µm (ª), 200 µm (ª),300 µm (ª),400 µm (ª). a,b) Distribution of CR
position along the y axis in experiments (a), and simulations (b). c,d) 2D nematic order param-
eter OP as a function of distance from the closest wall in experiments c) and simulations d).e,f)
Distribution of swimming angle respect to the x axis in 100 µm (e) and 400 µm (f) wide channels
in experiments (top) and simulations (bottom).
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Figure 4.4: Distribution of incoming and outgoing angle θi n and θout in experiments and sim-
ulations for w : 30 µm (ª), 50 µm (ª), 100 µm (ª), 150 µm (ª), 200 µm (ª),300 µm (ª),400 µm
(ª). a) Distribution of θi n from the experiments. b) Distribution of θi n from the simulations. c)
Distribution of θout from the experiments. d) Distribution of θout from the simulations.
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discrepancy may be due to residual hydrodynamic interactions with walls, not present

in the simulations model, the investigation of which goes beyond the purpose of this

chapter. In Figure 4.4 the distribution of incoming and outgoing angles for experiments

(left) and simulations (right) are shown: In every channel except w = 30µm, we observe

a peak placed around θout ∼ 30◦ in the outgoing angle distribution on top of a quasi uni-

form background. The situation for the 30 µm channel is significantly different, there is

a much greater portion of events resulting in a θout > 90o (random scattering) and the

peak for the incoming and outgoing angle are shifted down by 10o compared to other

channels; we believe that for very narrow channels, the alga is subject to hydrodynamic

forces exerted by both walls, which heavily affect the interaction behaviour of the CR.

This is consistent with the results for the previous chapter, where we show evidences

of interactions between CR and a solid pillar at distances up to 15 µm, which is equal

to the maximum distance from the walls in w = 30µm channel. This effect has reper-

cussions also on the dynamics of random scattering, as the distribution of θout is not

uniformly distributed between 0 and 180◦ but is peaked around θout ∼ 150◦. All the data

presented show how the CR proceed in straight line between collisions against the chan-

nel walls and how this orientation is stronger as the collisions are more frequent. This

is also confirmed by Figure 4.5a,b where we see how the time interval between collision

against opposite walls consist of a sharp peak that gets broader as the distance between

the sides increases. In this case results of simulations and experiments are qualitatively

similar.

4.3.2 Motility along the channel length

We present the distribution of displacement along the x axis for w = 100µm and w =
400µm, as examples of respectively a narrow and wide channel, in Figure 4.6; we use

w = 100µm as we have a larger statistical sample. The experimental and simulation re-

sults are qualitatively similar for w = 400µm: the distribution shows two peaks sym-

metrical to ∆x for ∆t = 2.1s,which are still visible for larger time intervals in the experi-

ments, and evolve towards a Gaussian distribution as ∆t increases. Simulations results

for w = 100µm show the same qualitative features as w = 400µm, while in experiments,

the curve never resembles a normal distribution, even for ∆t = 16.1s. This shows that

in experiments cells possess a greater persistence length than their simulated versions:

we believe that this effect may be due to hydrodynamic interactions between the wall

and the swimmer at distances greater than a flagellar length. In fact, in our simula-

tion the presence of a wall has no influence on a particle when it is outside the inter-

action zone: as a result, in simulations particles swimming directions are completely

isotropic (OP = 0) when their distance from the closest wall is greater than a flagellar
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Figure 4.5: Distribution of time intervals between collisions against opposite walls of the channel
for w : 30 µm (ª), 50 µm (ª), 100 µm (ª), 150 µm (ª), 200 µm (ª),300 µm (ª),400 µm (ª). a)
Distribution of time intervals between collision against opposite walls for channels of different
width in experiments.b) Distribution of time intervals between collision against opposite walls
for channels of different width in simulations.

length (10µm) while in experiments they still show a preferential swimming direction

several tens of microns away from the wall (see Figure 4.3c,d). In Figure 4.7 we show the

graph for the mean square displacement < ∆x2
w (t ) > divided by 2t (we chose to show

this graph instead of the simple mean square displacement so that limt→∞ < ∆x2
w (t ) >

/2t = D , where D is the diffusion coefficient) (b) and the mean displacement <∆xw (t ) >
(a) for each different channel width. In defining <∆xw (t ) >, we initialise each trajectory

pointing towards the positive side of the x axis, so that ∆x(0) > 0. Both curves present

an initial linear increase that gradually saturates to a plateau value; in (c) and (d) we

report the average plateau value of each curve, called xp (w) and D(w) respectively, ob-

tained as an average of the respective curve values for t > 15s while in (e) and (f) we

report the intersection times between the linear fit of the first 5 s of each curve and the

relative plateau value. We call persistence time τp the intersection time for curves in (a)

and ballistic time τb the corresponding values for curves presented in (b). All the quan-

tities present a very similar trend: D and τb increase as w decreases up to a maximum

value for w = 50µm and a steep decrease in channels where w = 30µm, while xp (w) and

τp (w) present a maximum for w = 100µm and a decrease or lower w . It’s interesting to

note that xp (w)2/τp (w), shown in Figure 4.9, is dimensionally a diffusivity and its graph

is very similar to one for the diffusion coefficient D . Results from simulations, shown

in Figure 4.8a, compare qualitatively very well with experiments with the only exception

of the maximum position in the xp (w) and τp (w) curves: we observe a maximum for
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Figure 4.6: Distribution of displacement along the x axis∆x(∆t ) for∆t = 0.1 → 16s in channels of
two different widths. a,b)∆x(∆t ) for w = 400µm in experiments (left) and simulations (right).c,d)
∆x(∆t ) for w = 100µm in experiments (left) and simulations (right).
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w = 50µm in simulations and w = 100µm in experiments. The agreement is good also

from a quantitative point of view, as shown Figure 4.10, with simulations overestimating

the diffusivity in w = 30µm channel. This discrepancy may be due, as previously dis-

cussed, to the different scattering dynamics we observe in this narrow channel. Despite

the differences in Figure 4.6, the simulations reproduce nicely swimmer motility along

the x axis in the channels: since the only two mechanisms influencing the on-axis diffu-

sivity of swimmers in simulations are rotational noise and random scattering, we want

to understand the effect of each element on the motion of swimmers. Since the simu-

lations reproduce accurately the experimental results, in the next section we will exploit

the flexibility offered by numerical methods to gain some insights on the system and to

study the results for channels of different length L.

4.3.3 Analysis of the simulations results

Using the simulations we can conclude that the non monotonic trend of diffusivity is

entirely due to the presence of random scattering: in fact as we can see in Figure 4.10b,

we see how simulations with no random scattering present a monotonically decreasing

D(w) curve. The introduction of random scattering causes diffusivity to drop by two or-

ders of magnitude for w = 30µm, compared to a difference of 50% for w = 400µm. For

w = 30µm, the only mechanism that causes algae to change sign of the swimming di-

rection is random scattering. Even though head on collisions are more frequent in wider

channels (and therefore the probability of random events), algae are much more likely to

change direction through rotational diffusivity rather than as a consequence of interac-

tions with walls, as they are very rare. In fact, considering a swimmer with no rotational

diffusivity, scattering instantly (without sliding) at a fixed angle of 30◦ it would hit the

walls only 6 times in a 3.6 mm channel when w = 400µm, compared to almost 200 times

for w = 30µm. As an additional effect, the observed random scattering probability is ac-

tually higher for w = 30µm, explaining why in experiments swimmers in narrow channel

show such a low diffusivity. We want now to evaluate the probability for a particle that,

once it entered the channel from one of its two ends, manages to cross the whole length

L leaving from the side opposite to its entrance point. We will call “success” an alga en-

tering the channel from one end and swimming to the opposite side, while we will call a

“failure” an alga entering and leaving the channel from the same side. Measuring success

rate in experiments is not simple, it requires to track individual algae as long as it stays

inside the channel, which is not always possible as tracking software may lose the parti-

cle before its exit. The tracking software may lose an alga when it overlaps for more than

one frames with another bright feature on the experimental frames; this may happen as a

consequence of collision with another alga inside the channel, or when other bright fea-
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Figure 4.7: Characterisation of x axis motility in experiments. a) Mean displacement along the
x axis < ∆xw (t ) > for channels of different width. b) Mean square displacement divided by 2t
<∆x2

w (t ) > /2t for channels of different width. c) Plateau value xp (w) of <∆xw (t ) > as a function
of channel width. d) Diffusivity D(w) as a function of channel width. e) Persistence time τp (w)
as a function of channel width. f) Ballistic time τb(w) as a function of channel width
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Figure 4.8: Characterisation of x axis motility in simulations. a) Mean displacement along the
x axis < ∆xw (t ) > for channels of different width. b) Mean square displacement divided by 2t
<∆x2

w (t ) > /2t for channels of different width. c) Plateau value xp (w) of <∆xw (t ) > as a function
of channel width. d) Diffusivity D(w) as a function of channel width. e) Persistence time τp (w)
as a function of channel width. f) Ballistic time τb(w) as a function of channel width.
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Figure 4.9: Comparison between xp (w)2/2τp (w) and the diffusion coefficient D(w). We realise
that xp (w)2/2τp (w) has the same dimension as a diffusion coefficient D(w): we see that the
trend for both quantities is qualitatively similar.

tures are present in the channel such as impurities. Although losing an alga in the middle

of the channel is not very frequent, since we track the algae for thousands of frames, we

end up having in our set a large number of interrupted trajectories that either begin after

the alga has already entered, or end before it manages to get out, making it impossible

to attribute success or failure to the trajectory. Furthermore, longer trajectories have

higher chances to be interrupted and this results in a bias, leading to underestimate the

number of successful trajectories, that are usually the longest. Also, experiments have a

maximum observation time window (corresponding to the experiment duration) which

leads once again to underestimate the success rate as shown in Figure 4.10a. For this

reason we rely on the simulation results to evaluate the success rate, as it represents the

experimental setup with a good degree of fidelity. The results for channels with L =3.6

mm long are shown in Figure 4.10d. Not surprisingly the shape of the curve, resembles

the one we obtain for the diffusivity. The success rate, is basically a first passage problem

and, for Brownian motion, it decreases as 1/L. In Figure 4.10c we can observe how this is

true for channels longer than 2mm while in shorter channels the success probability is

nearly one, independently of the observation time window. In these situations particles

swim in a straight line from entry to exit without ever changing direction. We see from

Figure 4.8c that the persistence length for w = 150µm is < x >p∼ 95µm: the diffusive

scaling starts to match the simulation results around L ∼ 1000 which is around ten times

< x >p .
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Figure 4.10: Characterisation of the diffusivity along the x axis and success rate in simulations.
(a) Comparison of diffusivity in experiments and simulations (b) Diffusivity in simulations with
and without random scattering (c) Probability of success for simulated trajectories in a simulated
w = 150µm channel for different observation times (d) Probability of success for channels of
different widths in simulations.
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4.4 Conclusions

We present the first study on diffusion in straight narrow channels of CR as model puller-

type swimmer. Algae motion can be described as a persistent random walk, ballistic

on short time scale and diffusive as t →∞ but the presence of solid boundaries orient

algae preferentially along channel axis or at a fixed angle with respect to it, causing the

ballistic time to increase. Interaction with walls extends to an area of several flagellar

lengths, as a residual alignment is present up to 100 µm away from the channel sides:

this residual alignment may be due to the interaction with both walls at the same time, a

mechanism that we do not explore in this thesis. Interacting with walls can cause algae

to perform random scattering and switch swimming direction, so frequent interactions

against the walls can reduce the ballistic time causing the diffusivity trend to be non

monotonic, with an optimal value, in our case, for w ∼ 50µm. We find that the scattering

mechanisms introduced in Chapter 3 are crucial for understanding the behaviour of CR

in straight channel, extending the validity of the work for different geometries.
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Chapter 5

Chlamydomonas reinhardtii escape

from a circular pool

5.1 Introduction

The study of diffusion out of a domain through small spots has been referred to as narrow

escape problem (NEP) and traditionally [175], “it consists in calculating the first passage

time of a Brownian particle τ̄ to a small absorbing region ∂Ωα on the otherwise reflect-

ing boundary ∂Ω of a bounded domain Ω”. The problem was first introduced by Baron

Rayleigh in the context of acoustic in 1894 [176], in studying the flux out of a cavity res-

onator through a small hole. When describing the problem it can be useful to determine

the escape time from the domain. For a uniform concentration of particles inside a 2D

disc with radius R with a narrow aperture of size A so that∆A = A/2πR ¿ 1 , the expected

value escape time τ can be written as [177]:

E(τ) = R2

D

[
log

1

∆A
+ log2+ 1

8
+O(∆A)

]
(5.1)

where D is the diffusion coefficient of the particles. Surprisingly, E(τ) highly depends on

the initial positions of the particles. When particles are perfectly ballistic, the mathemat-

ical approach to modelling the escape dynamics is completely different and is referred

to as leaking chaotic systems (LCS)[178]. Interestingly this category of problems is also

related to acoustic: almost 50 years after Baron Raleigh, Sabine [179] (and later measured

experimentally by Joyce [180]) empirically obtained an equation for the residual sound

intensity inside a room, showing that it decays exponentially with time and reaches an
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inaudible level at time Tr , called reverberation time:

Tr ∝ V

c A
(5.2)

where V is the room volume, c the speed of sound, and ∆A the sum of all the apertures

in the room; it is worth noting that the position of apertures or the initial configuration

of particles does not affect the reverberation time. The escape from a confined space

through a narrow exit is ubiquitous in biology at all levels: from mRNA escaping through

nucleus pores in the cell [181] to signalling in dendritic spines [182, 183] and microorgan-

isms diffusing through porous media[184]. The description of motion of cells or other

particles falls in the spectrum between pure Brownian diffusion (velocity autocorrela-

tion time τc = 0) and pure ballistic motion (τc → ∞). As seen previously, the motion

of microswimmers is ballistic on short timescales and diffusive for longer observation

times, so their escape dynamics will be more complicated than the two previous cases.

In the past two years, two recent papers [171, 185], modelled the motion of swimming

microorganisms as a dynamic billiard. In these articles it is shown how, as long as the

LCS hypotheses hold [178], microfluidic devices with specific geometries can be used to

trap, separate or control microorganisms depending on their scattering angle (see Fig-

ure 5.1). As we learned in Chapter 4, the motion of CR is influenced by the time intercur-

ring between successive scattering, with ballistic time increasing for frequent collisions:

if collisions are sufficiently frequent, their motion can be modelled with a billiard parti-

cle. We build a PDMS device with “small” (we will be discussing the meaning of small in

the next section) circular chambers with two exits on its perimeter and we fill them with

CR. In the next chapter, we will first study if the motion of algae inside such pools can

be described as a billiard particle, and we will observe the emptying dynamics, aiming at

identifying the “escape rate” of particles inside such pools.

5.2 Materials and methods

5.2.1 Experiments

Motion inside a circular pool

We build quasi 2D microfluidic channels as in previous chapters, with 8 arrays of circu-

lar pools (we will also refer to them as chambers or rooms) of radius R = 100µm with

two exits located on the pool perimeter at an angular distance γ = 90◦ from each other.

Each array presents a different exit size w whose values are, in increasing order: 15, 20,

25, 30, 40, and 50 µm. An experimental image of the rooms arrays are shown in Fig-

ure 5.2a. Using the procedure described in Chapter 4 we punch the inlets on a direction
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Figure 5.1: Example of separation of particles depending on their scattering angles θc . Starting
from a uniform distribution of swimmers (a) in two chambers connected by a narrow channel,
the two populations of swimmer spontaneously separate; at steady state, particles with θc = 12◦
(black circles) are preferably found in the left chamber, while swimmers with θc = 20◦ (red trian-
gles) accumulate on the right chamber.

perpendicular to the orientation of the pools array, preventing flow to build up across the

pools. We inject CR in the circuit and let them free to diffuse inside the circular cham-

bers. We find the rooms’ centre position xc using the built-in MATLAB Hough transform,

and record algae position x inside the pools. We define the CR to have entered a room

if its distance from the center r = x−xc is |r| < R + a/2 where a = 20µm is equal to the

average size of a CR body and flagella; similarly we consider an alga outside if r > R+a/2;

chosing a different threshold, within reasonable limits, does not significantly affect the

results. We record experimental videos using a 4x objective and a frame rate of 20 fps; we

record ∼ 104 trajectories for each exit size w . To characterise the effect of solid bound-

aries on the swimming behaviour of algae, we define the instantaneous swimming angle

θswi m(t ) as the angle between r and the swimming direction e defined as the vector re-

sulting from the linear fit of the tracked algal position between t−0.1s and t ; a swimming

angle of 90◦ means that the alga is swimming perpendicular to the chamber radius while

θswi m = 0◦ and θswi m = 180◦ indicate CR swimming respectively away or towards the

room centre. Due to simmetry, we do not distinguish between cells swimming clockwise

or counter-clockwise. Similarly to Chapter 4, we find that CR tend to swim aligned to the

pool walls when sufficiently close to them and show no preferential swimming direction

when their distance from the boundary is greater than 10µm (|r| < 90µm) as visible in
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Figure 5.2: Examples of experimental setup and definition of experimental observables. a,b) Pic-
ture from experiments of arrays of pools with exit channels of different width. a) From top to
bottom: w = 30,25,20,15 µm. b) Schematic of a circular pool (exits not considered): the black
continuous line is the pool physical boundary, red dashed line represents the scattering corona
(or interaction zone) set at a flagellar distance a/2 (where a=20 µm is the CR size consisting of
body plus flagellar length). Swimming angle θswi m(t ) are the angle between the instantaneous
swimming direction of an alga, measured by linearly fitting the alga position between t − 0.1s
(corresponding to three frames) and t and the vector connecting the pool centre to the alga po-
sition x(t ). A swimming angle of 0◦ indicates the alga swimming away from the centre while
180◦ means the alga is moving towards the pool centre. c) Distribution of swimming angles as a
function of distance d from the pool centres.

Figure 5.2c. As first reported in [174], this swimming angle distribution is reflected in a

net accumulation of algae inside a narrow (∼ 10µm wide) annulus close to the chamber

walls as shown in Figure 5.4a,b. We call this area (similarly to Chapters 3,4), the interac-

tion zone (or scattering corona). We want to check if the description of surface scattering

given in Chapter 3 still holds for concave surfaces, so we choose to measure angles anal-

ogous to the one measured when studying interactions with pillars. We define θi nas the
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Figure 5.3: Accumulation of CR at the chamber walls. a) Heat map of tracked CR position x inside
circular pools.b) Radial distribution of CR position inside the circular pool for different exit sizes.

swimming angle at the instant te when the the alga first enters the interaction zone as

show in Figure 5.4a; θout is analogously defined as 180◦−θswi m 0.1s after the alga has left

the scattering corona. From 5.4b, it is easy to see that the θout present a peak, with a

maximum for θ?out = 67.23◦, that we interpret as being given by deterministic scattering

events. We expect this total probability distribution pT (θout ) to consist of the weighted

sum of a “deterministic” pd (θout ) and a “random” pr (θout ) distribution given by deter-

ministic and random scattering. We isolate the random scattering events using the pro-

cedure explained in Chapter 3, and we calculate the deterministic θout distribution as:

pd (θout ) = pT (θout )−pr (θout ). (5.3)

shown in Figure 5.4b. As shown in Chapter 4, CR swim almost in straight lines if the

distance covered between two successive collisions with walls is comparable with the

swimming persistence length. When leaving the interaction zone at θ?out , a CR would

need to swim∼ 60µm before the next scattering, which is approximately the distance be-

tween two collisions in the 50µm channel described in Chapter 4, where algae showed

the highest ballistic time recorded in the experiments. To check how correct this ap-

proximation is, we measure β defined as the angle between the swimming direction at

the exit point eout from the interaction zone and the swimming direction at the entry

point ein at the successive entry in the scattering corona (see Figure 5.4a). Its distri-

bution is peaked around zero as visible in Figure 5.4c, suggesting that algae trajectory

between two scattering events is not significantly different from a straight line. As a

consequence we expect that the majority of deterministic scatterings, will be followed
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by an event with θi n = θ?out . To evaluate the proportion of collisions consequent to a

deterministic interaction, we first need to determine the distribution of pr (θi n) due to

random events. We suppose that the θi ndistribution arising from random events is anal-

ogous to the one from a chamber uniformly filled with particles moving isotropically in

all directions. For this case, it can be shown that the resulting incoming angle distri-

bution is equal to (4/π)cos2(θi n). Supposing that “deterministic” peak is sufficiently far

from θi n = 0, we suppose the random distribution to be A cos2(θ), and we choose A so

that pT (0◦) = pr (0◦). We extract the deterministic distribution as showed in 5.3 and we

observe that both deterministic distributions (plotted in Figure 5.4b) present a peak for

θ = 67.23◦ as we expected. If all the deterministic events would move in a straight line

between scattering, we would find that the portion represented by pd over the total dis-

tribution, would be the same for θi nand θout : what we find instead is that deterministic

events represent 85.8% of pT (θout ) and 55.7% of pT (θi n) respectively, which means that

the fraction of events where the ballistic approximation is not valid is ∼ 30%. Finally we

measure the angular distance α swum by a CR during a scattering interaction. From the

α plot in Figure 5.4c we see that, as we have already observed for straight channels and

pillar, even in concave geometries, cells briefly adhere and slide along the pool perime-

ter during scattering interactions. We see how the graph presents a peak aroundα= 20◦,

corresponding to ∼ 40µm which is equal to four CR body lengths: this angle will be im-

portant in the analysis of the escape dynamics in the following sections.

5.2.2 Simulations

We build a minimal model for the emptying dynamics of our experimental system. In

our simulations we simulate 50k circular particles of radius a, representing the body and

flagella of CR, each moving at a constant speed v drawn from a normal distribution cen-

tered around v0 = 84µm/s (average speed measured from experiments) inside a round

pool of radius R = 10a; since we use a dilute concentration of algae in our experiments,

we neglect any interaction between the particles. We initiate our simulations with a ran-

dom distribution of positions and swimming directions. Interactions with the walls are

triggered when a particle centroid is at a distance a from the chamber boundary, and

cause the alga to swim at a fixed angle θ∗out = 67.23◦ (as measured in experiments) with

the velocity vector away from the wall surface, in a simplified version of a deterministic

scattering. As shown in Figure 5.5, particles radial distribution evolves from uniform to

a net accumulation on the borders at steady state.

We define an arc of angular extent γexi t = w/R, where w is the escape size, as the

“exit region”. To perform a direct escape, a particle must hit the exit region at a distance
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Figure 5.4: Angles measured in the experiments and scheme of the convention used to measure
them. a) Schematic representation of a circular pool used in experiments. Black solid line repre-
sents the pool walls of radius R = 100µm, red dashed line is the scattering corona or interaction
zone, defined as a circle concentric to the pool, with radius Rc = 90µm, equal to a flagellar length
away from the pool’s wall. The black dotted line represents the swimming trajectory of the drawn
alga, while blue dotted line represents the alga direction at the enter/exit point inside/from the
scattering corona (swimming direction) and the radii of the scattering corona at the enter/exit
points, that we will refer to as scattering radius. θi n ,θout the angle between the scattering ra-
dius and the swimming direction when algae enters/leave the scattering corona. α is the angular
distance swum inside the scattering corona before exiting from it. β is the angle between the
swimming direction at the exit point and the swimming direction at the entry point of the suc-
cessive scattering. b)Total distribution (continuous) of θi n (blue) and θout (red) measured in the
experiments and deterministic distribution (dashed) of θi n (blue) and θout (red) . c) Distribution
of α from experiments. d) Distribution of β from experiments.

from the closest exit edge so that:

de > a

cos(θswi m)
, (5.4)
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Figure 5.5: Particle distribution inside a simulated pool. a)Distribution of particle positions in-
side a simulated pool. b) Radial distribution of algae in simulations at t = 0s (blue), t = 5s (red)
and t = 20s (purple).

where θswi m is the swimming angle measured at the exit point. This condition translates

the requirement that algae must able to swim through the channel entrance without

touching the pool walls, because, as we showed in Chapter 3, steric interactions causes

CR to move away from solid surfaces, effectively keeping algae inside the pool. If, after

hitting the exit region, the swim through condition is met, the particle is removed from

the system and counted as escaped.

5.3 Results

We want to study the time required for an alga to escape from a circular pool depending

on exit size w . To characterise the escape dynamics, we study the survival probability

of a particle inside a circular pool s = N (t )/N (0), as defined in [178]: considering all

algae to have entered a pool at t = 0, we record the fraction of particles who have not

escaped at time t . Experimental results are presented in Figure 5.7a N (t )/N (0) curves

are well described by stretched exponentials of the form N (t )/N (0) = exp(−(νt )k ), where

k = 0.6517±0.0729 for all w . In simulations we obtain that N (t )/N (0) curve is a stretched

exponential when we introduce a distribution of swimming speed v0; if we use a single

value for the swimming speed the emptying curve is a simple exponential (k = 1). In ex-

periments we obtain this kind of decay because of the variability in the algal population

(e.g. different swimming speed and rotational diffusivity among different individuals),

but, even in experiments, we observe that the curves’ tails resemble a simple exponen-

tial. We fit the curves with a stretched exponential and , by arbitrarily selecting a time

threshold above which the emptying curves look linear in the semilog plot, we also fit

them with a simple exponential. We find that values of ν obtained with these two meth-
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Figure 5.6: Example of corner escapes and fraction over total exits as a function of the channel
width. a,b)Examples of corner escape trajectories: green lines represent the tracked trajectory of
a CR performing a corner escape, and the green dot is the final position of the alga. In a) the alga
slides along the surface as a consequence of a deterministic scattering while in b) the escape is
a result of a random scattering. c) Fraction of corner escapes over the total number of exits as a
function of the exit channel width w : blue circles are the data extracted from experiment while
the black dashed line are the results of simulations.

ods are not significantly different quantitatively and show the same qualitative features,

so we will treat ν as a simple exponential rate for simplicity. In Figure 5.7c, we plot the

value of ν(w) for experiments. The curve presents an initial steep increase for w be-

tween 15 and 20 µm followed by a region with constant escape rate and a second steep

increment for w = 40µm and a second final plateau for larger values. The results of

simulations are totally different from a qualitative point of view, showing a strictly moni-

tonically increasing trend with no plateaus and ν = 0 for w = 15µm. Our model is not

sufficient to reproduce the experimental dynamics we observe, this means we are miss-

ing a crucial ingredient in our simulations.

5.3.1 Corner escape

After a careful re-examination of the experimental videos, we observe that, besides swim-

ming straight through the exit (direct escapes), algae are able to escape the pool by sliding

along the surface and swim out of the chamber. We show two examples of this mecha-

nism, that we will call corner escapes, in Figure 5.6a,b: in the figures, we see two algae

which are swimming along the pool border, and then steer inside the exit channel. To

quantify the number of similar escapes, we establish a criterion to distinguish between

direct and corner escapes based on the angular distance αexi t covered by an escaped
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alga inside the interaction zone prior to its escape. Defining γexi t as w/R (representing

the angular size of the exit), we consider an escape to be direct when αexi t < γexi t /2 and

to be a corner escape otherwise. As shown in Figure 5.6c, we find that corner escapes

are not a marginal effect, representing more than 40% of the escapes for all w and al-

most 100% for w = 15µm. To implement corner escapes in simulations, we define two

“corner regions” of angular extent γc = 25◦ (from theαmaximum position, shown in Fig-

ure 5.4c) adjacent to both edges of the exit region. When a particle hits this zone, it has a

certain probability pc of escaping the pool, defined as:

pc = p0 exp(−∆γ
2

σ2 ) (5.5)

where ∆γ is the angular distance between the impact point and the exit closest edge,

while σ = 20◦ is the standard deviation of the α experimental distribution. We choose

a value of p0 (the same for every exit width w) to match the experimental corner es-

cape fraction. Adding this escape mechanism to our simulations causes the resulting

ν(w) curve to match quantitatively the one obtained from the experiments except for

ν(w = 15µm): we believe that when w is smaller than twice the flagellar length of CR,

the probability of performing a corner escape is reduced because algae cannot swim

through the exit without touching the walls of the escape channel. We obtain the ex-

perimental escape rate by choosing a smaller value for p0 (dashed curve in Figure 5.6).

Since our model now reproduces so accurately the experimental results, we will exploit

the flexibility offered by simulations to understand independently the effect of each es-

cape mechanism. In Figure 5.7d we compare the ν(w) curves resulting from simulations

where only corner (νc (w), red curve) or direct exits (νd (w), blue curve) are allowed to the

results obtained when they’re both present at the same time (νa(w),yellow curve). νc (w)

given by corner escapes only, is a periodic curve oscillating around a mean value, while

νd (w) given by direct exits only is equal to zero for w = 15µm and grows monotonically

as w increases. We observe that in the w range of the first plateau (15-30 µm) νd (w)

is less than 0.5νc (w). The escape rates given by the two isolated mechanisms have the

same value for w ∼ 40µm while direct escapes are predominant for larger widths.

We define νcd (w) as: νcd (w) = νc (w)+νd (w), shown as the purple curve in Fig-

ure 5.7d. This curve is qualitatively similar to νa(w) while, from a quantitative point of

view, we can see how the purple curve is always above the yellow one with the greatest

discrepancy (νa(w) = 0.8νcd (w)) observed for w = 50µm. This fact indicates that the

two escape mechanisms are correlated, even though we are not currently able to explain

the reason. The results presented refer to simulations with no rotational diffusivity but
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Figure 5.7: Emptying curves and escape rate as a function of w in experiments and simulations.
a) N (t )/N (0) for different channel widths in experiments; legend also apply to b). Black dashed
lines represents a curve fitting with a stretched exponential of the form exp(−(νt )k ) .b) N (t )/N (0)
for different channel widths in simulations. Black dashed lines represents a curve fitting with a
stretched exponential while magenta dashed lines are curves from a). c) ν(w) in experiments
(blue circles) and simulations (red line and dot). Red dashed line represents ν(15µm) when a
different corner escape probability p0 is used. d) ν(w) in simulations where only direct (blue)
or corner escapes (red) are allowed; yellow curve shows results from simulations where both exit
mechanisms are allowed and purple curve represents the sum of the red and blue curve.

qualitative features of the results are conserved for low level of noise. For higher noise

figures, the ν(w) curve grows smoothly as w increases with no signs of plateaus. In the

next section we will analyse the characteristics of the corner escape mechanism.

5.3.2 Corner escape simulation analysis

We perform simulations where direct escapes are not allowed and two corner regions are

placed at a distance w (angular distance γexi t = w/R). In Figure 5.8a, we show the corner
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escape rate νc (w) of swimmers with different values of θ?out ; all the resulting curves are

periodic with different phases and amplitudes. In simulations with no noise, it can be

easily shown that particles’ scattering points against the pool borders are set at an angu-

lar distance γ= 180◦−2θ?out . We remember that each of the two corner regions extends

on the pool perimeter for an arc of γc = 25◦, so that, in the range of considered scatter-

ing angles, a particle cannot touch the same corner region on two consecutive hits. As

a consequence a particle can touch each corner region only once, hence attempting to

escape for a maximum of twice every round trip. From these considerations we expect

to present a maximum in the νc (w) function when:

180◦−2θ?out = n(γc +γexi t ) (5.6)

so each particle is bound to have one impact against each corner region every pool tour.

This prediction is confirmed by Figure 5.8b,c showing the period and the position of the

first maximum as for different θ?out . In Figure 5.8d, we plot the amplitude for different

θ?out : the trend of this curve suggests there is a resonance-like mechanism. We do not

currently understand Figure 5.8d highly irregular trend: although we run simulations

with more than 50 thousands particles (which should in principle guarantee negligible

error bars), we do not explore all the possible initial conditions, which may explain this

unexpected behaviour.

5.3.3 CR and Anti-CR

Finally, we perform simulations with only direct escapes. As stated in Eq. 5.4, once θ?out

is fixed, algae have an “effective” exit size of w −2de (see (5.4) for de definition) so that

there is a minimum exit width 2de that allows particles to escape. As a consequence,

swimmers with lower scattering angles are able to escape through narrower exits. On the

other hand, to find an exit placed on the perimeter, hitting the boundaries as often as

possible can be advantageous. We compare the escape rate of a particle with scattering

angle θ?out (CR-like behaviour) against a particle that we will call “anti-CR” (ACR) with

a fixed interaction angle of 90◦−θ?out . CR will have a higher scattering frequency, while

ACR will have a larger effective exit size. In Figure 5.9 we plot the ratio νC (w)/νAC (w)

of the escape rates given by the two particles, for different θ?out ; as θ?out approaches 45◦

differences between the two species are less evident (by definition CR and ACR have the

same scattering angle at 45◦). As expected, ACR perform better for narrow exit sizes,

where CR scattering angle does not allow direct escapes, while CR has the maximum

relative efficiency in the intermediate range. For large w both types manage to escape

after completing a lap around the pool, presenting a similar escape rate. It is worth not-
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Figure 5.8: Results from simulations where only corner escapes are allowed. a)νc (w) for different
values of θ?out . b)Period of νc (w) extracted by fitting the curves with a sinus function. c)Channel
width w∗ where we observe the first maximum in the νc (w) curves. d) Values of: max(νc (w))-
min( νc (w)) as a function of channel width w .

ing how the corner escape mechanism compensates the poor performances of CR for

narrow apertures, conferring evolutive advantages to microorganisms such as Chlamy-

domonas, which need to navigate through complex environments.

5.4 Conclusions

We present the first experimental study of narrow escape problem for microorganisms

in circular pools. We find that for sufficiently small pools, the behaviour of algae can

be modelled as a dynamic billiard with particles scattering at fixed outgoing angles (as

studied in [171, 185]) that we reproduce through a simple minimal model. The escape
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Figure 5.9: Escape rate of CR compared to its relative ACR ν(w)C R /ν(w)AC R . Escape rate for a CR-
like particle ν(w)C R with fixed scattering angle θ?out compared to its relative ACR ν(w)AC R with
scattering angle 90◦−θ?out .

rate dependence we find is not linear as predicted by LCS theory. Besides direct escapes,

we find that a crucial role is played by the hydrodynamic forces (presented in Chapter 3)

that cause swimming cells to adhere to the pool walls and guide them through the exit

channel. The resulting dependence of the escape rate from these two mechanisms has

a very distinctive trend, with very steep increases alternating to almost constant parts in

the ν(w) curve. The coordination of these two mechanisms results in a more efficient

escape in a broad range of exit sizes compared to the two isolated mechanisms. From

the results of this chapter, we think a pool with exits of different width may be used to

rectify the algal current, forcing microorganisms to migrate from the narrow to the wider

exit side. In future work we should study the behaviour of CR for different pore sizes,

more irregular pool geometries and when the “billiard” approximation is not valid. The

effects studied in this work are clearly dominated by interactions with solid boundaries,

so we expect the geometry of the pool to heavily affect the escape dynamics of cells.
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Chapter 6

Conclusions

This thesis contains one of the few experimental study in a field, the interactions be-

tween puller type microswimmers and solid surfaces, that has been treated extensively

in theoretical and numerical papers. Experiments in this field are hard to interpret as

a multitude of forces are always acting on the system, and discriminating the effect of

each one of them can be challenging. The work presented in Chapter 3 provides the

first detailed study of the scattering mechanism of a puller-type microswimmer against

curved surfaces. This chapter besides integrating and confirming in part the work of [52],

provides new insights on the scattering against solid boundaries, introducing two new

“regimes” of interactions: namely hydrodynamic and random. The first, takes places at

a distance where steric interactions are not present and can be explained through far

field hydrodynamics, while the second highlights the importance of the flagellar beating

form that causes CR interaction front with walls to be time dependent and unstable, re-

sulting in stochastic scattering results. Finally, for the first time, the spinning around its

cell axis of CR is considered when describing cell-surface interactions. All of the results

presented in this chapter not only provide insights on the considered phenomenon but

must be used as building blocks when modelling more complicated systems. An exam-

ple of this need is readily presented in Chapter 4, when studying a seemingly simple case

as CR diffusion in straight channels. We find that the model we propose for interactions

with pillars can be directly transferred to flat surfaces. We find that interactions with

walls force algae to swim along a preferred direction when sufficiently close to walls; due

to the noise in flagellar beating pattern, CR tend to deviate and lose memory of their

previous direction after τp ∼ 1s. As a result, when collision frequency is of the order of

τ−1
p , algae deviate very little from the angle imposed by wall interactions, resulting in an

increased ballistic time. On the other hand, frequent impacts against channel sides, re-

sult in a great number of random scatterings, which cause CR to reverse their swimming
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direction and reduce their ballistic time. Our results show that there is an optimal value

of confinement that maximises the effective diffusion coefficient of algae. We perform

simulations of our system and we manage to reproduce both qualitatively and quantita-

tively the experimental results, showing that rotational diffusion and random scattering

rate, are the only important parameters to model the experimental reality. The work

presented in this chapter presents a way to control the diffusivity of CR using a simple

geometry and a passive microfluidic device. We use the results of Chapter 4 to reproduce

a microorganismal billiard and to study the escape rate from circular pools through nar-

row apertures in Chapter 5. In this chapter we prove that rotational diffusivity is negligi-

ble when studying the escape dynamics in “small” circular pools. Although the motion

of algae can be modelled as an Hamiltonian billiard, we find that that the dependence

of the escape rate from the aperture size is not linear as predicted from theory [178]. We

individuate an escape mechanism from pools which is a direct consequence of the scat-

tering dynamics of CR: when sliding along a solid surface, lubrication forces provide a

torque that redirects CR towards the wall. As a result, if sliding past the escape channel

corner, algae can be attracted inside the exit aperture and manage to escape: we call

this escape mechanism “corner escape”. The nature of this escape mechanism is highly

stochastic and alter significantly the escape dynamics, especially for narrow aperture.

We also show that corner escape is crucial in understanding our experimental results

through a minimal model consisting of particles swimming in straight lines inside a cir-

cular pool.

The work in this thesis provides the first and most accurate dataset of puller

swimmer interactions with solid surfaces with different geometrical properties, showing

how every characteristic of the scattering dynamics is important to understand swim-

mer diffusion in complex media and provides examples of applications in microfluidics

to control statistical properties of microswimmers’ motion. Throughout the work pre-

sented in this thesis, we wanted to force CR moving in the plane of focus of microscope,

in order to be able to detect change in velocity modulus and direction without the need

to use three-dimensional optical techniques such as holography. To achieve this result,

we used microfluidic devices whose thickness is of the same order of magnitude of CR

cell diameter. The presence of the device upper and bottom surface surely affects the

flow field of microorganisms along the channel’s thickness due to the increased drag

caused by two solid surfaces but we neglect, if any, the effects on the velocity field in the

plane of focus. We are not aware of any experimental study on the effect of confinement

on the flow field created by swimming microorganisms: we suggest a characterisation of

the flow field as a function of the microchannel thickness could be extremely interesting

for microswimmer community similarly to the “bulk” flow field measured in [39]. An-
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other possible future development of the work in this thesis may follow from the results

presented in Chapter 4: we believe that the validity of the results obtained for straight

channels needs to be validated for more complicated geometries in order to build mi-

crofluidic devices that can be employed in the design of bioreactors or microorganisms

sorters. The first geometry to study may be a zig zag or a channel with non constant

width: these examples are fairly similar to the straight geometry, can provide further in-

sights on the motion of microswimmers in complex geometries where irregularities are

present, and may find direct application in the rectification or sorting of microorgan-

isms. The results in Chapter 5 also need to be further investigated; in particular, we do

not understand the correlation between the two individuated escape mechanisms and

the resonance-like trend in the ν(w) curves for corner escapes when using different scat-

tering angles. The results of this chapter suggest that a pool with escape sites of different

size may cause a net flux of microorganisms due to the circuit asimmetry: for example

two chambers, one on the left and one on the right, connected by an array of pools where

the narrow exit is on the left and a wider exit on the right is likely to see the accumulation

of microswimmers on the right hand side chamber.
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