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Foreword

This thesis work deals with the manipulation of colloids by
diffusio-phoresis: the motion induced by a solute gradient. This
physical mechanism belongs to the more general class of surface-
driven “phoretic” phenomena as the much more famous electro
or thermo-phoresis. Thanks to its interfacial origin the phe-
nomenon is robust to downsizing and appears as a relevant tool
for flow generation or colloid manipulation in a context of boom-
ing micro and nano-fluidics. As diffusio-phoresis transformes the
chemical free energy associated with the concentration gradient
into mechanical power, I interrogate its role of energy transducer
in many situations in soft matter systems where concentrations
gradients are naturally present e.g. evaporation, biological sys-
tems... The recent development of microfluidics gives a proper
avenue to study diffusio-phoresis with controlled solute gradi-
ents and make it possible to go steps further the pioneering
work of Deruyaguin and Prieve.

Dealing with diffusiophoresis, one can consider two different ex-
perimental scenarii: (i) Microfluidics: an external operator im-
poses a solute gradient and studies the diffusio-phoretic behavior
of particles in the gradient or more subtle (ii) Swimmers: col-
loids generate spontaneously the solute gradient and thus self-
propel. These two scenarii are the two main axes of my PhD
work and represent each a chapter of this manuscript.

I first give a presentation of the physical mechanisms at work
in interfacial transport in the first chapter and begin with the
well-known electro-osmosis to underline the role of the diffuse
layer in the vicinity of the solid wall. Then I turn to diffusio-
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phoresis and give few comments on the phenomenon. The first
chapter aims at presenting a simple and pedagogical review of
the literature to help the reader build an intuition of the phe-
nomenon. The presentation is also enriched with two original
contributions: (i) I demonstrate that diffusio-phoresis can be
generically written as a diffusio-phoretic mobility times the gra-
dient of the osmotic pressure which hence constitutes the natu-
ral thermodynamic field of the diffusio-phoretic thermodynamic
force and (i) I compare thermo-phoresis and diffusio-phoresis
phenomena and underline the deep origin of their different field
of applications.

The second chapter is devoted to a microfluidic study of
diffusio-phoresis. It has required the development of a specific
hydrogel microfluidic device in order to control spatially and
temporally the concentration gradient. I first briefly present
the principle of the hydrogel microfluidic and demonstrate the
control of the solute gradient. Then, I study the directed migra-
tion of colloids in a controlled gradient and show a quantitative
agreement between the experimental observations and the the-
oretical expectations. Imposing time-dependent concentration
profiles, I observe intriguing phenomena of particles localization
which originate in the logarithmic form of the diffusio-phoretic
velocity with electrolytes concentrations: Vpp o« Vlog(c). The
non-linearity of the expression leads to (i) the trapping of par-
ticles by rectification of oscillations while the high sensibility
of the log-sensing to vanishing concentrations is harnessed to
obtain (i) particles segregation by osmotic shock. This chap-
ter ends with a few physical perspectives on diffusio-phoresis
and an iconoclast questioning on the role of diffusio-phoresis in

10
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biological systems.

The third chapter is dedicated to microswimmers Janus par-
ticles. I first describe the basics of the “life at low reynolds” tak-
ing place in micro-systems and underline the differences with
the large Reynolds number world we usually inhabit. It ac-
counts specific constraints, e.g. the time-reversibility of the mo-
tion equation. I briefly review various strategies to swim at low
Reynolds developed by biological or artificial microswimmers.
Then I will discuss the synthesis of Janus colloids as experi-
mental colloidal micro-swimmers. Thanks to the catalytic dis-
mutation of hydrogen peroxide on platinum, they generate au-
tonomously a solute gradient and propel by self-diffusio-phoresis.
These swimmers are coupled by both hydrodynamic and chem-
ical interactions which make them a natural system to study
collective behaviors and related out of equilibrium effects. As
a first step, 1 study the dynamics of individuals and connect
it to the statistical properties of an assembly of swimmers un-
der gravity in a tribute to Jean Perrin’s historical experiment.
This yields to a direct measurement of the effective tempera-
ture of the active system as a function of the particle activity,
on the basis of the fluctuation-dissipation relationship and tests
the validity of thermodynamic concepts in active systems in the
case of a semi-dilute solution of Janus particles. This measure-
ment is the first direct measurement of an active temperature
in an active system. In this context, it does not demonstrate
important breakdown of equilibrium physics —certainly related
to the dilute concentration of swimmers— but is a key first step
to address more complex behaviors of active matter.

In the fourth and last chapter I present a brief review of

11
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the abundant literature on collective effects, designed for ez-
perimentalists. The aim is to point relevant and experimen-
tally accessible observables and signatures related to the “out-
of-equilibriumness” of active systems. I will report theoretical
predictions as well as experimental demonstrations of these ef-
fects. The purpose of this chapter is to build a basic toolbox
for the experimental study of active suspension and notably of
Janus microswimmers suspensions. In this context, further per-
spectives and preliminary experimental results on dense suspen-
sions of Janus microswimmers are discussed.

Each chapter of this thesis manuscript was written as much
as possible as standalone and can be read independently.

12




Je vous remercie d’'étre venus, il y
a de la lumiére, c'est chauffé ...

N. Sarkozy, 22 Janvier 2009.

Interfacial transport

Historically, surfaces are considered to play a negligible role in
fluids dynamics and are often reduced to boundary conditions.
For solid-liquid interfaces, it is usually assumed a non-slip con-
dition along the wall and derived flows in agreement with most
usual hydrodynamic situations (Poiseuille flow ...). This as-
sumption ignores the microscopic and complex structure of the
thin layer at the transition between the solid and the liquid
phase considering its effect negligible at larger scales. However
many transport phenomena take their origin within the first
nanometers at the solid surface. In this chapter we recall how
an interfacial gradient of a field O (O being an electrical poten-
tial V| a temperature T, or a solute concentration c) leads to
a thermodynamic force that drives the fluid under motion with
respect to (w.r.t.) a wall (by osmosis) or reciprocally move par-

1First and so far only, report of macroscopic migration in an intensity
and thermal gradient, literally photo and thermo - tazis.

13




CHAPTER 1. INTERFACIAL TRANSPORT

ticles (by phoresis).

We will present the physics at work in the example of electro-
osmosis to underline the crucial role of the nanometric diffuse
layer to generate flows at much larger scale. Moreover as we
will see the consequences of hydrodynamic flows induced by
slip velocity are quite different from flows induced by net body
forces. Notably, the “slip velocity” is size-independent which
confer to the mechanism a strong robustness to miniaturization
and downsizing. Given the increased surface to volume ratio
at micro-scales and the huge corresponding increase in hydro-
dynamic resistance, interfacial transport appears as a proper
avenue to generate motion and flows in the advent of micro and
nanofluidics.

1.1 Electro-osmosis

We first present the physical mechanism for “electro-osmosis”,
i.e. the flow induced by a gradient of electric potential i.e. an
electric field. This is a “back of the envelop” presentation to
catch the physics at work and avoid cumbersome formalism.
Furthermore, this example underlines the role of the nanometer
diffuse layer in a field gradient to generate a flow. Before os-
mosis, we make a brief reminder on a few basics of interfacial
physics that will be needed in the following.

14




1.1. ELECTRO-OSMOSIS

1.1.1 Debye-Huckel double layer

Let us consider a solid surface in an aqueous solution containing
ions. For the sake of simplicity, we consider only ions and cations
with the same but opposite charge g. Once immersed in water,
the solid surface gets charged. We consider a negative charge for
the demonstration, as spontaneously acquired by glass and sili-
con substrates. Cations in solution are attracted by the charged
surface whereas anions are repelled leading to the formation of a
double layer in the vicinity of the wall. The steady distribution
results from the balance between the electrostatic attraction by
the charged surface and the thermal brownian motion of the
ions. Finally if forms a a diffuse layer: the “Debye-Huckel”
layer.

At equilibrium with a thermal bath at temperature T, the dis-
tribution of the ions, of charge +q follows a Boltzmann distri-

bution
pi(z) = p06$qV(z)/kBT

where kg is the Boltzmann constant and V' (z) denotes the elec-
tric potential in the solution induced by the solid charged surface
(see figure 1.1)%.

Moreover the electric potential obeys the Poisson equation:

AV = —9P+ T ar-
€

1In order to derive the Boltzmann distribution of the ions, we implicitly
assumed a mean field theory following Gouy-Chapman model: we neglected
the fluctuations of V' and consider only the mean value of the charge dis-
tribution. And we also neglect the interactions ions-ions and ions-solvent.

15




CHAPTER 1. INTERFACIAL TRANSPORT

with € = €ge,. the permittivity of the considered medium, €, = 80
for water and €y the vacuum permittivity.

Taking into account 1.1, the electric potential is given by the
Poisson-Boltzmann equation

v 2
P 920 sinh(qV/kpT)
z €

3

with the following boundary conditions V' = (, the “zeta” po-
tential? on the solid surface z = 0 and V(00) = 0 (solution of
finite energy). In the so-called Debye-Huckel approximation of
weak potentials: ¢V <« kT Eq-1.3 can be linearized and the
potential exponentially decays from the solid surface on a Debye

length Ap
V() = gem*/>

with )\52 = 2¢%po/ekpT, the screening length of the charged
surface. For a monovalent centimolar salt in water Ap ~ 3nm

The diffuse nature of the distribution of the ions close to
a charged surface is generally denoted as the “Debye-Huckel
double layer”.

1.1.2 Electro-osmosis for dummies

In the following we will try to capture the crucial ingredients
and the basic physics of interfacial transport. We now apply an
electric field in the x direction, i.e. an electric potential gra-
dient along the surface (see Fig.1.1). Of course, as the system

2The zeta potential of a surface is typically in the range | ¢ |~ 10 —
100 mV.

16




1.1. ELECTRO-OSMOSIS

Veo Bulk solution
—
_____ ————— = ==
> Diffuse layer
)\D — - p;go
—p
solid surface

Figure 1.1: Debye layer and electro-osmotic flow. Most solid surfaces
in water gets charged. It induces the formation of a diffuse Debye-huckel
layer which screens the charge of the surface over the length Ap (Ap de-
pends on the ions concentration but is typically 3nm in 10~2 M solutions).
In the double layer, the net charge is non zero while the bulk solution (be-
yond Ap) is neutral. If we now apply a macroscopic electric field in the
solution (blue arrow), it therefore exerts no force on the bulk and drives
the diffuse layer under motion by a volume force f = pE. As Ap is thin
it can be assimilated from a macroscopic view to a stress og ~ AppE.
This is the interfacial driving power of electro-osmosis which leads to a
flow velocity Ve, far from the surface. At mechanical equilibrium, Ve,
is given by the balance between the motor and the viscous dissipation by
shear (velocity appears as light red arrows) in the Debye layer. Finally,
t.e. 0y =NVeo/Ap = og (with no-slip boundary condition on the surface
plane). The static distribution of ions is sketched in grey and the conse-
quences of the electric field appear in red on the figure. An electric potential
gradient leads to a flow in the bulk while the total net force is zero. This
interfacial transport relies on the existence of a non neutral diffuse layer in
the close (~ nm) vicinity of solid surface by electrostatic interactions. The
electro-osmotic flow can be formally reduced to an apparent slip-velocity
Veo for macroscale hydrodynamics.

17




CHAPTER 1. INTERFACIAL TRANSPORT

S =[surface+Debye-Huckel layer+bulk solution] is neutral, the
total net force on the system F, = [, s pEdV is zero. One could
therefore be tempted to say that there is “no force, no flow” but
this would be incorrect ! The system S is globally neutral but
(i) the cloud of ions and counterions of the double layer is non
neutral and (i) deformable on the sense ions may move. The
total charge density follows:

_ ] =0 siy=>Xa
P #0 siy<

The total charge density can be related to the surface potential
¢ by the Poisson-Boltzmann equation. We can reduce Eg-1.3

to: ¢
p

A2 e
using that the electrical potential gradient takes place in the
diffuse layer. Under a macroscopic electric field E, only the
ions in the double layer undergo a net volume force f = pE
and move. The velocity within this thin layer determines the
velocity field outside the layer V., = V,oe,. As Ap ~ nm, we
rewrite the volume force in term of a macroscopic surface stress
using Eq-1.5:

UEN,O/\DEN—;—CE
D

This is the driving power of motion.

This stress is balanced by a viscous stress o, taking its origin
in the velocity gradient within the diffuse Debye-Huckel layer.
Given the non-slip boundary condition on the wall, we get:

18




1.1. ELECTRO-OSMOSIS

o0~ 3= Veo

At mechanical equilibrium, the stress induced by the electric
field is dissipated by the the viscous stress og = oy, and Eg-1.6
and Eq-1.7 leads to the electro-osmotic velocity:

Vi~ =5

The result here derived with only physical and dimensional argu-
ments can be shown exactly and is known as the Schmoluchovsky
formula for the electro-osmotic velocity®.

1.1.3 Electro-osmotic flow in microchannel

We now apply an electric field in a microfluidic channel. If we
consider identical materials for each walls, the field drives the
ions in the Debye layer and the liquid in the channel is carried
at null force with velocity V., (see Fig-1.2-a). A plug velocity
profile develops in the channel and all the dissipation takes place

3We want to underline that in this formula the zeta potential is the
electrostatic potential at the “shear plane”, i.e at z = 0 where the velocity
vanishes. It is not very clear in our description if it is for example on the
solid surface, or after the Stern layer which is “rigidly” attached. In first
approximation, one can consider that the Stern layer is small and identify
both description to focus on the physics at work (while the condition of
velocity continuity leads to define ¢ outside the Stern layer in our case).
Nevertheless, it can lead to subtleties in the specific defitions of the ¢ po-
tential versus the surface potential W, which we will not consider in this
manuscript but that are of importance in slippage theory [1].
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Figure 1.2: (a) Electro-osmotic plug flow in a micro-channel. We
consider an macroscopic electric field imposed in a micro-channel. The
electro-osmosis flow originates in the Debye layer (of thickness Ap ~ nm)
and leads to a plug flow of constant velocity Veo. The plug profile strongly
limits the dispersion of species which can be crucial in analytical appli-
cations. Grey stands for the static electrostatic Debye layer, blue is the
external electric source and red is for the electro-osmotic flow. (b) Differ-
ence of dispersion between electro-osmotic (7op) and pressure-
driven flows (Bottom). In the electro-osmotic plug flow, diffusion of the
fluorescence is limited to thermal diffusion. The Poiseuille profile is clearly
noticeable with pressure-driven flows, and strongly enhances the dispersion
of the fluorescent species (notably by Taylor-Aris dispersion). Visualiza-
tion is performed with caged fluorescence in microchannels (width 200 pm).
Scale bar is 200 pm. Reprint from J. Santiago’s lab @ Stanford.
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in the nanometer-scale interfacial layer. Moreover, according to
Eqg-1.8 the velocity is robust to downsizing and is insensitive
to the huge increase of hydrodynamic resistance experienced in
pressure-driven flow [1]. The plug profile of the flow strongly lim-
its the Taylor dispersion [2] in the channel which is critical with
Poiseuille flow. This makes electro-osmosis a very useful driving
method in microfluidics [3]. In particular for chemical analysis
purposes which need to displace product without dispersion (see
Fig-1.2b.). Conversely electro-osmosis is a common technique
for pumping fluids [4,5]. However pumping with DC voltage
is limited by slow velocity (typically 100 um/s) and Faradaic
reactions at the electrodes. AC applied voltages [6,7] is there-
fore used to increase pumping efficiency as well as more fancy
electrokinetics effects (ACEO, ICEO ..) thanks to non linear
effects [8-10]. The world of electrokinetics is broad and pas-
sionating but goes far beyond the basic intuition of interfacial
transport we want to offer.

1.1.4 Electro-phoretic motion of a colloidal par-
ticle

Let us consider the effect of an electric field on a colloidal par-
ticle with radius R > Ap. Zooming at the scale of the Debye
layer, the surface of the colloid appears flat and the consid-
ered situation is equivalent to the case of electro-osmosis but
with the fluid at rest. We therefore observe a motion of the
charged colloid in an electric field, namely the electro-phoresis.
The derivation of the electro-phoretic velocity V gp requires the
complete resolution of the Stokes flow around the colloid given
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the electro-osmotic slip boundary condition, 7.e. V.= Vo on
the surface. Assuming that the Debye layer is much smaller that
the particle radius, it leads exactly to the result for an homoge-
neous particle:

29

Vegp=—E=-Vgo
n

1.1.5 Electro-osmosis: an interfacial transport

We now point some aspects of the results that are in fact shared
by all phoretic phenomena and deeply related to the interfacial
origin of the mechanism.

e The Debye length is only a few nanometers, and the electro-
osmotic velocity V., appears as an apparent slip velocity
on a macroscopic length scale. Dynamical processes in the
region of finite thickness in interaction with a solid surface
leads formally to a violation of the non-slip boundary con-
dition (BC) with consequences on the flow at much higher
scale.

e The osmotic velocity does not depend on the geometry
of the particle, i.e. the radius of the colloid. Phoretic
transport is hence very robust to downsizing and is thus
a golden avenue in the advent of micro and nano-fluidics.

e The flow relies on the modifications of a solute —here ions—
in the close vicinity of a solid surface through interac-
tions —here electrostatic through the zeta potential of the
surface—.

22




1.2. DIFFUSIO-OSMOSIS: MOTION INDUCED BY A
SOLUTE GRADIENT

e The total net force exerted on the colloid is zero which is
totally different from situations in which the particle mo-
tion is induced by a net body force. In that respect the
hydrodynamics flow field differs drastically from the flow
field associated with external fields as gravity. In partic-
ular this implies that the 1/r term in the hydrodynamic
field vanishes.

1.2 Diffusio-osmosis: motion induced by
a solute gradient

The electro-osmosis description demonstrates the huge impact
on the flow of a nanometer scale layer. We now quit electrostat-
ics to turn to to an other kind of interfacial transport: diffusio-
osmosis, flow induced by a solute gradient. It is much less fa-
mous than electro-osmosis, and to some regards subtle and less
intuitive. We will describe the generation of flow within the in-
terfacial structure by application of a macroscopic concentration
gradient and will show how a solute gradient and the subsequent
osmotic pressure gradient can ‘carry” colloidal particles.

Let us consider a fluid (with constant viscosity 7) containing
a solute with concentration c. The solute interacts with a solid
surface placed in z = 0 (see Fig-1.3). The interaction between
the solute and the solid surface can be of various origins. If the
solute is charged?, it will interact with the solid surface via elec-

4And also the surface which is experimentally the case of all solid sur-
faces immersed in water.
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trostatic forces leading to a Debye double-layer at the interface
between the solid and the liquid phase. It may also result from
Van der Waals interactions between the neutral solutes and the
solid surface.

We consider here a potential of interaction U(z) between the
solute and the surface and we define a typical length A for the
range of interaction, e.g. A is the Debye length Ap for electro-
statics interactions (see section1.1.1).

At thermal equilibrium, in the dilute limit of non interacting
ions, it leads to a Boltzmann distribution of the solute species:

c(z) = cpe T

U can be positive (respectively negative) in the case of repulsive
(respectively attractive) interactions between the solute and the
surface leading to a depletion (respectively accumulation) of the
solute near the surface®. We point out that the thermal equi-
librium may depend on z along the surface (see Fig. 1.3), if the
interaction depends on this coordinate e.g. non uniform zeta
potential {(x), supposed to vary a length scale a. The result
prescribed in equation Eqg-1.10 remains locally valid as long as
a> A

1.2.1 Solute gradient in the bulk: Fick’s law

We now consider a situation where a concentration gradient of
solute Veg(x) is imposed far away from the surface. In the bulk,

5For electrostatic interactions, a full derivation for the concentration ¢
must also take into account both anions and the cations of the electrolyte
as well as electroneutrality.
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Figure 1.3: Diffusio-osmosis of a neutral solute. A solute gradient
is additionally imposed along the x direction. The solute interacts with
the solid surface (grey) over the range A. On the picture, we suppose an
attractive interaction between the solute and the surface which leads to an
accumulation of solute at the interface. The solute gradient along the z re-
sults in an osmotic pressure (blue arrow, the size of the arrow magnifies the
amplitude of the osmotic pressure) which “squeezes” the liquid to the wall.
The large scale solute gradient along the x direction gives an unbalanced
osmotic pressure in the diffuse layer. That drives the liquid towards the
regions of low concentration of solute (supposing attraction between salt
and solute). Consequently there is an apparent slip velocity V po outside
of the interfacial layer which magnitude is given by the balance between
the gradient of osmotic pressure in the layer —the motor— and the viscous
stress due to the non-slip condition at the solid surface—the dissipation—
(see Eg-1.16 and Eq-1.17)
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the concentration gradient induces a flux of solute — due to the
random motion of the particles — following the Fick’s law:

JF = —DSVCO({E)

with Dy the thermal diffusion of the solute. There is of course
no flux of solvent and thus no flow in a fluid in the bulk
induced by a solute gradient.®

Let us now reconsider this situation from an alternative perspec-
tive. The solute concentration gradient may naively be associ-
ated to a bulk osmotic pressure given for an ideal solution [11,12]

by:
VII = —kT Ve(z)

It would thus be tantalizing to think prima facie that the solvent
flows under the osmotic pressure gradient which is in clear con-
tradiction with the previous result. In fact, such an argument
is completely wrong! Indeed, at local equilibrium the mechan-
ical —hydrostatic— pressure adapts in order to keep the “total”

pressure’ constant everywhere in the bulk according to [13]:

Psolvent + kBTCO(z) = Po 1.12

where pg denotes the pressure in the bulk far from any surface.
In bulk the osmotic pressure gradient is counterbalanced by the

6This is exactly true only considering point particles, solvent and solute.
Taking into account the size difference between solute and solvent molecules
leads to a solvent flux given the fluid incompressibility. This small effect is
not considered in the following.

7Sum of the solvent and osmotic pressure.
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hydrostatic pressure maintaining the system at rest. In particu-
lar, this effect can be used in osmometry. The osmotic pressure
II exerted by the solute is measured by monitoring the rise of
a solution in vertical tube separated with the pure solvent by a
semi-permeable membrane [13].

We thus stress that the “bulk” osmotic pressure does not drive
any flow in the fluid. We can figure out this effect remember-
ing that in the bulk the system does not present any membrane
against which the force exerted by the solute may act.

1.2.2 Diffusio-osmosis: interfacial transport un-
der solute gradient

We now add a solid surface which interacts with the solute
through an interaction potential U(z). Several orders of magni-
tude separate the macroscopic scale of the solute gradient im-
posed by an external operator, and the nanometer range A of
the interaction. This gives an equilibration time for the concen-
tration and the pressure field in the z direction much smaller
than the relaxation for the gradient. Under this assumption,
Eqg-1.10 rewrites:

_UG)
c(x, z) m co(x)e FBT 1.13

The presence of the wall alters the balance between osmotic
and hydrostatic pressure. And the mechanical equilibrium of
the normal forces along z gives:

—0p(x,2) + —0.U(2) c(x,2) =0 1.14
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Using Eq-1.13, Eg-1.14 can be easily integrated and gives the
“osmotic equilibrium”:

p(x, z) — kpTe(x, z) = constant = pg — kpTco(x) 1.15

where the constant has been determined in the bulk far from the
surface (Eq-1.12). The differentiation of Eq-1.15 with respect
to x leads to:

Oup(x, 2) = kT Oy [c(x, 2) — co(x)] 1.16

A pressure gradient V,p rewritten in term of unbalanced os-
motic pressure kpT'V[c(z,z) — co(x)] acts on the fluid and
forces a flow parallel to the surface. As a driving force within
the diffuse layer it is the motor of the diffusio-osmotic flow. At
mechanical equilibrium this force is balanced by the the viscous
shear stress according to Stokes equation.

Oup(, 2) = AV, ~ nd2v, 1.17

where v is the fluid velocity in the layer and the Laplacian op-
erator is replaced by A ~ 9?2 as the velocity is along z. Finally,
the fluid velocity v, (z) increases through the interfacial layer to
a finite and constant value Vpo in bulk®. Given the non-slip
condition at the wall (Navier boundary condition), double inte-
grating the Eq-1.17, one can determine the velocity profile in

80nce again, we remind that no net force is exerted by a solute gradient
on a fluid in bulk.
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the diffuse layer [14,15]:
z
/ d
V(2) :/ d2'[e"UGEN/ksT _ 1120 1.18
0 dl'

and thus obtain the “effective slip velocity” outside the layer
given by Eq-1.18 for z = oo:

d
Vo = ~(ksT/n)PL ex 119

where I' = [ dz[e=U()/ksT _ 1] measures the excess of so-
lute induced by the presence of a solid wall (I' < 0 for de-
pletion of solute and I' > 0 for solid-solute attraction) and
L=T71 [ dzzle”V)/kET — 1] s related to the range of inter-
action of the potential and is thus of the order of A.

Case of an electrolyte

We consider the particular case of an electrolyte as the solute
and a charged wall characterized by its surface potential ¢ in-
teracting electrostatically. For the sake of simplicity we suppose
anions and cations of the same but opposite charge | ¢ |. The
problem has been studied previously in section-1.1.1 and we only
remind that the ions organize in a double layer of typical thick-
ness Ap screening the surface charge. We can thus conclude that
the length scale I' and L are of order \p and Eq-1.19 simply

rewrites:
A2 kT

Vpo ~— Veco 1.20
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Using the expression for the Debye length, A% = ekpT/2¢%co
prescribed by the Gouy-Chapman model (see section-1.1.1), one

obtains:
Vpo ~ —DpoVlogcy

where Dpo = €k3T?/2q¢n is the diffusio-phoretic mobility of
the considered electrolyte (and surface). Dpo has the dimen-
sion of a diffusion coefficient and Dpo ~ 1071 m? /s —at room
temperature for a monovalent salt— which corresponds to the
thermal diffusion coefficient of a ~ 2nm particle in water. Let
us stress that Dpo only depends on the characteristics of the
interfacial layer as for the electro-osmosis/phoresis phenomena.

Marangoni-like effect in the Debye layer

Physically the diffusio-osmotic velocity Vpo can be interpreted
following the same reasoning as for electro-osmosis. The driving
force of the flow is the excess of osmotic pressure V(—kpT'cp)
integrated over the Debye layer, of thickness Ap. As A ~ nm,
it can be expressed as a macroscopic surface stress:

Ty ™~ )\D X V[—kaCO] 1.22

¢

which is a Marangoni-like stress “—V+” with a non uniform
surface tension 7, related to the solute concentration as follows:

v(z) = ApkgTeo(z)

The excess of osmotic pressure is balanced by a viscous stress
taking its origin in the velocity gradient in the diffuse layer.
Given the non-slip BC at the wall and the diffusio-osmotic ve-
locity outside the diffuse layer, the viscous stress can be written
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as:

Op ~ %VDO 1.24

The mechanical equilibrium o, = o, leads to the “apparent slip
velocity” Vpo:

A2 kT

Vpo ~— VCo(.’L‘) 1.25

as obtained in Eg-1.19. Finally the diffusio-osmotic flow can
thus be rephrased as a Marangoni-like effect in the Debye
layer.

Ion specificity

The theory for diffusio-phoresis in electrolyte gradient relies on
electrostatic interaction and does not depend on the type of ion
considered(at given charge). Actually we have discussed up to
now only the chemio-osmotic mechanism of the diffusio-phoretic
flow. In order to take into account the salt ion-specificity mea-
sured experimentally [16,17], one has to consider the local elec-
troneutrality of the solution. A full treatment for charged species
must involve a supplementary electrophoretic contribution origi-
nating in the difference of electrophoretic mobilities of the ions.
Indeed, an electric field E’ is spontaneously generated in the
absence of electrical current when a concentration gradient of
an electrolyte is established:

je = —(=q)D_Veg — gDy Veo + (—q)conl B + qeop”E
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with ¢ > 0 the electrical charge of the cation®, D (respectively
D_) the thermal diffusivity of the cations, (respectively anions)
and uf, (espectively u”) the electrical mobility of the cations
(respectively anions). The fluctuation-dissipation theorem re-
lates the electrical mobility and diffusivity [13]:

g TqD+
My =
kT

We can derive from Eq-1.26 the electric field E’ at zero current:

T
E = ﬁ%VIog(co) 1.27

with 8 = (D1 —D_)/(D++ D_) quantifies the difference of ion
diffusion coefficients and is ion-specific. The self-induced electric
field E’ drives the diffuse layer by electro-osmosis (see section-
1.1) at a slip velocity given by the Schmoluchovski formula (Eq-
1.8):
= fiE' = fﬂeckiBTng(co) 1.28
n nq
It contributes simultaneously to chemio-osmosis to the diffusio-
osmotic flow. A complete derivation of the problem gives the
total apparent slip velocity Vpo [18]:

Vpo = —DpoVlog(co) 1.29
with
kT k5T
Dpo = —pSEEL € (k8002 1.30
noq 2ty g

9For the sake of simplicity we suppose anions and cations with the same
absolute charge.
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where the first term originates in the self-induced electrophoretic
contribution, and the second term is the complete derivation of
chemio-osmotic contribution. Finally, Eq-1.29 and Eg-1.30 give

a complete and quantitative expression of the diffusio-osmotic
flow induced by an electrolyte gradient. One can use salt gradients—
usually obtained with LiCl, NaCl, KCI- to benchmark the va-
lidity of the theory of diffusio interfacial transport. This is done

in [17] and in the experiments reported in the chapter 2 of this
manuscript.

1.2.3 Diffusio-osmosis in a nutshell

Focusing on main ingredients and the physics at stake , we fi-
nally summarize the diffusio-osmotic mechanism:

1. Role of the imposed solute gradient. A solute gradient
along x gives a gradient along x of the normal osmotic
pressure.

2. Role of the surface. The interaction potential U of the
solute with the surface provokes a normal osmotic pres-
sure gradient which squeezes'® the fluid against the wall.
This normal stress is mediated in the surface plane by the
isotropy of the pressure.

Taking into account this two effects, one can thus figure out that
a solute gradient along = gives an interfacial pressure gradient

10Tn the case of an attractive potential
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related to the unbalanced osmotic pressure along the same di-
rection (see Fig-1.3). It pushes the fluid in the vicinity of the
surface and is at the source of the diffusio-osmotic flow.

1.2.4 Diffusio-phoretic motion of a colloidal
particle

As for electro-phoresis in section-1.1.4, we now consider the ef-
fect of a solute gradient on a colloidal particle in the limit of
R > T, L with R the radius of the colloid. The diffusio-osmotic
flow in the interfacial layer leads to a net motion of the colloid in
the solute gradient, namely diffusio-phoresis. Considering the
same material and the same surface charge for both the colloid
and the surface, the diffusio-phoretic velocity reads:

Vpp =—=Vpo = DpoV log[co(z)] 1.31
= DppV logco(z)] 1.32

where Dpp = Dpo defines for consistency the diffusio-phoretic
mobility. As for electro-phoresis (see section-1.1.4), the driving
force acts only in the diffuse layer and gives a “phoretic” ve-
locity which depends on interfacial properties but non of the
radius of colloid. This gives the phenomenon a high robustness
to downsizing, provided R > L,T.

Diffusio-phoresis is a ballistic motion along a solute gradient and
thus completely different from a diffusive dynamics. We can
however assess on purely dimensionnal basis that the diffusio-
phoretic mobility will compare with natural diffusion in the sys-
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tem and thus with the diffusion constant D. of the colloid!®.
The thermal diffusion is given according to the fluctuation-
dissipation theorem by the Stokes-Einstein formula: D, = kgT/6mnR
[19-22]. If we consider a colloidal particle of radius R = 0.5 ym
in water at ambient temperature, D, ~ 0.4 um?/s and is thus
much smaller than Dpp ~ 100 — 500 um? /s. We now consider
the diffusivity of the solute used as a solute gradient e.g. LiCl
salt. The thermal diffusion D ~ 1300 um?/s'? is of the same
order of magnitude as the diffusio-phoretic mobility of the col-
loid. This is a hint on the role of carriers exerted by the solute
molecules to drag the big species —the colloid— along the gradient
as recently underlined in [17].

1.2.5 General case New!-

In this section, which may be skipped on a first reading, we come
back on the diffusio-osmosis phenomenon and emphasize the os-
motic nature of the process. While most of the chapter is a
review of the literature, we point that the following result is an
original contribution.

We generalize the result of Eq-1.19 to situations where the os-
motic pressure discards the ideal solution which goes as IT =
kpTc (see Eq-1.11). This is notably the case for polymer so-

1 This intuition will be supported by numerous experimental and theo-
retical results in chapter 2.

12For an mulitvalent electrolyte solution for which anion and cation do
not present the same diffusivity, the salt diffusivity is defined as detailed

in [23] as D = % where D4 and D_ the diffusivities of the

consituent ions and z4 and z_ their valence.
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lutions which deviate significantly from ideality and present an
osmotic pressure IT, ~ ¢?/4 for semi dilute solutions [13].

We consider the same situation and notation as in section-1.2.2
and Fig-1.3. In brief, a solute gradient V¢y(z) is imposed along
a flat solid surface. The solute undergo an external potential
U(z) from the surface.

In bulk

In the regime of large concentration of the solute, the solution is
no longer ideal. In bulk, the only difference with the ideal case
is that the Fick’s relation should be replaced by!'? the following:

J, = _)‘(C) Vﬂ[C]

with p[c] the chemical potential of the solute and A a mobility.
One finds the usual Fick’s law in the small concentration limit
with D = \/c.

In the diffuse layer

Solute profile

We first focus on the solute distribution. We assume as in
section-1.2.2 a thin diffusive layer so that the equilibration along
is always z reached, given a solute gradient. The local equilib-
rium is thus attained and rewrites, neglecting gradients along

131In fact, this is the natural way to write the flux as p is the natural
thermodynamic affinity. The usual Fick law is the limit case.
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the surface w.r.t. z gradients'* [13]:

ule(e, 2)] + U(z) = pleo ()] 1.33

Osmotic pressure
A general formulation for IT can be expressed with f, the free
energy density [13]:

of

II(c) = €He () + f(e=0) 1.34

Pressure profile
We now turn to the pressure profile. It is derived from the
projection of the Stokes equation along z:

0 =nlAv, — V.p+ c(z,2)(—0,U) 1.35
with v, = 0 as the flow is along = so that:
V.p =c(=0.U) 1.36
Using, Eq-1.33, the right term of Eqg-1.36 gives,

ef,2)(~0-0) = ¢ x V- (uleo(w)] ~ ple(, 2))) = eV (?)T

14Note that this is the stationary solution of the Smoluchowski equation:
Otc+ VJs = 0, with

JZ ==AV.u+me(-0.U)

with m a mobility. Inserting the equilibrium solution Js = 0, we obtain
the fluctuation-dissipation relationship for the mobilities A, u: A =m X c.
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using the thermodynamics definition for the chemical potential

_ (of
o= (E)T.
Now, using the expression 1.34 for the osmotic pressure, one has
of
V. el =ecx V, | =
4 =cxv. ()
Altogether,

o(—0,U) = V.II[d. 1.38

Coming back to Eq-1.36, one deduces V., (p — IT) = 0, and thus

p(z, z) — He(x, 2)] = po — Mco ()] 1.39

Velocity profile
We now consider the velocity profile projecting the Stokes equa-
tion along x:

0 =nAv, — Vup+c(-0,U) 1.40

The last term being zero, using Eq-1.39, it can be recast into
the expression:

0 = nAvy — V, (Heo(z)] — M[e(z, 2)]) 1.41

The solution of the equation is

-1 : i .z
Vg (2, 2) = 7/0 dz' 2" Vg, (Ico(z)] — [e(z, 2)]) 1.42
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Now using Gibbs-Duhem relation, dIl = cdu'®, one may rewrite
this expression as

vy, 2) = 717/02 dz' 2’ (co(z) — c(, 2)) Vapleo ()] 1.43

For this result we also used, accordingly to Eg-1.33, that
Vaple(z, 2)] = Vg (uleo(2)] — U(z)) = Vapleo(z)]

independent of z.
Using the Gibbs-Duhem relation

co(@)Vapleo(x)] = Vall[co(z)]

One obtains a more transparent expression for the diffusio-osmotic
velocity:
VDO = KDO X VH[CQ(QZ)] 1.44

with the diffusio-osmotic mobility Kpo thus defined as

1 o
Kpo = ——/ dz 2 (CO(I’Z) - 1) 1.45
nJo

co()

This result demonstrates that diffusio-osmotic transport is os-
motic by nature and points the osmotic pressure II as the proper
thermodynamic variable of interest. It ultimately shows that the
“logarithmic-sensing” of the diffusio velocity: Vpo o< Vlogec ~

15 Also shown directly: VII = c¢92 f(c)Ve, while Vi = 82 f(c)Ve
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V'l (see Eq-1.32) is not related to a gradient of a gradient of
free energy as could be thought naively.

Additionally the non-linear “sensing”, i.e. the non linear depen-
dence of the velocity w.r.t. the solute concentration may orig-
inate from non-linearities of the osmotic pressure (as for poly-
mers) or from the mobility Kpo (case of an electrolyte). Such a
non-linearity can be harnessed for interesting out-of-equilibrium
properties as patterning (see section 2.3) which gives the mech-
anism a wide range of applicable solute.

16 Assuming the case of an ideal solution with chemical potential pu =
kpT log(c).
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1.3 Further insights on diffusio transport

1.3.1 Massive amplification by hydrodynamic

slip

We previously reviewed the
generation of flow, electro-
osmotic or diffusio-osmotic,
within the diffuse layer by
application of a macroscopic,
respectively electric poten-
tial or osmotic pressure gra-
dient. As an interfacially-
driven phenomenon, we now
report the impact of slippage
on the transport and outline
the physical ingredients that
lead to its massive amplifica-
tion.

Slippage

|
L7
s
Figure 1.4: Slip length b. The slip
length is the distance in the solid at

which the linear extrapolation of the
velocity vanishes. Reprint from [1].

The question of hydrodynamic boundary conditions for simple
fluids has motivated large amount of recent, theoretical and ex-
perimental, work recently. Usually, when a simple liquid flows
over a motionless solid wall, its velocity is assumed to be zero
near the wall. This assumption postulated by hydrodynamics is
called the Navier non-slip boundary condition. Although it is
widely verified for macroscopic flows, the nature of the boundary
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condition at small scales has been revived by the investigation of
flows at nanoscale [1] by means of Surface Force Apparatus [24],
nanoPIV [25]... These experiments have shown evidence for the
existence of slip BC with velocity V; along the wall . For-
mally, wall slippage is usually described in terms of a slip length
b defined as the distance inside the solid at which the linearly
extrapolated slippage velocity becomes zero (see Fig-1.4) [1]:

oV
. =b—o 1.4
£ 0z 0

On flat hydrophobic surfaces

We now consider a flat surface which hydrophobicity is char-
acterized by its contact angle 6.. The slip length b on the
surface can be determined wvia the simple scaling relationship
b (1 + cosf.)~2 predicted in [26].

We now explore the consequences of the slippage on the interfa-
cial transport and reproduce the physical reasoning proposed
in [15]. A solute gradient Vep(z) , (respectively an electric
potential gradient) is imposed to the bulk and and generates
a volume driving force fy integrated over the diffuse layer of
thickness A which can be thus rewritten as a driving stress:

O'dedX/\

f; = —VEkpTcy for diffusio-osmosis (respectively f; = —pE for
electro-osmosis). It is balanced by the viscous stress in the
diffuse layer. Given the slip velocity V, at the wall and the
diffusio-osmotic (respectively electro-osmotic) velocity outside
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the diffuse layer, the viscous stress reads:

Vo

YO 1.47
In =N

using the definition of the slip length b as the equivalent position,
in the solid, where the non-slip BC would apply. The mechanical
equilibrium finally gives an effective slip velocity Vg7 enhanced
by the hydrodynamic slip, by a factor 1+ b/A where A\ measure
the interfacial thickness:

2
VP~ —(1 4 b/)\)%fd ~ (14 b/A)VY 148

where VOO stands for the effective slip velocity without slippage
and Vlg) with a slip length b.

The enhancement of interfacial transport, notably electro or dif-
fusio osmosis, by hydrodynamic slippage can actually be very
large. For molecular solutes, the interaction range can be very
short: A ~ 0.3nm. As the slip length can be up to b ~ 20—30nm
[24] on smooth hydrophobic surfaces, one can expect giant am-
plification of the flow by a factor of 100, or at least by an order
of magnitude !

On superhydrophobic surfaces

Previous results encourage to increase the slip-length to magnify
even more the amplification of the transport. In this scope the
recent development of artificial superhydrophobic (SH) surfaces,
which couple chemical hydrophobicity with multi and large scale
roughness with exceptional non wetting properties (6. ~ 180)
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seem to be a relevant avenue to take up the challenge. Indeed, it
was shown that one could define an “effective slip length” by
on SH surface up to a few microns. With b.rs/A ~ 10 —10% on
these surfaces, one could expect massive amplification of interfa-
cial transport, and thus extremely efficient microfluidic pumping
based on electro-osmosis or chemical diffusio-osmotic transduc-
tion. In fact the problem is slightly more tricky and the massive
amplifification depends on the interfacial transport: no amplifi-
cation is obtained for electro-osmosis on SH surface while am-
plification of more than 3 orders of magnitude can be achieved
for diffusio-osmosis. This result was recently obtained in [27] by
molecular dynamics (MD) simulations and we will only give a
basic idea of the physical reasons which make diffusio-osmosis
and electro-osmosis so different on SH surfaces.

We consider a SH surface with slipping length b.s; (see Fig-).
As for smooth surface, the effective slip velocity Vt/7 is given
by:

A
VET ~ —(1+ beff//\)5<Fd>eff 1.49

where (Fg)sy is the “effective” driving force integrated over the
diffuse layer, i.e. averaged over the pattern.

Electro-osmosis

As liquid-air interface is not charged, the driving force of the
electro-osmotic flow only takes place in the regions where the
liquid is in contact with the solid surface. One thus expresses
the effective driving force on SH surface (Fg).fs in terms of the
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integrated driving force F on a smooth, non slipping surface :
(Fa)ers ~ ®sFy 1.50

with @4 ~ a/L the solid fraction of the SH surface where a and
L are characteristics of the SH surface. a is the typical length
scale for solid/liquid contact areas and L is the roughness peri-
odicity and height.

Using the expression of the effective slip length befy ~ a/®, as
in [28] and gathering Eq-1.49 and Eq-1.50, one does not expect
a large increase of the velocity [29]. This scaling argument has
been confirmed numerically by MD simulations [27]. Super hy-
drophobicity does not amplify electro-osmotic transport as the
driving force is reduced as much as the viscous dissipation on
such surfaces.

Diffusio-osmosis

We now turn to the case of diffusio-osmosis which is signifi-
cantly different. The key point is that due to the interactions of
ions with the air-water interface (e.g image charge repulsion of
specific adsorption), a diffuse layer still exists at the air water-
interface (contrary to electro-osmosis) [30]. The driving force
F; is thus approximately uniformly distributed and the effec-
tive driving force on SH surface rewrites:

(Fa)eys ~ Fq 151

Finally using Eq-1.49, one gets a giant amplification of the
diffusio-osmotic flow by a factor bess/A ~ 1000 on SH surfaces.
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These theoretical expectations still remain to be supported and
used experimentally to reach a new class of “high velocity” mi-
crofluidic flows.

1.3.2 Thermo-phoresis vs Diffusio-phoresis

We discussed previously the motion of a colloidal particle under
a solute gradient or an electric field. We now present a very brief
overview of an other class of interfacial transport, the motion of
a particle induced by a temperature gradient, so called thermo-
phoresis.

Thermo-phoresis

When a colloid is placed in a temperature gradient VT (z), it
presents a steady drift velocity along the gradient [31]:

Vi = —DpVTy(z)

where Dy is the thermo-phoretic mobility, positive for thermo-
phobic particles and thermophilic otherwise. Most colloids pref-
erentially move to colder regions while macromolecular solute
as DNA present thermophilic characteristics.

For most investigated systems, the order of magnitude of | Dy |
is rather universal and varies within a limited range 10712 <|
Dr |< 107" m?/s7'K~!. But predictions on the mobility are
tedious and strongly depend on the system [31]. Additionally
the sign of D may depend on the temperature and present
a temperature inversion T* of thermophobic to thermophilic
transition. Moreover a size dependance of the mobility recently
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reported [32] and unexpected for interfacial transport recently
reported is at the core of a controversy feeding experimental
debate as well as theoretical developments [32-34].

Thermo-phoresis vs Diffusio-phoresis in microfluidics

Gradient establishment

We consider a microfluidic situation with a channel filled with
particles. An external operator imposes a gradient of solute
(respectively temperature) to move particles by diffusio-phoresis
(respectively thermo-phoresis) across the channel. The gradient
is imposed through boundary conditions, i.e. side of the channel
distant of a length ¢, and the typical time to achieve the steady
gradient is dimensionally given by 7 ~ (2/K where K is the
diffusivity of the considered observable, i.e. K = D, the solute
diffusion coefficient for diffusio-osmosis and K = A7 the thermal
diffusivity. The thermal diffusivity of water is Ay ~ 10¢ um?/s
and thus much larger that the diffusivity of a typical solute
D, ~ 1000 um? /s which gives for the transient time:

71 ~ 1pp/1000 < Tpp

For ¢ ~ 100 pm which is a typical scale for microfluidic channels,
77 ~ 10725 while it can take up to 10s to develop the solute
gradient.

Response time
The time 7 can be seen on a slightly different perspective as
the “response time” of the system. Let us imagine now that
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the external operator varies the boundary conditions with a fre-
quency f. If 7 > 1/f, the gradient does not develop and thus no
phoretic motion of particles is observed. For smaller frequencies
1/f > 7, the phoretic migration is recovered. The microfluidic
system behaves as a low-pass filter of cutoff frequency f* = 77!
for the interfacial transport of particles.

In this scope, the thermo-phoresis appears as a high speed mi-
crofluidic tool as it can respond to high frequency 10 — 1000 Hz
stimuli while diffusio-phoresis is strongly limited in its microflu-
idic applicability by very low response time (10—100s). Thanks
to the use of IR laser which makes possible to heat locally,
the developments of the thermo-phoresis in microfluidics [35,36]
(or more generally temperature driven motion [37,38]) are now
booming.

The counterpart of the high-speed response is a fast relaxation
for thermo-phoresis. If for some reasons the BC fluctuate the
thermal gradient is modified by these fluctuations and the relax-
ation of the gradient once the external constraints are released
is very fast. In order to take advantage of controlled thermo-
phoresis, a system must provide a steady energy supply which
is very costly. This might be the reason why thermo-phoresis
in nature is up to now only reported in geological systems such
as hydrothermal pores [39]. On the contrary, the slow parti-
cle diffusion transport smoothens changes in BC and make the
gradient quite robust to fluctuating environments. Moreover a
track of the gradient lasts for seconds even after suppressing the
BC. In that respect, one could imagine that living micro-systems
may use diffusio-phoresis as a relevant transport phenomenon of
macromolecules inside the cell in the noisy biological environ-
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ment. Nevertheless, this point is for now purely speculative
as no diffusio-phoretic flow has ever been reported in micro-
organisms.

1.4 Take home message

Surface-driven transport thus appears as particularly interest-
ing in the scope of micron-size systems. The flow generation
in the diffuse layer at the solid-liquid interface by field gradient
(electric potential, temperature, concentration) appears as an
“effective slip velocity” at the wall and thus strongly impacts
the velocity profile on much higher scale.

In this manuscript, I will mainly focus on diffusio-phoretic trans-
port: motion induced by a solute gradient. This phenomenon
has been little studied experimentally and thus needs further
experimental and theoretical investigations. Furthermore, it
proposes in essence a transducer of free energy into mechani-
cal power. This opens new routes in a context of new sources of
energy by harnessing natural solute gradient. Moreover, a giant
amplification of the effect is expected with SH surfaces which
makes of diffusio an outstanding avenue for high efficiency mi-
crofluidic pumps and chemical-mechanical transducers.

Two natural scenarii can be considered for diffusio-phoresis: (%)
an external operator imposes a solute gradient and particles
move within or (i) particles generates autonomously the gradi-
ent and propel. I have developed these two axes during my PhD
on two different classes of systems: microfluidics and swimmers.
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1. Microfiuidic. 1 have designed a specific hydrogel microflu-
idic technology and device to maintain and accurately
control spatially and temporally solute gradients. Such
a setup makes it possible to study the diffusio-phoretic
migration of particles in a controlled environment.

2. Swimmers. I have synthetized self propelled micro-swimmers
using a catalytic reaction on one half of a colloid to gener-
ate the solute gradient. These active particles constitute
the building bricks for the study of collective behaviors
of suspensions of self propelled particles thus intrinsically
out-of-equilibrium.

Each of the scenario is a chapter of this thesis manuscript.
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C'est véritablement utile puisque c'est joli
A. St Exupéry, Le Petit Prince

Diffusio-phoresis in a controlled
gradient : a gel device

In the previous chapter we have focused on simple physical ar-
guments to build an intuition of interfacial and particularly
diffusio-phoretic transport. We now turn to an experimental
investigation of the phenomenon. Pioneering works were per-
formed with membranes to establish the solute gradient, thus
introducing additional complexity both into the experience and
into the data analysis [16] or poor control of the gradient in
macroscale experiments [40,41]. Recently the use of microfluidic
tool has made possible to study the diffusiophoretic migration
of colloids in a well-defined electrolyte gradient [17,42]. Quanti-
tative agreement with theoretical diffusio-phoretic behavior has
been recently achieved by Abecassis et al. and the experiment
has shown (i) a solute driven motion of colloids and (ii) a steady
observations under flow. This microfluidic setup also leads to
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quantitative predictions of the solute gradient but no temporal
or spatial control.

Aim of this work

An important achievement of my PhD has been to develop and
use new experimental approaches allowing to go one step beyond
in the exploration of diffusio-phoresis phenomena. This requires
(i) the building-up of controlled concentration gradients and (%)
the observations of particles in a convection-free environment.
We have therefore developed a specific microfluidic device based
on an agarose hydrogel technology, studied diffusio-phoretic mi-
gration and unveiled new osmotically-driven effects.

Organization of the chapter

This chapter first begins with a presentation of the experimen-
tal setup. In particular we demonstrate how to generate a
convection-free spatial gradient, together with its temporal ac-
tuation.

In a second part, we use this experimental device to study the
diffusio-phoretic migration of various particles, colloids as well
as biological macromolecules, in a benchmark configuration and
compare our results with the theoretical expectations. Then the
hydrogel microfluidic device is used to unravel new osmotically-
driven effects such as patterning and localization. The local-
ization process with time-dependent solute gradients originates
in the non-linearity of the diffusio-phoretic velocity and is ratio-
nalized by an asymptotic model of rectification of oscillations as
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well as numerical predictions. Conversely another trapping or
localization is also demonstrated in a transient “osmotic shock”
provided by the extreme sensibility of the logarithmic sensing of
diffusio-phoresis to vanishing solute concentrations.

We finally discuss a few perspectives of study of diffusio-phoresis
both fundamentaly or applied to microfluidic applications. We
will end up by putting forward an iconoclast questioning on the
possible role of diffusio-phoresis in living soft matter as concen-
tration gradients are common in living organisms.

Principle

The detailed study of diffusio-phoretic motion relies on our abil-
ity to generate and control concentration gradients. Following
the route proposed for the study of bacterial chemotaxis in a
microfluidic environment [43,44], I have developed a microflu-
idic device made of agarose hydrogel. The principle of the final
device is sketched in Fig.2.1. It relies on the porous nature of
the hydrogel [45]: the hydrogel matrix acts as solid walls for the
flow but allows the free diffusion of salt and small molecules.
In a nutshell, a solute gradient is created across the system
by imposing two different concentrations in boundary channels:
the source, with concentration ¢; = ¢y, and the sink c¢; = 0.
An external operator can therefore control the gradient in a
microfluidic chamber at rest, i.e. without any flow containing
the particles (colloids or DNA) under investigation. The set-
up, sketched in Fig.2.2-a, allows to impose stationary, as well
as temporally switchable, solute gradients in various microflu-
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Side view

= 7 Hyarogel
Hydrogel Colloids .
Colloids
c = 1

Glass cover slip

Figure 2.1: Principle of the hydrogel microfluidic device. The porous
nature of the gel makes possible to impose solute boundary conditions with
concentration c¢; and co via two side channels and thus control the con-
centration gradient. Particles under investigation are enclosed in a central
chamber.

idic designs'. Although the present manuscript will essentially

focus on the experimental study -using this new device- of differ-
ent physical phenomenon, it should be stressed that the develop-
ment of the setup itself is actually an important achievement of
this PhD work, and mobilized a large amount of work to ensure
a proper reliability and reproducibility. Qverall, experimental
and technical details corresponding to the final configuration are
gathered in Appendices A to C for the sake of clarity and a more
pleasant reading.

Globally, a solute gradient, here either of fluorescein, or of a
salt? or a molecular species as HoO» is created in the central

IThe microfluidic design is made of two side channels along microfluidic
chambers of various sizes (typically 300-600 um) and shape (rectangular or
circular).

2We have used LiCl, NaCl and KCl salts.
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microfluidic chambers containing the particles via two side chan-
nels imposing the concentration boundary conditions. The lat-
ter can be switched on demand thanks to a manual microfluidic
switch that allows modification of the side-channels solute con-
centrations. After a transient due to the diffusion of boundary
conditions across the middle item of the device, a steady profile
of the gradient is reached. The concentration gradient is the
solution of the diffusion equation:

D,Ac = 0c

with D; the salt diffusivity and the boundary conditions given
by the concentration c¢; and co injected by the syringe pump in
the two side channels.

Under stationary conditions, the equation 2.1 reduces to Ac =0
which gives at one dimension a linear profile for the concentra-
tion with slope (co — ¢1)/¢, with ¢ the distance between side
channels. For a 2D circular geometry, the solution is given by
series of Bessel functions according to the boundary conditions.

2.1 Calibration of the gradient

The gradient profile is calibrated using a fluorescein solution
(Roth) of concentration cg = 107*M. In this range of con-
centration, Diao et al. showed a linear relation between the
fluorescein concentration and fluorescence intensity [43] mak-
ing a fluorescent measurement a straightforward visualization
of the chemical concentration field in the channel. A syringe
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Figure 2.2: (a) Experimental Setup. hydrogel microfluidic device. A
double syringe pump with two solutions of salt of concentration ¢ and ca
fills the two side channels. A microfluidic switch allows to exchange the salt
solutions in the side channels, leading to a time-dependent tuning of the
gradient. Particles under investigation (colloids and A-DNA) are located in
the center microfluidic chamber.

(b)-(Left) Visualization of the fluorescein gradient. Top view of the
microfluidic device setup. The inner box shows the experimental fluores-
cence intensity image measured for the stationary gradient (gel walls not
represented) of a fluorescein solution (c; — ca = 10~%M)). The central
chamber width is w = 300 pm while £ = 800 pm is the total diffusion width
(scale bar is 300 um). (b)-(Right) Steady fluorescence intensity pro-
files. Steady linear concentration gradient. Temporal changes in boundary
conditions upon actuation of the microfluidic switch lead to gradient inver-
sion (red and blue curves). (c¢) Temporal evolution of the gradient —
for periodic actuation Ty = 10 mins— of the difference Ac of fluorescence in-
tensity on both sides of the central chamber following a gradient inversion.
Orange arrows stand for steady gradients whereas the black ones stand for
transient states.

56



2.1. CALIBRATION OF THE GRADIENT

pump fills one channel with a fluorescein solution of concentra-
tion 10~* M (the source) and the other with distilled water (the
sink). A manual switch allows to invert the role of source and
sink and thus reverse the gradient. Measurements are performed
for linear channels i.e. linear side channels and a rectangular
microfluidic chamber. In the following experiments we did not
observe interactions between the electrolyte solutions we used
and the hydrogel structure of the microfluidic device.

Steady concentration gradient

We consider a linear 1D geometry and define z = 0 in the middle
of the microfluidic chamber. The length scale ¢ is the length over
which the gradient develops, i.e. the distance between the side
channels as defined previously. The boundary conditions are
given by ¢(—¢/2) = ¢; and ¢(£/2) = c5. As previously stated, a
steady profile of the solute concentration is achieved, with slope
(c2 — ¢1)/¢. The concentration can be written as:

e(a) = F(1£27)

+ depending whether the source is the side channel on ££/2.

The concentration profile is measured via the fluorescence inten-
sity of fluorescein (see Fig. 2.2-b). As expected for this geometry,
the steady gradient is linear. The microfluidic switch allows to
reverse the role of source and sinks and therefore to mirror the
gradient with respect to the center of the channel (red and blue
curves). I checked experimentally that the solute flux in the
source/sink was sufficient to define constant boundary condi-
tions along the channel. This can be understood in terms of a
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definition of a Peclet number. The Peclet Pe = 7p /7¢ compares
the diffusive time 7p for the boundary conditions to diffuse along
the length scale ¢ to the convective time 7¢ for the fluid to go
from the inlet to the outlet. In our experiments, 7p = ¢/ Dy,

Tc = L/U and therefore Pe = % where L ~ 10cm is the

length of the side channels, U ~ 3cm/s the velocity of the in-
jected solutions, ¢ ~ 800 um and D; = 420 um?/s [46], the
fluorescein diffusion coefficient. Under the present conditions,
the Peclet number is of order Pe ~ 450, much larger than unity.
This ensures the stability of the boundary conditions both dur-
ing the calibration step and the experiment as LiCl diffuses
faster than fluorescein salt®.

Transient concentration gradient.

Following the reversal of the side boundary conditions, the con-
centration profile is in a transient state. As a diffusive process,
the transient duration 74, thus scales as ¢2 /D. Experimental
visualization of the transient gradient is performed once again
with a fluorescein solution monitoring the temporal evolution of
the difference Ac of the fluorescence intensity on both sides of
the central chamber (see Fig-2.2-c). Both steady and transient
states are represented on this figure. After a sharp increase dur-
ing the transient state, Ac is constant. We nevertheless observe
a slow increase of the difference of the concentration. We at-
tribute this “drift” in fluorescence intensity to the 3D diffusion

3Indeed the diffusion constant for LiCl is D, = 1360 um? /s which cor-
responds to a Peclet number of Pe’ ~ 140.
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of the fluorescent salt at the top of the microfluidic chamber?.
We measure a transient time 74, ~ 2mins for fluorescein and
¢ = 800 um. One can then estimate the transient time for LiCl
salt given the diffusion constant of fluorescein Dy = 430 pum? /s
and LiCl salt D, = 1360 um? /s [47]. It gives a typical transient
time 7, ~ 143:% X 2min ~ 35s.

Finally after after a few tens of seconds for salts, we
can assume a linear and steady concentration profile in
the microfluidic chamber containing the particles under investi-
gation.

2.2 Diffusio-phoretic migration

We now consider the situation where particles have been en-
closed in the central chamber. We first concentrate on the case
of latex colloids of diameter 200nm. The step by step protocol
to perform an experient, i.e. (1). mold the hydrogel micro-
fuidics and (2). fill a microfluidic chamber with the particles
under investigation is thoroughly developed in Appendix B and
C at the end of the chapter.
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1 t=0s
t=90s

Figure 2.3: Diffusio-phoretic migration of fluorescent colloids to-
wards high concentration of LiCl. The salt concentration normalized by cp
is sketched by the lateral bar.

2.2.1 Diffusio-phoretic migration in a solute
gradient: first approach

We start from a configuration where all particles are on one
side of the channel. At ¢ = 0 the salt gradient is reversed with
now the high concentration on the opposite side. Under the
imposed solute gradients, the colloids are observed to exhibit
a purely transverse motion (see Fig-2.3). The drift is along
the salt concentration gradient and towards the higher solute
concentration thus revealing a diffusio-phoretic migration

4Indeed the channels are typically 100 um high while the PDMS spacer
defines agarose stamps of thickness 700 pm. As a consequence, a 600 pm
layer of gel is at the top the channels/chambers
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of the colloids thanks to a salt gradient (see Fig-2.3). The
diffusio-phoretic velocity is of order 1um/s. When particles
have gathered at the opposite wall, the gradient is reversed again
thus showing a symmetrical behavior with a reversed transverse
motion (see Fig.2.4-a and supplementary movie 1).

2.2.2 Experimental validation

Before a quantitative analysis of the diffusio-phoretic transport
of particles in a controlled gradient, we want to underline a few
experimental validation of the designed microfluidic device.

Experimental checks

I first checked that without any salt gradient the colloids dy-
namics is purely Brownian. A slight longitudinal drift can be
observed in some experiments by the following of a few bunches
of colloids as markers. The upper bound for this occasional drift
speed is 50 nm/s which is small compared to the diffusio-phoretic
velocity of the particles and thus negligible. We infer this a
Darcy flow through the porous gel®. This observation may ap-

5The pressure gradient originates in the pressure drop due to the
Poiseuille flow in the side channels. The pressure gradient induced by
the flow in lateral channel is of order VP ~ —-LU with n the viscosity
of the solution, h ~ 100 um the height of the microfluidic chamber and U
the velocity of the injected solution. This pressure gradient is transmitted
through the gel walls to the microfluidic chamber and induces flow along
the chamber thanks to the porosity of the gel. At steady state, the drift in
the chamber is related to the pressure gradient by the Darcy relationship
Vir = 7%VP (b). For a flow velocity U ~ 5cm/s and a Darcy permeabil-
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pear trivial but actually constitutes an essential test. First, the
reproducible and reliable absence of leakage is not an easy task
to reach in microfluidics. Second, devicing an observation cham-
ber maintened at rest with residual drifts of only a few nm/s
goes far beyond the standard accuracy required in microfluidics,
even for pressure-driven flows.

Sedimentation

We use 200nm latex colloids with a sedimentation length § =
kgT/mg ~ 100 pm, with kp the Boltzmann constant, T' the
room temperature, m the boyant mass of colloid and g the grav-
ity®. § is thus of the same order of magnitude as the height of the
microfluidic chamber (h ~ 120 pm) which provides a reasonable
vertical uniformity of the colloid concentration. Additionally,
the sedimentation velocity” vs.q = mg/6mnR for these particles
is typically vseq ~ 1 nm/s which ensures a weak effect of the sed-
imentation during the typical time of an experiment (~ 1—2h).
Finally, combined with the solute gradient calibration by flu-
orescence, these control experiments and order of magnitude
calculations demonstrate that our microfluidic device can gen-
erate a tunable and steady gradient in a chamber con-
taining particles with no convective flow and without
any leakage.

ity & ~ 500nm? (extracted from the litterature for a 3% agarose gel [48]),
we obtain Vg, ~ 2.5nm/s which is in reasonable agreement with what we
observed experimentally.

6This result will be discussed thoroughly in chapter 3.

"1 being the viscosity of the fluid and R the radius of the colloid.
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2.2.3  Analysis of the experiments

Quantitative analysis

In order to quantify the diffusio-phoretic motion, we plot in
figure 2.4-b the time dependent location of the colloid popula-
tion. It is defined as the maximum of the fluorescence intensity
profile, measured using image analysis (Matlab)®. As can be
seen, the observed drift is close to linear with a slight devia-
tion observed at long times. Neglecting the transient regime
(lasting about 30-60s for salt, see section 2.1), the stationary
salt concentration takes the form: ¢(z) = £ (14 2%), with £~
the slope of the concentration gradient, and x the distance to
the center of the observation channel. Using the expression of
the diffusio-phoretic velocity Vpp = Dpp~ (see Eq-1.32) in a
steady linear concentration (see Eq-2.2), the position X, of a
colloid obeys the equation:

dX, 1
i = Por
(ziXQ

+ depending whether the source is the side channel on +£/2.
Initially, all colloids are concentrated at a position X(t = 0) =
Fw/2 where w denotes the width of the central channel. For

8The process is the following. First, the intensity profile is averaged
on the all picture to give a 1D profile. Then the maximum of the profile
is determined. In order to limit the influence of intensity fluctuations in
the profile, a local quadratic fit of the intensity is carried to determine the
position of the maximum of intensity, Xo.

63




CHAPTER 2. DIFFUSIO-PHORESIS IN A CONTROLLED
GRADIENT : A GEL DEVICE

Colloids DNA

tlme time .
I \ I .
b) 100 ARy 150
= e B 100 -
E ¥ X, - o
50 /" b et
= G by 50 & °
~ /' "\ 4 .
c 0 f , 0 "' .
9 \v‘ '/'
= %, | B0 4 .
»n -50 . s d
8_ -100s
100 200 400 5% 200 400 600 800
time (s) time (s)

Figure 2.4: Diffusiophoretic transport of fluorescent colloids and
A-DNA under a LiCl gradient. (Acs[LiCl] = |c2 — ¢1| = 100mM with
a 1 mM buffer in both channels to fix the pH (TRIS buffer for colloids and
TRIS-EDTA buffer for DNA). Central channels are 200 pm (a) or 300 pm
(c) wide with an identical £ = 800 pm, scale bar 100um). (a)-(c)). Motion
of particles under a salt gradient, sketched by the lateral bar, towards
higher salt concentrations. Images are separated by 90s for the colloids
and for DNA the images were taken at ¢ =100, 150, 200, 300s. (b)-(d)
Time evolution of the particles population location characterized
by the maximum in particles density (measured from fluorescence inten-
sity). Experimental data (symbols) are fitted according to the theoretical
description Eq-2.3 (dashed lines), with Dpp as the only fitting parameter
(see text). In (b), open symbols correspond to a subsequent migration, and
fully superimposes on the previous results. The solid straight line in (b) is
a guide line corresponding to constant drift velocity. Shaded regions corre-
spond to time periods where wall effects prevent from proper fluorescence
measurements.
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short times dXo/dt = +2Dpp /(¢ Fw) and the maximum of the
colloid density exhibits a quasi-linear dependence on time, as
observed experimentally in figure 2.4-b. For longer time, slight
deviations from the linear dependence are expected from equa-
tion 2.3 and indeed observed in figure 2.4-b. Physically, these
non-linearities in X(¢) take their origin in the logarithmic-
sensing obeyed by the diffusio-phoretic phenomenon, i.e. the
fact that the velocity is proportional to the gradient of the log-
arithm of the concentration (see Eq-1.32). The diffusiophoretic
velocity Vpp is thus expected to decrease during the migration
in a linear solute profile. Furthermore, given the experimental
initial conditions Xo(t = 0) = Fw/2, equation 2.3 can be ana-
lytically solved and leads to:

Dppt =
X2/2+(Xo/2 — w?/8 +wl/4 if ¢(£/2) = o
X2/2 —X0/2 — w? /8 + wl/4 i o(—£/2) = ¢ :

Overall, Eq-2.4 provides an excellent fitting expression for the
experimental data (Fig. 2.4-b) and gives access to the colloids
diffusio-phoretic mobility Dpp (see Table 2.5). We used this
method to measure D pp for various salts and obtain the diffusio-
phoretic mobility of latex colloids with great accuracy for LiCl.
For NaCl and KCI salt, the migration is slower and the dif-
fusive spreading of the colloid population increases. The de-
termination of the maximum Xy becomes less accurate which
affects the diffusio-phoretic mobility Dpp determination. Al-
ternatively, diffusio-phoretic mobilities can be determined with
the total crossing time T,,., rather than the full dynamics of the
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population maximum. Indeed, equation 2.4 for ¢ = T, rewrites
DppT., = f(w, ), where f depends only on geometrical param-
eters: w and ¢, fixed on a serial of experiments. Given a couple
(Ter, Dpp) for a salt, the diffusio-phoretic mobility D, p of an
unknown salt can thus be determined measuring the crossing
time 77, following:

Tclr/Tcr = D/DP/DDP

This “integrated” method yields to Dpp similar to the values
determined by fitting without describing the complete displace-
ment Xo(¢). In the case of colloids, the diffusiophoretic mobility
was measured for three different salts, exhibiting values for the
mobility in the order LiCl>NaCl>KCl (see Table 2.5). This
salt specifity effect is predicted by the theory. As a quick re-
minder, it takes its origin in the difference of diffusivity between
anions and cations of a salt and consequent self-induced-electro-
phoresis (electro-phoretic contribution of diffusio-phoresis, see
section 1.2.2-ion specificity in the previous chapter).

While most of the experiments have been conducted with col-
loids in salt gradients, the physical mechanism explored is not
limited to this “colloids in electrolytes” configuration. We then
turn to the diffusio-phoretic migration of alternative systems
such as “biological colloids” (DNA) in salt gradient or colloids
in a neutral solute: hydrogen peroxyde.
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Colloid DNA
Salt LiCl NaCl KCl LiCl
Dpp (um?/s) 2905 150+ 10 70+ 10 150 =20

(K€*/kgT)"/2 Exp. 22+2 16*15 NA. 125+*3
Theo. 23+0.5 1651 13+2 165=*1

Figure 2.5: Value for the diffusiophoretic mobility Dpp extracted
from the channel crossing experiments (see text). Experimental trap
strength K extracted from the trapping experiments (see section 2.3) and
compared to the predicted value from Eg-2.8.

Diffusio-phoretic migration of biological macromolecules

First, the moving particles are not bound to be spherical colloids
but can also be macromolecules. As a demonstration, the same
motility experiments as presented above in figure 2.4-a.b were
also conducted with A-DNA: phage-A DNA (48kbp, Fermentas,
Germany) diluted 10 times in TrissEDTA buffer is enclosed in
the microfluidic chamber (see Appendix B and C of this chap-
ter for more experimental details). A salt gradient -LiCl, NaCl,
KCl- is imposed via the boundary conditions in the hydrogel mi-
crofluidic chamber. The solute gradients induces the migration
of the biological colloid (gyration radius of typically 200 nm) to-
wards the high concentration of salt (see Fig. 2.4-c,d). We then
demonstrate the motion of DNA molecules under salt concentra-
tion gradients. The determination of the diffusio-phoretic mobil-
ity of DNA by the fitting method is more tedious as the non lin-
earity of the velocity is much higher for the experiment than for
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simple diffusio-phoresis predictions (see Table2.5). This result
shows that the simple prediction (Eq1.32) derived for spherical
solid colloids does not fully capture the specifity of the dynamics
of a complex macromolecule as DNA. For example, the gyration
radius of DNA can depend on the salt concentration through
the screening of charges as well as the zeta potential of this
polymeric ball. Nevertheless we confirme the diffusiophoretic
migration of DNA towards higher concentrations of salt.

Diffusio-phoretic migration in a neutral solute

As a final remark, we emphasize that salt is used here because of
its simplicity, other solutes could be used as an alternative. The-
oretically, a diffusio-phoretic migration will occur with any so-
lute having non-vanishing interactions with the particle [15,23],
while the details of such interaction (attractivity, repulsivity,
strength, etc.) determines the amplitude and direction of the
particle response. Experimentally, the diffusio-phoretic response
with neutral polymer as solutes have indeed been recently ob-
served [36]. We here further demonstrate experimentally the
diffusio-phoretic migration with a non-charged specie: the hy-
drogen peroxide HoO5 solution. In contrast to LiCl, NaCl or
KCl salt gradients, latex colloids escape the high concentration
of hydrogen peroxide. H50, acts as a repellent for latex colloids
(DDP < 0)9.

9This sign for Dpp must originate at microscopic scale in a depletion
of HaO2 molecules at the solid latex surface according to Eqg-1.19.
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To summarize, we have shown that the diffusio-phoretic
migration of particles in electrolyte thus exhibits three
main features: motility driven by concentration gra-
dient, salt specificity effects and logarithmic-sensing.
Moreover, the logarithmic expression of the velocity Vpp =
DppVloge presents two specificities: (%) it is non linear and
(ii) the velocity “diverges”!? when the solute concentration goes
to zero. In the following, we will address each of this point and
show how it leads to versatile and interesting localization pro-
cesses.

10Tn the limit of our model
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2.3 Trapping by rectified diffusio-phoresis

As noted previously, the diffusio-phoretic motion in electrolyte
gradients is characterized by a logarithmic-sensing which intro-
duces a slight non-linearity in the velocity to concentration re-
lationship. Such a non-linearity actually suggests that under
periodic oscillations of the salt gradients, a rectification of the
particles motion may be induced: we now explore this feature
for particles trapping and patterning.

2.3.1 Osmotic trapping of colloids

While the diffusiophoretic migration was studied under a sta-
tionary gradient, we now generate concentration gradients os-
cillations as in figure 2.2-b,c by periodic inversions of the con-
centration boundary conditions (period Tp). As stated in the
previous section, we choose Ty ~ 6 — 10 mins depending on the
salt and therefore on the crossing time. We start from an ho-
mogeneous concentrated population of colloids (F8888, 200 nm,
Molecular Probes) in the central chamber!!. After each oscilla-
tion the population of colloids is depleted close to the wall of the
channels and after 3-4 oscillations, the colloids are trapped in
the center of the channel. The period of oscillations is then re-
duced and the band keeps oscillating around the center with the

1 As previously detailed the concentration profile of the colloids inside
the chamber is imaged by the spatial fluorescence intensity in the chamber
with a 20x objective. The fluorescence intensity is strongly attenuated by
microscope filters and shutted between pictures to limit colloids bleaching
phenomenon.
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salt cycles, but its width remains stationary. The experiment is
shown in Fig. 2.6-a) for colloids: starting from a homogeneous
distribution, the particles population evolves after a few cycles
towards a band with a stationary width. This band is Gaussian
to a very good approximation (see Fig.2.6-a). Note that the
process is robust: starting from inhomogeneous particles distri-
bution, or changing the oscillation frequency -within our limited
accessible range as specified earlier- yields the same width for
the trapped band. Finally as for the colloids motility, the width
of the trapped band depends on the salt nature: LiCl > NaCl
> KCl in terms of trapping efficiency.

Additionally, we also performed similar experiments with M-
DNA as motile particles: Fig. 2.6-b) shows that trapping is
equally achieved with macromolecules, namely biological col-
loids, the latter gathering also in a narrow band with Gaussian
profile. Despite a slow migration of DNA and a low Dpp which
should in principle limit the trapping efficiency, the experimen-
tal observations show very effective localization. This originates
in the strong non-linearity of the DNA diffusio-phoretic migra-
tion (see figure Fig. 2.4-b): the front particles nearly stop while
the back ones still advance. This makes the trapping easy and
efficient.

2.3.2 Principle in a nutshell

We now present a cartoon picture that captures the physics at
work in the phenomenon of particles segregation observed dur-
ing experiments with oscillating concentration gradients. Con-
sider that one syringe pump contains a salt with given concen-
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Figure 2.6: Trapping under salt gradient oscillations. Trapping of
colloids, (a), and A-DNA with YOYO-1, (b), under salt gradient oscillations
(buffers and salt concentration as in Fig. 2.4; Tp = 6005s). (Top): Starting
from a homogeneous population, the particles focus to a band of stationary
width (scale bar 100pum), independent of the oscillation frequency (300 pm
width channels with 250 pm gel walls). (Bottom): symbols, experimental
particles density profile in stationary state, as obtained from the fluores-
cence images; dashed line, Gaussian fit from which experimental trapping
strengths K are deduced through K = kp T/0'2, with o the Gaussian width.
They are compared to theoretical expectations according to Eq-(2.8) in Ta-

ble 2.5.
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tration ¢y while the other syringe contains only buffer. For the
sake of simplicity, we will first suppose that the linear steady
profile of the gradient is instantaneous reached after a reversal
of the boundary conditions i.e. we neglige the transient regime.
Initially, we suppose that the high concentration of the salt is on
the right side of the chamber: source on the right, sink on the left
(see Fig.2.7) . A colloid on the left side on the chamber at t = 0
will migrate to the right thanks to diffusio-phoresis phenomenon
(see Fig. 2.7-a). After a time T /2, the colloid has crossed a part
of the chamber and the salt gradient is reversed. The colloid at-
tracted by the high concentrations of salt reverse the direction
of its motion and migrates to the left (see Fig.2.7-b). At time
Ty, the concentration gradient is reversed and so on... After one
period and a complete oscillation of the boundary conditions,
the colloid has experienced a net displacement to the center of
the chamber (see Fig. 2.7-c). After a few oscillations, any colloid
initially in the chamber ends up in = 0. In other words, under
a constant solute gradient, the velocity of particles is larger in
regions with smaller solute concentration. Accordingly, the front
particles move slower than the ones at the back: iterated over
the oscillations, such a process leads to the observed focusing.
This phenomenon takes its origin in the logarithmic-sensing of
the diffusio-phoretic migration in electrolyte solutions (see Eqg-
1.32). The distance covered during the first half-period [0; Tp /2]
is not the same during the second half-period [Ty /2; Ty]. After
one period the colloid motion is therefore rectified towards the
center of the channel.

Through this cartoon, we have pictured the phenomenon
of trapping by rectified oscillations of concentrations.
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From cartoon to real life: time scales in the real experiment.

In the cartoon picture of the trapping phenomenon we neglect
—for the sake of simplicity— the transient state of the gradient.
Nevertheless as we pinpointed in section 2.1, after a switch of
the syringe, the side channels must be refilled by the new so-
lution and boudary conditions need finite time to diffuse from
the side channels to the microfluidic chamber. Therefore, a real
experiment is slightly more complex that the previous sketch.
Experimentally, the trapping scenario must take into account
3 different time scales: the transient time T}, to refill the side
channels and for the salt to diffuse through ¢, the time T, for a
colloid to cross the chamber and finally the oscillation period Ty
of the concentration gradient. In order to follow the trapping
scenario, Ty is smaller than T,,.. In addition, to limit limit-size
effects and accumulation of colloids blocked along the chamber
walls, Tp must be taken much lower than the crossing time. But
it must also be bigger than the transient time T}, to assume rec-
tified linear concentration gradient with good approximationAn
ideal trapping experiment thus follows T}, < Ty < Tg;.

With constant ¢ = 800 um in all experiments, the transient
time is Ty ~ 30 — 60s (see section2.2) and the crossing time
T, ~ 7 — 15mins. Given the experimental parameters — given
channel geometry and colloids— the oscillation period is the only
experimentally tunable parameter. It is chosen in the range 6
to 10 mins 7.e. the time for colloids to cross typically 1/5 to 1/3
of the channel.

74




2.3. TRAPPING BY RECTIFIED DIFFUSIO-PHORESIS

a) c b) c

Figure 2.7: Sketch of the phenomenon of trapping by rectified os-
cillations of concentrations. We suppose instantaneous reversals of the
steady linear concentration profile (solid black line). The boundary condi-
tions oscillate with a period Tp. Only the microfluidic chamber containing
the colloids (red circles) is represented with the gel walls (blue). Color ar-
rows stand for the colloids displacements.For clarity, effects are accentuated.
The velocities are represented accordingly to equation1.32: V' ~ Vc¢/c. (a)
0 < t < Tp/2, the source channel on the right, the sink is on the left.
The colloids migrate towards the high concentration of salt, i.e. on the
right. The colloid on the left is faster than on the right given the expres-
sion for the diffusio-phoretic velocity. At Tp/2, the boundary conditions
are reversed and the reversed linear profile is instantaneously reached. ()
To/2 < t < Ty, the migration is reversed to the right towards the regions
rich of salt. Once again, the colloid in the lower concentration region is
faster. (c) After one oscillation, the colloids has experience a net displace-
ment to the center. This trapping effect is thus a direct consequence of the
non linear dependance of the velocity with the concentration.
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2.3.3 Theoretical Predictions

In order to get further insight into the trapping mechanism at
work, we have conducted a detailed investigation of the parti-
cles dynamics. As we now show, the trapping of the particles
results from the rectification of their motion under the oscillat-
ing driving field of the salt concentration. The rectification is
accordingly induced by the non-linear sensing of the diffusio-
phoretic motion, Vpp x V[logc] (see Eq-(1.32)) where c(z,t)
stands for the salt concentration field.

Our starting point for the modelization is the Smoluchowski
equation for the particles concentration, p(x,t), here coupled to
the salt diffusive dynamics:

dp =—V-(=D.Vp+ DppVllogdp)

oc = Di;Ac

with D, the particle diffusion constant, D, that of the salt with
concentration ¢ and Dpp the particle diffusio-phoretic mobility.
These equations are coupled to the time-dependent boundary
conditions for the salt concentration: every Ty/2, the salt con-
centration at the boundaries switches from 0 to ¢y for one side
and vice-versa for the other side. At time ¢t = 0 the particles
repartition is chosen homogeneous'?. The geometry fits that of
the experiments, with particles confined in the central channel
while the salt gradient develops over the central channel and the
gel walls.

12But various initial conditions of the particles population could be im-
plemented.
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Numerical Resolution

In a first step, the above coupled equations 2.5 are solved numer-
ically using Matlab®. The geometry as well as the boundary
conditions match the experiments. The salt concentrations in
the side channels oscillate with a stepwise function of period
To. Accordingly the gel walls are implemented in the numeri-
cal simulations as impermeable frontiers only for particles and
a free-diffusion medium for salt.

The problem is made dimensionless, using ¢ as the unit of length
and determining the unit of time with Ds. Additional variables
are the following: & = z/¢, t = t/7 with 7 = ¢2/D,. And
the diffusion coefficient expresses in units of the salt diffusiv-
ity: D, =1, D, = D./Dy and Dpp = Dpp/Ds. For an
mulitvalent electrolyte solution for which anion and cation do
not present the same diffusivity, the salt diffusivity is defined

as D, = % where D, and D_ the diffusivities of

the consituent ions and z; and z_ their valence [23]. In the
following, D, is set to 0.0016 to match the experimental value
for colloids of diameter ® = 200 nm in a LiCl salt. Finally, the
coupled partial equations are solved with Matlab in 1D with
D./Dpp as the variable parameter.

Results are shown in figure 2.8-a. Starting from a homogeneous
spatial distribution of colloids in the channel, after a short tran-
sient of a few oscillations the particles population focuses within
a band with a stationary and constant width. In these simula-
tions the oscillation period Ty = 470s is chosen as in the ex-
periments. We checked that except for the first oscillation the
wall effects are limited and that the trapped state is not a con-
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sequence of the accumulation of the colloids against the wall.
The colloids population is additionally very well described by a
Gaussian distribution (see Fig.2.8-b) while its center position
oscillates with the solute oscillations, as observed experimen-
tally. We also checked that the trapped state does not depend
on the initial conditions: a homogeneous as well as a dirac-
like distribution relax to the same steady Gaussian distribution.
Moreover we tested the independence of the trap with the oscil-
lation period Ty varying the period in the same range as in the
experiments Numerical simulations allow to test conditions that
are not accessible in our experiments as very thin gel walls which
experimentally do not prevent from leakage. Indeed we could
suppress gel walls in our simulations' to increase the range of
accessible Ty. Once again, modifying the oscillation frequency
does not affect the final state.

Consequently the final Gaussian state depends neither
on the oscillation period nor on the initial distribution
of colloids nor on the presence of confining walls.
Finally we explored numerically the influence on the trapped
state of the ratio Do /Dpp in the range 1072 to typically unity.
For Dc/Dpp < 1072, ie high diffusio-phoretic mobility, the col-
loid migration is fast and the assumption of time scale separation
between transient gradient and crossing-time breaks. Therefore
colloid population goes from one side to the other and “crashes”
the gel walls systematically. The distribution is never steady
and artificially narrowed by periodic blockage against the wall.

13The removal of the walls does not affect the transient time T}, as the
length scale £ is not modified and the salt freely diffuses in walls.
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For low diffusio-phoretic mobility De/Dpp > 1, the colloid mi-
grates so slowly that the thermal diffusion spreads the distribu-
tion in the whole channel. The population is weakly trapped and
as a large number of colloids is close to the walls, side effects can
not be neglicted anymore. In the range 1072 < D¢ /Dpp < 1,
the numerical results suggest a width of the Gaussian distribu-

tion o scaling as 0 « ¢y/D./Dpp, with a prefactor 1/2 (see
Fig. 2.8-¢).

Asymptotic model

A simple asymptotic interpretation of the above results can be
proposed. First, due to the fast salt diffusion, one may neglect
the gradient establishment thanks to the diffusion of the bound-
ary conditions. The solute concentration profile thus writes as:

clz,t) = co/2 + cof(t)z /0

with z distance to the channel center, £ = ¢/Vc the distance
over which the gradient establishes and f(¢) a time-dependent
function, oscillating with the salt concentration oscillation pe-
riodicity Tp. Typically in our experiments, f(t) is a 1 step-
function, in the limit of immediate renewal of the side channels
solutions, so that (f(t)) = 0 while (f(t)?) = 1 # 0, with (-) the
time average over Tjp.

Now, as in the first part of the study, the mean position X¢(t)
of the particle population is expected to obey Eg-2.3. For small
excursions around the center (Xo < ¢), one can write

dXo/dt ~ 2Dpp f(t) [1 — 2f(t)(Xo/0) +...] /¢
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Figure 2.8: Numerical resolution of the particles dynamics under
oscillating salt gradients: (a) Spatio-temporal evolution of the col-
loid density p, where parameters have been set according to experiments
Fig. 2.6-a): for Dy = 1360 um?/s, D./Ds = 0.0016, D./Dpp = 0.01,
¢ = 800 um, w = 300um and Ty = 470s. White borders represent the
gel walls. The color code ranges from blue (low density) to red (high den-
sity). (b) Instantaneous particles distribution: (blue circles) initial
distribution, ¢ = 0; (red circles) stationary state distribution; (dashed
line) Gaussian profile fit. (¢) Evolution of the normalized squared
Gaussian width (6/¢)2 as extracted from figure 2.8-b) as a function of
D./Dpp: (red cercles) numerical simulations; (dotted line) fit with linear
relationship, according to theoretical prediction (Eq-2.8).
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In this limit of fast salt oscillations'®, one expects the distri-

bution in steady state to behave to leading order as p(z,t) ~
p(x — Xo(t)), i.e. the distribution is steady in the reference of
the mean position of the population. Inserting this guess into
the Schmoluchowski equations for the particles gives:

J=-DV.p+Vp
~ —DV,p+ 22eel 0 (1 9 f(1)(Xo/0)] x p

Making the variable change yields dz = x — Xo(t) and aver-
aging out the fast salt variables yields to (J) = —D.Vs.p +
(4Dpp /0?){f?)6x x p. Altogether, at steady state (J) = 0, we
predict a stationary Gaussian distribution for the particles:

o2 1 /| D.
ﬁ(éx)oce_;? with o = =4/ 14
2V Dpp

The gaussian distribution is steady in the reference of the mean
position Xy and oscillates as a whole around the channel central
position.

The asymptotic model stresses the origin of the trap-
ping. The non linearity of the diffusio-phoretic velocity
gathers the particles ultimately up to a Dirac distribu-
tion, while the natural thermal diffusivity of the colloids
widens the trap. Finally the steady state is of Gaussian
shape with a width which results from the balance be-
tween the diffusio-phoretic narrowing and the Brownian

14 corresponding to fast gradient oscillations compared to the time evolu-

tion of the colloids distribution T} ~ ¢2/(4Dpp)
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motion spreading.

The predicted Gaussian shape and the expression of its width
are in full agreement with the above numerical resolution of the
coupled dynamics (see Fig.2.8-b,c). Indeed the the numerical
results collapse on the master curve derived from this asym-
potic model with small discrepancies only observed in regimes
for which the wall effects are not negligible (De/Dpp > 1) or
for which the time scale separation assumption clearly breaks
(Dc/DDp < 1072).

We also point that this trapping process can be formally inter-
preted in terms of an harmonic “osmotic” trapping potential,

1 kT
V(o) = 15502

While the kgT prefactor suggests an entropic origin, the trap-
ping process is non-equilibrium in its root. Furthermore, the
trapping strength is accordingly characterized by an harmonic
strength K = kgT/o?. The experimental values for the mea-
sured trapping strength K are gathered in Table 2.5 for vari-
ous salts. These are compared to the theoretical predictions,
in which Dpp was set to the mobility measured independently
in channel-crossing experiments (Fig. 2.4). Results in Table 2.5
show a good agreement between experimental trapping and pre-
dicted theoretical values from Eq-(2.8). A final important re-
mark is that the trapping potential is strong: over the cell-
chamber scale —with overall size /- the trapping free-energy well
has a depth of AF ~ kgTERE ~ 100kpT.
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2.3.4 Pattern symmetry versus temporal sig-
nal

We now generalize the previous results to more complex geome-
tries in order to demonstrate the robustness and generic char-
acter of the above scenario. To this end, we have tested this
segregation phenomenon in a circular, “cell shaped”, chamber.

Experimental observations

The experimental setup is derived from the previous experi-
ments replacing a rectangular by a circular chamber and modify-
ing the side channels in order to impose a gradient of circular ge-
ometry. A sketch of the channels is represented in figure 2.9-a,b:
a circular chamber (650 um in diameter) is surrounded by two
side-channels conveying the salt and the particles —here colloids
with 200nm of diameter — are initially homogeneously spread
in the chamber. Two different concentration gradient forcings
are explored: an antisymmetric forcing where the salt bound-
ary concentrations c¢; and ce are switched periodically between
0 and ¢y with antisymmetric phase as in the previous section;
and a symmetric forcing where ¢; = co switches periodically be-
tween 0 and ¢y in phase . We want to stress here that the origin
of the diffusio-phoretic migration depends on the nature of the
forcing. The colloids move thanks to the steady concentration
gradient in the antisymmetric driving, but the transient gradi-
ent -between two steady states of constant salt concentration-
is the source of the migration in the symmetric case.

As demonstrated in figures2.9-c,d, the salt oscillations again
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Figure 2.9: Trapping of colloids in a ”cell-shaped” chamber, un-
der anti-symmetric and symmetric time-dependent salt concen-
tration oscillation. (a)-(b) Initial colloids distribution (fluorescence
image) and sketch of the experimental set-up, the light blue represents
the gel. The concentration of the salt (here LiCl) in the two side chan-
nels, ¢1(t), ca(t), oscillates (period Top = 480s) either anti-symmetrically,
c1(t)—(c1) = —[ea(t)—(c2)], or symmetrically c1 (¢t) = c2(t), between c¢o = 0
(TRIS buffer alone) and 100 mM. Circular well is 650 pm in diameter with
gel walls 125um wide (¢ = 900 pm; scale bar 200 um). (¢) Stationary col-
loidal distribution under an antisymmetric concentration gradient driving.
It takes the form of a band dividing the cell-chamber and centered in the
middle plane. (¢’) Theoretical prediction for the stationary colloid density
profile under antisymmetric concentration gradient driving, the predicted
expression (see section 2.3.4-antisymmetric forcing) with the parameters
set to the experimental values. (d) Stationary colloidal distribution under
a symmetric concentration gradient driving. It takes the form of an axi-
circular shape centered in the cell-chamber. (d'). Theoretical prediction for
the stationary colloid density profile under symmetric concentration gra-
dient driving, using the predicted expression (see section 2.3.4-symmetric
forcing) with the parameters set to the experimental values.
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produce a localization of the particles in the cell chamber (see
also supplementary movies 3 and 4). Furthermore the symmetry
of the pattern depends directly on the symmetry of the driving:
one observes a linear localization with a‘“cat eye” shape for the
antisymmetric driving, and a circular egg-shape localization for
the symmetric driving. This demonstrates the versatility of the
trapping process. Once again, we observed experimentally that
this localization process is also robust versus the initial distri-
bution of the particles.

Theoretical predictions

These different experimental patterns can be understood along
similar lines as above. A prediction for the trapping potential
associated with the particles localization is obtained by averag-
ing out the fast salt variables.

We consider the circular cell-like configuration sketched in Fig. 2.9.
The colloids are embedded in an inner chamber with diameter
R, while the salt boundary condition ring has a diameter R (see
Fig.2.9-b). The salt concentration c(r,6,t) obeys the diffusion
equation

3tc = DSAC

with boundary conditions depending on the nature of the forc-
ing.

Antisymmetric forcing
For the antisymmetric geometry with Ty-periodic temporal in-
version of the boundary conditions, the boundary conditions
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rewrites with the polar coordinates r, 6:

co if 6 € [0; ]

For 0 <t < Tp/2, ¢(R/2,0,t) = { 0 if6 e [r2n]

0 iffe (0]

For Ty/2 < t < Ty, c¢(R/2,0,t) = { co if 0 € [m:2n]

As for the 1D linear geometry, we neglect the gradient establish-
ment due to the diffusion of the boundary conditions and con-
sider only the steady concentration profile given by Ac(r, 0,t) =
0. The solution of this equation given the boundary conditions
takes the form:

5(r, 0)
R/2

co
2

c(r,0,t) = [1 + f(t)] 2.10
with o(r,0) = 2 > kodd 3 (r)" sin[k6], and f(t) the periodic step-
like function with period Ty. Averaging over the flux of particles
over the fast salt oscillations the stationary colloid density pro-
file is then obtained as

2.11

1Dpp é(r, 9)1

olr, 6] ox exp [2 o

Symmetric forcing

For the symmetric geometry, a uniform ring of salt oscillates
periodically between 0 and ¢y and the boundary conditions take
the form:
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co for0<t<Tp/2
(/200 = a0 ={ ¢ oGSl

which rewrites with Fourier series:

Co 4 1 .
cp(0,t) = 5 1+ - Z % sin[kwt]
k,odd
4 1
= %0 1+ — Z EIm[exp(jkwt)]
k,odd

with w = 27/Tj.
Here the steady concentration is uniform and one has to take
into account the transient concentration profile. One obtains
the salt concentration in the form

Co
5

c(r,t) = 5 14 4(r,t)]

with 6(r,t) = 2 > kodd +Im (fi(r) exp[j kwt]).
For each mode kw, fi is the 2D solution of the steady diffu-
sion equation and rewrites with the Bessel function of order 0

Io(r/dk), with 8, = /222 the salt diffusive length. By super-

kw?

position, the salt concentration rewrites:

c 4 1 . Io(5-)
cp(ryt) = 50 1+ = Z %Im lexp(jkjwt) Io(i;)]
k,odd 265,
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It gives, developing the logarithm and averaging over the fast
salt variables

2
co 1[4 1 ,/7r\1
loge~log 2+ - (2 —(l) 2
ogen ey g (w> kzo,;deIo (5k> 2

Finally, one gets the asymptotic'® colloid density as:

1D
plr] < exp [4 gcp H07’4:| 2.12

with g ' = 16767 cosh(R/v/201)/R.

These predicted localization patterns are exhibited in Figs. 2.9-
¢’,d’, showing a good qualitative and semi-quantitative agree-
ment with the experimental results, Figs. 2.9-c,d. As in the
previous section, the trapping potential results again from a
rectified diffusio-phoretic drift under the salt oscillations.

2.4 Localization by osmotic shock

We have already mentionned the logarithmic expression of the
diffusio-phoretic velocity: Vpp = DppVloge. In the previous
section, we demonstrated how we could harness the non-linearity
to trap and localize particles by rectification of oscillating con-
centration gradients.

We now turn to the consequences of the extreme sensibility of

15 At long times, only the term for k = 1 matters.
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diffusio-phoresis to vanishing electrolytes concentration. No-
tably, it is expected from the expression of the diffusio-phoretic
velocity that a vanishing gradient can lead to measurable veloc-
ity provided that the solute concentration is low enough. We
explore further this point via experiments in an “osmotic shock”
configuration.

2.4.1 Experimental observations

We start with a solution of 200nm latex colloids in solution
with LiCl salt of concentration ¢y = 100mM. The colloidal
suspension is enclosed in a microfluidic chamber soaked with
LiCl salt solution (see Fig.2.10-a).

At t = 0, distilled water plus buffer is injected with the syringe-
pump and the boundary conditions (BC) for the salt are thus
changed from ¢ = ¢ to ¢ = 0'6. The salt concentration in the
chamber relaxes by diffusion and reaches in the long time limit
the conditions imposed by the BC: ¢ = 0. During this process,
the colloids are observed to strongly concentrate in the center
of the cell (see Fig.2.10-b) and the migration surprinsingly lasts
15 — 16 mins. For longer time, the Brownian motion dominates,
the colloids do not focus anymore and the distribution widens
by thermal diffusion of the colloids.

161n the following, we will omit the buffer and thus write that the salt
concentration is ¢ = 0. The important role of the buffer will be explicitly
discussed further in the section.
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Figure 2.10: Localization by osmotic shock. Circular well is 650 pm
in diameter with gel walls 125pum wide (¢ = 900 um; scale bar 200 um).
Initially, the colloid solution and the gel are in a LiCl salt solution of con-
centration ¢g = 100mM of salt. For t < 0, salt concentration is thus
homogeneous, with value ¢g in the system. (a) Initial colloids distribution
(fluorescence image). A t=0, boundary conditions ¢ = 0 is imposed by a
syringe pump. And for ¢ > 0, the concentration profile relaxes to reach in
the long time limit ¢ = 0. (b) The system undergoes an “osmotic shock”
and the colloids move towards the high concentration of salt, e.g. the center
of the chamber. The migration lasts up to 15 mins leading to an efficient fo-
cusing of the colloid population. The colloid distribution thereafter spreads
by Brownian diffusion.
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2.4.2 Principle in a nutshell

The directed motion to the center of the cell is of course of
diffusio-phoretic origin as the salt concentration is higher in the
center of the chamber than close to the wall (see Fig. 2.11) where
the salt is sucked by side channels acting as sinks. At steady
state, the salt concentration is zero and homogeneous. As pre-
viously discussed in benchmarks experiments, the steady state
should be reached after ~ 1min which makes the experimen-
tal observations surprising. Actually, a key point of diffusio-
phoresis with electrolytes originates in the expression of the diffusio-
phoretic velocity V' o« Ve/c. This makes the diffusio-phoretic
drift very sensitive to regions where the concentration vanishes
(c — 0), as long as % # 0. We anticipate that this log-sensing
of the velocity is at the origin of the long term evolution —over
15 mins— of the colloid migration. We now present a formal
derivation of the colloidal density p(r, t) under an osmotic shock.
It will develop and underline the role of the logarithmic expres-
sion of the velocity in such a long term evolution.

2.4.3 Theoretical predictions

The aim of this part is to obtain the equation for the colloidal
density, p(r,t). To this end we first need to describe the evolu-
tion of the solute concentration which drives the colloidal mo-
tion. The description is derived in a 2D circular cell and the
parameters are set to the experimental values.
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05
x /L
Figure 2.11: Solute concentration evolution during an osmotic
shock. Initially, ¢ = ¢g uniform (blue line). At ¢ > 0, BC ¢(z = 0,t) =0
and c¢(z = ¢,t) = 0 are imposed with side channels as sink. The solute con-
centration evolves and relaxes with time to ¢ = 0. Numerical resolutions
of the 1D diffusion equation for ¢t =0, 20s, 50s, 100s, 150s and 200s for
LiCl salt. Orange arrows stand for the diffusio-phoretic migration of la-

tex colloids towards high concentration of salt. Osmotic shock localization
originates in the high sensibility to this solute gradient.
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Solute dynamics in an osmotic shock configuration

The salt concentration ¢ obeys the diffusion equation, together
with the boundary conditions at the chamber perimeter. For the
osmotic shock the boundary conditions are ¢(r = R,t < 0) = ¢
and ¢(r = R,t > 0) = 0 (same notations as for the trapping in
a circular chamber).

We first determine a basis of separable functions ¢ = f(t).g(r)
solutions of the time-dependent diffusion equation. We get

f'/f =DsAg/g=—K

K being a constant. Developing the Laplacian operator in cylin-
drical geometry to agree with the experimental geometry, g is
solution of the following ODE: r2.g”+r.g’+r2.§gg = 0. After a
change of variables u = r.,/K/D;, we obtain a Bessel equation
of order 0 defined at r = 0 [49]. Therefore, g(u) = Jo(u) where
Jo is the Bessel function of first kind. Boundary conditions
of null concentration at the border impose Jo(R./K/D;) =0
which lead to discrete values of K: R.\/K,/Ds; = o, with a,
the n** zero of Jy.

One can thus rewrite any solution with separated variables as

follows:
K
t)=> ape Kt Y 2.1
c(r,t) A an e Jo [r Ds] 3
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The coefficients a,, are defined by the initial condition c¢(r,t =

0)17:
| K,
CozzanJo lr DL],forr<R 2.14

In the long-time limit, as K,, > 0 and increases with n, only the
first term in Eq.(2.13) remains and

o4 2
e(r,t) zale_D*‘(Wl) t o [al%} 2.15
with oy o~ 2.4the first zero of Jy. This leads to a diffusio-phoretic
velocity of the following form:

v
Vpp = Dpp~s = DppViog Jo [ali] e, 216
c R

The (radial) asymptotic velocity is towards the center and time
independent! It underlines the role of the log-sensing of the
diffusio-phoretic transport in the long time evolution of the col-
loid distribution during the osmotic shock. The cut-off of the
effect observed experimentally is related to the presence of buffer
which gives a lower bound to the total solute concentration. We
neglected the buffer so far and will continue to do so in the the-
oretical description. We will add its role and consequences as a
refinement of the model and we will discuss it later in this part.

17 A full resolution of the 1D case with the determination of the a, coef-
ficient is presented in Appendix D.
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Fokker-Planck equation for the colloid evolution

Now, we go back to the colloid evolution. As a first approxima-
tion, one may use the above form for the diffusio-phoretic drift.
This is strictly valid for sufficiently long times (¢ > Kfl ~30s),
but in the present problem there is a time-scale separation be-
tween the solute dynamics and the colloid dynamics (evolution
over ~15 min), so that this is a reliable approximation.

One may then write the equation for the colloid density p as

Oiyp =V - [DDP Vlog Jy [oq%} X p} + DCVQp 2.17

Stationary distribution
Following the argument given in the osmotic trapping by recti-
fied oscillations, the steady distribution is given by:

<J> =—-D.NV,.p+Vppp~0

leading to the steady colloid distribution:

ai\P
Br) ~ (Jo[r.fl]) 2.18
with 8 = Dpp/Dc ~ 145. We thus obtain a trap width
I' ~ 32 um with T" defined as the half width at 1/e. This pre-
diction is in reasonable agreement with experimental measure-
ments ¢z ~ 7545 pm. We come back on this difference below.

Time dependent evolution of the colloid distribution p(r,t)
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For small distances r to the center, one may furthermore ap-
proximate the diffusio-phoretic drift term of Eq-2.17 using

Vlog Jo {ali} ~—— XTr 2.19

which gives a Fokker-Planck equation for p:

D 2
Op=V- {2’3";12 X rp} +D.V?p 2.20

This can be rewritten as

Oip = %V- [rp+ 0*Vp] 2.21

with 771 = %Dpp%z and o2 = a%D[;Cp x R?. Note that 7 =
0?/D..

This is the so-called Orstein-Uhlenbeck process [50].

The stationary solution is a Gaussian with width o2:

T2
t —— 2.22
plrt) ocesp (5

which is in full agreement with Eq-2.18, as Jg can be approxi-
mated by a Gaussian with very good accuracy.

The analytical solution of this Orstein-Uhlenbeck equation can
be expressed analytically [50].

First the propagator — solution of Eg-2.21 with a point-like ini-
tial condition, P(r,t = O|r") = §(r — r’) — takes the form in a d
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dimension space:
1
(2mo?(1 — exp(—271)))
1 (r— e’“*tr’)2
X exXp l—ww 223

Then the complete solution for the colloid density is given by
“propagating” the initial colloid distribution:

P(r,tlr') =

a/2

p(r,t) = /dr’po(r’) x P(r,tr") 2.24

with po(r) the initial condition for the colloid density. In line
with the experimental conditions, we assume a uniform initial
density over a circle of radius R (not to be confused with R the
radius of the salt boundary condition), so that

p(r,t) = po/ dr’ P(r,t|r") 2.25
[r'|<R

This integral can be calculated after some straightforward — but
cumbersome — calculations. In the present 2D geometry, this
gives with Iy the zero order Bessel function:

R
p(r,t) = po A(t) €7T2/ 2’ dr' To (2081 )e =8 2.26
0
where we introduced: A(t) = [2mo?(1 — e=27")] ! Withy = 71
and
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a(t) = [202(1 — =271 B(t) = e,

Additional remark

We could predict in a more simple way the exponential decay
of time evolution of the rms width of the colloid distribution.
Let us first define the rms width of the colloid distribution as
(r?) = 1/d [ drr?p(r,t) with d with the space dimension. Inte-
grating the Fokker-Plank equation for the colloid density p(r,t)
(see Eq-2.17) with part integrations, one obtains the temporal
ordinary differential equation for (r?):

i (r®)(t) = —% ((r?) — do®) 2.27

The rms width of the colloid distribution is linearly related to
the radius I'(t) (radius at 1/e defined in experiments and pre-
vious theoretical description) by: R%(t) = a x (r?). This thus
predics an exponential decay of the squared radius of the distri-
bution over a time scale fixed by 7/2 in qualitative agreement
with the analytical solution of this Orstein-Uhlenbeck equation.

Comparison with the experiments

Let us arbitrarily define the radius I' of the distribution as
p(r =T(t),t) = p(r = 0,t)/e. We extract numerically this ra-
dius from Eq-2.26. The same procedure is applied in the exper-
iment. We superimpose on Fig. 2.12 the experimental measure-
ments of I'(t) and compare them with the theoretical predictions
derived above. The red dashed curve is the prediction using the
experimental parameters: D, = 2um?/s, Dpp = 290 um?/s
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(measured independently in diffusio-phoretic migration, experi-
ments, see section-2.2), R = 450 um and R = 325 um. Using the
above expressions, one obtains ¢ = 22.3 um and an exponential
decay over a time 7 = 02/D, ~ 250s. These are in qualitative
and semi-quantitative agreement with the experiments. A much
better agreement can be obtained by relaxing the constraint on
the relaxation time and using 7 = 290s as a “best fit” while
keeping the value of o to the predicted one: (see green dashed
line on Fig. 2.26)

The very good agreement between the theoretical predictions and
the experiments shows that this scenario really captures the physics
at work. We now discuss the discrepancy at long time between
theory and experiments as consequences of the buffer presence.

Role of the buffer

Without buffer, one would expect a time-independent diffusio-
phoretic velocity towards the center of the cell and an always
decreasing function I'(t). But we observe a slight increase of the
radius I' of the distribution at long time, for ¢ > 500s =~ 27.
Such an effect is actually expected due to the finite buffer con-
centration which acts as a cut-off for the osmotic-shock process.
Up to now we neglected the presence of the buffer by imposing
boundary conditions ¢ = 0 for ¢ > 0. This is a reasonable as-
sumption at small times as ¢ = ¢y = 100mM > ¢, = 1 mM,
¢y being the buffer concentration. But it becomes inappropri-
ate for small solute concentrations. The buffer concentration
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Figure 2.12: Radius of the colloid distribution versus time. Com-
parison to theoretical predictions. Radius I'(t) measured in experiments
from the colloid density profiles (blue symbols). The red dashed curve is
the prediction using the experimental parameters D. = 2um?/s, Dpp =
290 upm? /s (measured independently by diffusio-phoretic migration experi-
ments), R = 450 pm, R = 325 pum, yielding o = 22.3 yum and 7 = 250s. The
green dashed is obtained with the same value of 0 = 22.3 ym and 7 = 290s,
chosen to obtain a ’best fit’ to the experimental data. The dashed black
line is the purely diffusive motion: I'(t) = ay/D.t with a = 1.9 to fit the
data.
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then matters and one needs to use the total expression for the
diffusio-phoretic velocity: Vpp = DppVe/(c + ¢). For long
times, such that ¢(r,t) < ¢, Ve/(c+ ) — 0 and so does the
diffusio-phoretic velocity.

Typically, as a1 = ¢y, this occurs for a time T =~

M)

1R
a? Dy

log(co/cy). For experiments in microfluidic cells R = 450 pm
with LiCl salt, Dy ~ 1350 um? /s, one finds T ~ 2mins. In
this long time limit, ¢ > T (with T the cut-off time introduced
above), the size of the colloid distribution will re-increase dif-
fusively, as R? ~ D.t. We have plotted this prediction on the
figure 2.26 (green dashed line, R(t) = 1.9/D,t). This is in very
good agreement with the tendency observed experimentally (see
Fig.2.12). The expression of the cutoff time can be rewritten
T =~ 7 x Dpp/D; x log(co/cs) ~ 7 ~ 250s. This is in rough
agreement with the experimental observation of a cut-off time
of Teyp ~= 500s.

X

We have verified this cut-off behavior by performing numerical
analysis to explore more quantitatively the role of the buffer.
We have simulated the time-dependent diffusion equation in a
2D circular chamber with and without buffer, the parameters
being set to experimental values (notably ¢, = ¢¢/100 when the
buffer is present). We then extract the average quantity:

1 o 1 VC(T,t) - VDP(T,t)DDP
2R<VC/(C o)) = 2R /cell clrit) +cp /cell 2R

It is a measurement of the mean diffusio-phoretic velocity in the
microfluidic chamber. The numerical results are represented on
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Figure 2.13: Cut-off of the osmotic shock by the buffer. The dif-
fusion equation of the salt is solved numerically with Matlab ®in a 2D
circular microfluidic cell with the parameters set to the experimental val-
ues)and the average dimensionless diffusio-phoretic velocity calculated with
ﬁ (Ve/(c+cp)) (see text). Symbols stand for the diffusio-phoretic velocity
averaged in the whole cell with buffer of concentration ¢, = % (red sym-
bols) or without buffer (black symbols). The cut-off by the buffer appears
clearly for times ¢ > 500s = 27 in agreement with the experiments.
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figure 2.13 and indeed show the cut-off role of the buffer on the
diffusio-phoretic effects. We can estimate the cut-off from these
simulations to T}, =~ 500s which is in good agreement with
experimental observations.

2.4.4 To sum up on localization by osmotic
shock

Altogether the temporal dynamics of the localization induced
by osmotic shock is a two steps process:

1. R(t) follows an exponential decay for ¢ < T related to
the sensibility to vanishing concentrations of electrolyte
solution of diffusio-phoresis

2. R(t) is in a diffusive regime for ¢ > T. The buffer acts as a
cut-off for the diffusio-phoretic migration and the thermal
motion of the particles dominates the dynamics in this
regime

And the time T ~ 7 X Dpp/D; x log(co/cs) ~ 7 is given by the
cut-off role of the buffer on the osmotic shock.

2.5 Further physical perspectives

Up to now, we have mainly discussed the diffusio-phoretic be-
havior of latex colloids in a solute gradient and demonstrated
various use of the phenomenon as particles carriers or pattern-
ing. We now open the discussion to perspectives on different
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physical systems or applications. Any of the proposed experi-
ments would gain to be performed in a non-convective environ-
ment and controlled solute gradient as provided by our setup.
This underlines the versatility of our gel microfluidic device in
the thorough exploration of diffusio-phoresis.

2.5.1 Preliminary results: crystallisation and
self-healing by osmotic compression

We end this section by presenting physical perspectives and
preliminary experiments on colloidal crystal formation under
osmotic compression. Such crystals present very interesting
properties of “self healing” which we attribute to the interfa-
cial diffusio-phoretic flow at the colloidal surface.

Experiments

A dilute solution of latex colloids of diameter 1 um is enclosed
in the microfluidic chamber of an hydrogel device as described
previously. A LiCl gradient is imposed in the chamber (¢; =
100mM, ¢z = 0 for LiCl) and colloids migrate by diffusio-
phoresis towards the chamber wall with high concentration of
salt. At the wall, particles pack and a colloidal crystal grows as
the diffusio-phoretic compression overhauls thermal noise. The
colloidal crystal is not perfect and presents various symmetries
e.g square or hexagonal lattices as can be seen in figure. 2.14-a.
One can attribute the geometry defects to the non-flatness of
the wall due to the “hydrogel technology” used here. Colloidal
crystal thus forms with different orientations leading to geomet-
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rical frustration.

Nevertheless the crystals present very few holes and an inter-
esting ability to “self-healing”: it grows (i) row after row from
the wall and (i) when a colloid reaches the crystal, it displaces
until “spontaneously” filling a void in a row (see Fig. 2.14-b).

First interpretation of self-healing

The ability of the colloidal crystal to self-organize and minimize
the number of holes is related to the interfacial origin of the
compression force. Colloids are pushed to the wall by diffusio-
phoresis. A colloid 1 is pinned at the wall but still generates
a diffusio-phoretic interfacial flow at the surface. This results
in a pumping of the fluid (see Fig.2.14-c). A colloid 2 reaching
the crystal explores thermally the vicinity of the crystal un-
til it is dragged by the pumping flow created by 1 acting as
an attractive pseudo-force. Colloid 2 displaces until it fills the
void next to Colloid 1. This scenario of a row “self-healing”
explains the dynamics observed experimentally (see Fig.2.14-
b). This hydrodynamic attraction arises from the slip flow on
the particle surface, common to all phoretic phenomena, and
has thus been observed for thermo-phoresis [51,52] or electro-
phoresis [53]. Further study of this phenomenon and its appli-
cation for osmotic annealing remains to be done and might be
of great interest for colloidal crystal application as photonics.
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Figure 2.14: (a) Colloidal crystallisation under osmotic compression. 1 pum
latex colloids migrate by diffusio-phoresis and form a crystal against the
chamber wall (dashed white line). This crystal is imperfect and present
various lattices: square (red) or hexagonal (blue) but no voids. Fluores-
cence observations of only the first layer of colloid performed by confocal
microscopy. (b) Self-healing of the diffusio-phoretic crystal. (1) A colloid
(pointed by a red arrow) migrates to the wall (dashed white line) by diffusio-
phoresis. (2 —4) It explores the crystal surface thanks to thermal motion
until it reaches a “defect”, i.e. a hole in a crystal row. (5) It fills the void
and erases the structural defect (6). A new row of the crystal then grows.
Fluorescence episcopic observations with 60x of high numerical aperture
(N.A 1.2). (c¢) The slip velocity on colloidal particle 1 pinned ad the wall
by diffusio-phoresis generates a flow (black lines) leading to an attractive
pseudo force for colloid 2 and thus to the healing-process observed. This
mechanism is common to any phoretic phenomenon. Reprint from [51] for
colloidal attraction under thermo-phoretic flow.
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2.5.2 Further perspectives

Diffusio-phoresis of “complex” colloids

Until now both experimental and theoretical work have con-
sidered only simple colloids. It would be interesting to test
diffusio-phoresis with more complex systems:

e Anisotropic colloids. Recent progress in colloidal engi-
neering allowed to synthesize particles of various shapes:
ellipsoids, rods or even fancier non uniform materials like
Janus colloids. Diffusio-phoresis on anisotropic colloids,
anisotropic form or non uniform (-potential for Janus par-
ticles, is still to be explored, notably the relative position
of the anisotropy axis with the migration direction.

e Macromolecules. As exposed in this chapter, diffusio-
phoresis is observed with biological macromolecules as DNA.
Nevertheless the dynamics of the migration more complex
than for latex colloids requires further theoretical descrip-
tion of diffusio-phoresis of macromolecules.

Diffusio-phoresis on superhydrophobic surfaces

We mentioned in the first chapter the predictions for the gi-
ant amplification of the diffusio-phoretic transport induced by
slippage. Experimental investigations of this aspect are nec-
essary, e.g. using the large effective slip length obtained with
superhydrophobic surfaces . It can be practically realized with a
microfluidic chanel composed of one superhydrophobic wall and
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three non-slipping walls. A concentration gradient is built up
either using the simple ¥ geometry proposed in [17] or with an
hydrogel device as described along this chapter. The diffusio-
osmotic flow can be measured by PIV to test the massive ampli-
fication of diffusio-osmotic transport. If so, such system would
present interesting applications in efficient mixing or pumping
depending on the geometry of the superhydrophobic surface [27].
An alternative perspective would be the study of self-propelled
diffusio-phoretic microswimmers in the vicinity of liquid-air in-
terfaces, e.g.the Cassie state of the SH surface. At the interface,
the particle generates autonomously a concentration gradient,
and thus propels by a real Marangoni-effect leading to propul-
slons velocities of order cm/s. This scenario also remains to be
tested experimentally.

Extreme sensitivity and vanishing concentra-
tions

We discussed in section-2.4 some consequences of the logarith-
mic sensing of the diffusio-phoretic velocity and underlined the
role played by the buffer as the cut-off concentration for the
phenomenon. If we now suppose the absence of buffer in utra-
pure water the cut-off concentration should be given by wa-
ter auto-protolysis with ¢, = 107" M. A salt concentration of
¢s = ¢, represents 1072 salt molecules in 1 pm?3, the typical vol-
ume of a colloid. In this utra-dilute regime, the validity of the
continuum description of diffusio-phoresis interfacial transport
becomes questionable.
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Impact of diffusio-phoresis on evaporation

A droplet containing initially a uniform concentration of so-
lute will develop concentration gradients during the evaporation
process [54]. The concentration gradient should lead to an addi-
tional diffusio-phoretic transport of colloidal particles over the
capillary flow causing ring stains from dried liquid drops [55].
The question is whether this effect is large enough to be visible
out of the fast recirculating flows, and e.g. presenting solute and
notably salt specificity effects. The additional diffusio-phoretic
contribution would therefore be of interest in many industrial
processes suchas coating, printing or washing...
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2.6 Biological perspectives: an iconoclast
questioning

I don’t think that it will make enough tmpact on
the biologists and there is no reason to publish it oth-
erwise

A PNAS editor (2009)

Nota Bene. In this section we underline analogies between
diffusio-phoresis and some purely biological mechanisms: chemo-
taxis or localization. In this regard we will raise iconoclast ques-
tioning on the possible role of the physical phenomenon in the
complex machinery of life. We will elude to give conclusive an-
swers on the role of this physical mechanism in a most compli-
cated biological problem and will prefer pro and cons arguments.
The aim of this section is rather to open doors and ultimately
motivate further experimental work to test the validity of the
proposed scenario, e.g. localization, in living systems.

2.6.1 A toy model for chemotaxis?

As shown in previous sections, diffusio-phoresis is a physical
mechanism for —literally— a chemotactic-like motion of inert
particles: motion under the gradient of chemical solutes. On
purely semantic basis, diffusio-phoresis can then be denoted as
“physical chemotaxis”. This echoes the biological phenomenon
of chemotazis by which biological systems —cells, bacteria, or
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multicellular organisms- direct their motion according to chem-
icals gradients [56-59]. It is a complex phenomenon which relies
on the orchestration of protein networks to achieve directed mo-
tion but of prime importance for living systems life as they need
to be attracted by food and repelled from poison.

Of course diffusio-phoresis does not involve the complex ma-
chinery involved on biological chemotaxis but the analogy raises
interrogations:

Q1: Do some biological systems make use of diffusio-

phoresis as a supplementary component on their chemo-
tactic motion?
We present some puzzling analogies in the context of bacterial
chemotaxis, notably E. Coli chemotaxis. An interesting fact is
that the chemotaxis of bacteria could present salt specificity ef-
fects. Qi et. al reported that (i) chloride salts of various alkali
metals behave as attractants for wild type E.Coli and measured
(ii) salt specificity with “attractiveness” following Hofmeister
series LiCI>NaCl>KCl (see Fig. 2.15-a). Both results are con-
versely observed and expected in the context of diffusio-phoresis
and might be some hints of a possible additional role of the phys-
ical phenomenon in the biological migration.

Q2: Can diffusio-phoresis be used as a biomimetic
phenomenon?
It is generally assumed in the literature that the chemotac-
tic velocity follows a Keller-Segel model [60] thus proportional
to the concentration gradient Vipemo = kVe. The chemotac-
tic coefficient k a priori depends on the concentration but is
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usually defined as a constant to successfully describe exper-
imental results [61-64]. However a careful study by Kalinin
et al., in a well controlled concentration gradient has recently
unveiled a logarithmic sensing of the chemotactic response of
E. Coli Vepemo x Ve/c [65]. While its origin is different from
the logarithmic sensing of diffusio-phoresis'®, the non-linearity
should induce a trapping of the bacteria under chemo-attractant
concentration oscillations rectification (see section 2.3). The
strength of the trap would be given by the balance between the
“attractiveness” of the chemo-attractant and the effective dif-
fusion constant D¢ of the bacteria and thus gives a versatile
tool to change on the fly the density of bacteria in a system.
Finally beyond these analogies it is still difficult to confirm or
infirm the role played by diffusio-phoresis in the chemotaxis of
bacteria or cells.

2.6.2 Diffusio-phoresis and spatial cell biology

In this chapter we have demonstrated robust localization mecha-
nisms of synthetic or biological-DNA- colloids by diffusio-phoresis.
Alternatively, spatial cell biology, i.e. the spatial patterning in-
side cells or at the multi-cellular level, and spatial organiza-
tion appears crucial for development and physical integrity. As
part of cancer metastasis, cancer cells develop the ability to es-
cape their usual physical niche and set up residence elsewhere

18We briefly remind that the logarithmic sensing of diffusio-phoresis is
given by an electrostatic interaction between an electrolyte and the charged
surface of a particle and the concentration dependance of the Debye length:
A2, o 1/c (see section 1.2.2).
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Figure 2.15: Analogies between the Dbiological chemo-
taxis and the diffusio-phoresis. (a) The chemotaxis migra-

tion of E. Coli bacteria towards monovalent-cation chloride salts
(CsCl, RbCl, KCl, NaCl, LiCl, NH4Cl). Salt gradients generated with
a filled capillary. These salts are (i) attractant and (ii) the chemotactic
behavior presents salt specificity. The migration follows the series
LiCl>NaCl>KCl. (i) and (ii) are both expected from theory and observed
for diffusio-phoresis. Reprint from [66].(b) Logarithmic sensing of
chemotactic migration of E. Coli. The chemotactic migration is balanced
by the random swimming of the bacteria leading to a dynamic equilibrium
with bacteria population following n(xz) = mngexp(—z/d), with = the
position in the channel, zero being on the wall. The figure represents E.
Coli density distribution as a function of the position in the channel. The
density distribution presents an exponential decay, with a length scale
decay which depends on the chemoattractant gradient (inset). Kalinin et
al. showed from these measurements that E.Coli present a logarithmic
sensing Vehemo < Ve/c. Reprint from [65].
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within the body. Position within the body is coded by spe-
cific gene expressions programs and affects cell’s differenciation
and functional characteristics [67]. For successfull cytokinesis,
i.e. the last step of the cell cycle with physical separation into
two daughter cells, it is crucial to place the cleavage furrow
in the right place between the separated chromosones, at the
cell equator, task performed by actin cytoskeleton [68]. The
transcription to proteins is regulated in animal cells by the in-
tracellular localization of RNAs [69]. And bacteria control their
cellular anatomy through the intracellular location of individ-
ual proteins during growth and division in response to external
stimuli [70].

These examples demonstrate the key role played by spatial or-
ganization in biological systems and this domain has been very
active over the recent years. In this context, concentration gra-
dients of species, namely morphogens, are of prime importance
in the toolbox of living systems and provide readily sophisticated
functionalities associated with spatial signaling, localization and
pattern formation [71]. In order to figure out the positional in-
formation given by a concentration gradient, we consider a 1D
cell for the sake of simplicity. A biological process, not defined
here, imposes a smooth gradient of a morphogen A in the cell,
with high concentration on one pole and low concentration of
A on the other pole. We consider a gene B which is expressed
in B* presence of A, A is the activator of the B gene. The
smooth gradient of A is translated, by threshold effect related
to the activation kinetics, into a sharp boundary of B* leading
to varying expressions of a gene in the cell, i.e. spatial organi-
zation in a cell | Structural patterns thus have their origins in
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spatial patterns of morphogen molecules both at intra or supra-
cellular level.

At the supra-cell level.

The primary determinant of patterning along the anterior-posterior
axis in the fly Drosophilia is the gradient of the Bicoid (Bed)
morphogen, established by maternal displacement of Becd RNA
at the anterior end of the embryo. Becd regulates genes ex-
pressions which generates a reproducible spatial patterns [72].
Similar mechanism with BMP morphogens are also reported in
the dorsal region of Drosophilia embryos [73].

At the intra-cellular cell level.

In the bacterium E. Coli, the Min'® proteins oscillate between
the cell poles to select the cell center as division site by reaction-
diffusion type mechanism. Furthermore, the same proteins spon-
taneously form spatial planar surface waves on a flat membrane
in vitro with only limited number of proteins (MinD and MinE),
ATP and a membrane. It underlines how complex behavior can
emerge from strongly non-linear reaction-diffusion dynamics de-
spite a small number of components at use [74]. Alternatively,
the cell polarity protein Pom1 localized at the cell end regulates
a signaling network that contributes to the control of mitotic
entry at the beginning of the cell division [75]. Morphogen gra-
dients are at the core of the location of the cell division plane
for bacteria [70,76,77]. Mathematically the emergence of spa-

19Min is a family of proteins. Here the system consists of proteins MinC,
MinD and MinE.
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Figure 2.16: Spatial Cell Biology and biological counterparts of
the ingredients of the diffusiophoretic trapping. (a¢) Gradient of
a signaling protein (Min) and selection of the center of the bacteria
as the division site by two overlapping inhibitory mechanisms. The Min
proteins prevent presence of Z-ring at the poles and the nucleoid occlu-
sion machinery prevents its presence in the vicinity of the nucleoids. That
leads to a division site in the middle of the cell. Reprint from [77]. (b)
Min-protein surface waves in vitro. Confocal images of self-organized
protein waves on a supported lipid membrane. It does show static oscilla-
tions of biological signaling proteins. Scale bar is 50 um. Reprint from [74].
(¢) Polar ocillations of signaling proteins (Min) determining the cell
topology through repression and inhibition mechanism. MinCD repressor
from pole to pole restricts the site of division ring assembly to the center
of the cell. Reprint from [70]. (d) Localization of the BMP protein
during the morphogenesis of a Drosophila embryo (2h after egg lay).
A peak is visible in the dorsal region (Reprint from [73]). The pattern
presents a puzzling resemblance with the cat-eye shape obtained with an
abiotic scenario of rectified diffusio-phoresis trapping (see Fig. 2.9).
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tial patterns relies in a strong non-linearity in the evolution
equation of the system and its components. In the context of
spatial cell biology, various feedback mechanisms have been pro-
posed, all supported by reaction-diffusion equation in a Turing
like approach [78]. The biological system presents sources and
sinks of various signaling protein [77,79] leading to a gradient
(see Fig.2.16-a). Other species are inhibited or expressed by
the presence of signaling proteins leading to the emergence of
patterns. Thanks to the non-linearity of the chemical reaction
kinetics and the coupling of a large number of these complex
equations involving many intermediate chemicals, various pat-
terns can be achieved and a good agreement between experi-
mental and numerical predictions are achieved [73,80].

This makes diffusion-reaction approach the “standard” descrip-
tion of self organization in biological systems. Nevertheless the
precise positioning mechanism remains elusive and still raises
many questions, concerning the building-up of the gradients
themselves [81] and the process by which these gradients are
read by the organizing entities. Also the accuracy and robust-
ness of the positioning mechanisms especially in the noisy en-
vironment of biological systems remain puzzling [72]. Finally
spatial cell biology strongly relates patterning mechanisms with
concentration gradient of species, the morphogens. In this con-
text, we address the question of the potential role of the diffusio-
phoretic trapping mechanism we unveiled —trapping by rectified
oscillations and osmotic shock— in the spatial organization of
biological systems. Again this question is very iconoclastic but
deserves to be raised.
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Q3: Could the diffusio-phoretic patterning mechanisms
play any role in the spatial organization of biological
systems?

This questioning is mainly speculative and we can not make
clear statement on the role played by diffusio-phoresis in spa-
tial cell biology. But some characteristics of the physical phe-
nomenon further support its potential relevance in biological en-
vironment. As main point, diffusio-phoresis is sensitive to van-
ishing concentration gradients, quite compatible with biological
morphogens concentrations, typically u M. Moreover, as a side
remark, the spatial extension of the diffusio-phoretic trapping is
proportionnal to the length scale of the gradient (see equation
2.8). Patterning can thus be achieved at the scale of a single
cell bacterium or during morphogenesis on much larger scale.
Actually they are cons and pro for the possible role of diffusio-
phoresis in these systems:

Cons:

Spatial cell biology is strongly specific, e.g. only very specific
genes are spatially expressed in a morphogen gradient, and pro-
teins react only to specific markers, by key-lock interaction. By
contrast diffusio-phoresis is very generic and the phenomenon
takes place each time the particle surface interacts with the so-
lute through the interaction potential U. But this argument can
be partially answered if the potential U is itself very specific, i.e.
requires specific interaction between the morphogen and the bi-
ological particle.

Pros:
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1. Biological systems present concentration gradients of mor-
phogens in which biological colloids —proteins— should mi-
grate by diffusio-phoresis.

2. Temporal oscillations of concentration occur in many ex-
perimental systems: Min proteins concentration oscillates
from pole to pole in cell which is crucial to determine
the cell topology and define the equator as the division
site. (see Fig.2.16-c), [74]. Moreover, pH as well as Ca%*
gradients oscillations are observed in pollen tubes, even if
the mechanisms underlying the oscillations as well as their
physiological role remain unknown [82].

Several biological systems present all the necessary ingredients
for a diffusio-phoretic migration and possibly the localization
of species induced by concentration oscillations. Nonetheless
answering the question deserves a complete and specific study
which has not been done up to now.

Finally, given the robustness of diffusio-phoresis mechanism, it
is interesting to go reverse and ask the following -open- question
as a conclusion of this section on the role of diffusio-phoresis in
the context of spatial cell biology:

All the ingredients being present, why would diffusio-
phoresis not play any role in biological systems?
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The big picture

In this chapter, I studied diffusio-phoresis with colloids
or biological macromolecules in a controlled concentra-
tion gradient which required the development of hydro-
gel microfluidics. I characterized the diffusio-phoretic
migration of the particles and measured —in agreement
with theoretical predictions— a diffusio-phoretic velocity
in electrolyte gradients:

Vpp x Vlogec

I demonstrated experimentally that patterning of parti-
cles arise from the logarithmic sensing. The non-linearity
of the expression leads to (i) trapping of particles by rec-
tification of oscillations while the high sensibility to van-
ishing concentrations of the log-sensing is harnessed to
obtain (ii) particles segregation by osmotic shock. The
observations are rationalized by theoretical and numeri-
cal predictions. Finally, I discussed further perspectives
of diffusio-phoresis and arose an iconoclast questioning
of the relevance of the phenomenon in biology.
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2.7 Appendices

Appendix A: Soft Lithography of Microflu-
idic Masks

The design and realisation of the silicon mold are based on stan-
dard soft lithography techniques. I will consequently briefly re-
port the steps and the interested reader can refer to [83,84] to
learn more on the art of microfabrication.

The desired features are designed on Adobe Illustrator ®(see
Fig.2.2) and printed at 3600 dpi on transparent films (APO
Lyon). The microfabrication is performed at the INL (Insti-
tute of Nanotechnology Lyon) clean room. The positive relief
features on the silicon mask are obtained with a SU8 perma-
nent epoxy negative photoresist (SU8-2100, Microchem). The
experimental parameter are adaptated from the standard pro-
cessing guideline to obtain channels of ~ 120 um thickness in
our facilities [85]. The following steps of lithography with their
parameters are the following.

1. Dehydration and Silicon Etching. A 4 inch diameter
silicon wafer is first dehydrated on a hotplate at 200°C'
for 30" and cleaned with a plasma etching (RIE 51 MRC)
at 200mTorr with Oy during 2’30”. The oxygen plasma
is used to clean the silicon surface by reacting with the
organic residues. The resulting volatile products are swept
away by the pumping action of the vacuum.
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2. Spin-Coating. The silicon wafer is spin-coated to obtain
an approximately 120 um thick layer of SU8-2100. The
photoresist is first spinned at 500 rpm during 10s under
an acceleration of 100 rpm/s and then spinned at 2000 rpm
during 30s under an acceleration of 300 rpm/s.

3. Soft Bake. The wafer covered by a thin layer of SUS8 is
baked during 5’ on a hotplate at 65°C and then transferred
to another hotplate at 95°C' for a 27’ bake. Finally the hot-
plate is switched off and the wafer slowly cools down with
the plate until room temperature. During these steps the
wafer is partially covered by a glass petri dish to smooth
the layer and fill small defects.

4. Exposure. The pattern designed on the transparent film
is transferred to the resin layer thanks to a mask aligner
(SET MA 701, Suss) by exposing the wafer to UV light at
255 mJ.cm™?2 (Hg lamp, A = 375nm).

5. Post Exposure Bake. This step takes place directly
after expose. The exposed wafer is baked during 5’ on a
hotplate at 65°C and then transferred to another hotplate
at 95°C for a 12’ bake (at this step, the channels can be
seen in the photoresist). The 95° Chotplate is switched off
and the wafer slowly cools down with the hotplate until
room temperature. It is crucial that the cooling is slow to
avoid any cracks that could be induced by the mechanical
stresses on exposed channels. Consequently the cooling
step is performed covering the wafer with a glass petri
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dish and preferentially on a hotplate with high thermal
inertia. The cooling time is typically 2h.

. Development. The wafer is immersed in a development
solution of PGMEA, vigorously agitated during 30’ and
then rinced with acetone and ethanol. If a thin film of
photoresist remains on the wafer or between the channel,
this development step is repeated until removal of all non-
reticulated photoresist.

. Hard Bake. We make a post hard-bake procedure on
the mask to strengthen the mechanical properties of the
SU8 and its adhesion on the silicon wafer given the thermal
cycles imposed by the molding process. The mask is baked
at 150°C during 1 — 2h and let cool on the switch off
hotplate during a couple of hours.
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Appendix B: Hydrogel Microfluidic Chan-
nels

Hydrogel preparation

Agarose hydrogel powder (Agarose ME, for biochemistry, Acros)
is weighted with a precision balance and added to ultra-pure
water (resistivity 18.2 MQ, MilliQ) up to a 4.5—5% w/v solution.
This concentration is much higher that what biologist usually
use for cell cultures and presents a good compromise for both a
good mechanical response after settling of the gel (high enough
Young modulus, good stiffness) and a low enough viscosity and
aging time of the liquid phase essential for the molding step.
The solution is vortexed 30 s and appears as a cloudy suspension.
It is microwaved at maximum power in a 50 ml centrifugating
tube during ~ 30s until boiling. The solution is then shaked
and microwaved again for five additionnal seconds. After these
heating steps, the agarose powder is fully dissolved in water and
the solution is homogeneous and transparent. Otherwise the
solution is shaken and microwaved again. The liquid hydrogel is
poured in a beaker on a hotplate at 80 —90°C and gently stirred
at typically 100 — 200 rpm. The magnetic stirrer is necessary
to ensure a good thermal homogeneity in such a highly viscous
solution but must not inject bubbles in the hydrogel. The beaker
is covered to limit evaporation and settling at the surface until
subsequent use and molding of hydrogel channels.
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Agarose gel microchannels

The silicon master is placed on a hotplate at 75°C. A volume of
hot liquid agarose typically 1.5 — 2ml is poured onto the mold.
The silicon wafer is then removed from the hotplate . Then a
plexiglas manifod with a PDMS spacer (item 2 of figure 2.17) is
pressed onto the mask. The PDMS spacer is a rectangular ring
of thickness ~ 700 um higher than the depth of the channels (
~ 120 pm) and defines the shape and the thickness of the gel
stamp. The agarose gel covered by the manifold is cooled at
room temperature during 40 — 60 s until settling of the hydrogel
matrix. The agarose stamp is carefully peeled off the mask and
stored in ultra-pure water at 6° C until subsequent use. The
inlets and outlets of the channels are holed with a metal tip
prior to any use of the agarose stamp.
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Appendix C: Running an experiment, step
by step

Assembly of the device, filling of the microflu-
idic chambers

Figure 2.17: Photograph of the microfluidic device developed for
the gel system. Item-1 is the metal framework. Item-2 is the plexiglas
manifold to support the agarose stamp. Item-3 is the plexiglas cover of the
system and ensures a proper sealing of the system.

The traditionnal sealing for PDMS soft lithography tech-
niques is based on the covalent bonding of plasma activated
glass coverslip and PDMS microchannels. Such a covalent seal-
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ing cannot be achieved with hydrogel channels on a cover slip
and we therefore developed a microfluidic device to seal agarose
channels on coverslips thanks to the applied pressure. A clean
coverslip of thickness 130 — 170 um is placed on a aluminium
framework (item-1, see Fig.2.17)?°. A recently holed agarose
stamp is placed in the PDMS spacer frame of the plexiglas
manifold (item-2, see Fig.2.17) with the channels opposite to
the plexiglas side. The plexiglas manifold is then inserted in
the plexiglas cover (item-3, see Fig.2.17) with the channels op-
posite to the plexiglas screw unscrewed (item 3’) Particles are
introduced in central chambers prior to the beginning of the
experiment because microfluidic chambers do not have inlet or
outlets. A large drop (~ 1 —2ml) of the colloidal solution is de-
posited on the clean glass slide. The item 3’ is tightly bound to
the metal framework (item 1) thanks to 4 screws driven in the
4 cylindric blocks of the metal frame. The colloidal drop is then
pressed and one has to avoid capturing bubbles in the microflu-
idic chamber while bubbles in the side channels will be expelled
by the syringe-pump. Finally, the plexiglas screw is snugged
up until the applied necessary torque strongly increases due to
the contact of the PDMS frame-microchannels on the coverslip.
We let the system relax for a few minutes. The system is then
tightly sealed without any leakage!

20Different designs of this framework were manufactured to adapt vari-
ous objectives. Indeed some objectives -in particular with high numerical
aperture- have a working distance much shorter than the average metal
thickness necessary to maintain the planarity essential for an efficient seal-
ing of the device. The metal frame was therefore machined to allow close
approach of the objective to the cover-slip
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Microfluidic chambers and temporally tunable
gradients

The microfluidic device described in the previous section is ready
to be used and can be completed by microfluidic inlets and out-
lets. The side-channels, used to impose the salt concentration
boundary condition in the system, are filled with a double sy-
ringe pump (Kd Scientific) at a flow rate of @ = 0.1ml/min
by means of 5ml plastic syringes (Braun) 2!. Each syringe is
filled up with the buffer solution or 100 mM salt (LiCl, NaCl or
KCl) in buffer solution. Salt molecules diffuse freely in the pat-
terned agarose gel while the solid hydrogel matrix prevents from
convective flow between channels. Pressure differences in side
channel and Darcy’s permeability of hydrogel walls makes for
negligible transverse flows as checked experimentally. Overall,
side channels thus allows to set a concentration boundary con-
dition, and the transverse gradient of salt in the central channel
is linear and solution of the steady diffusion equation Ac = 0
(see Fig.2.2-b). Temporal control is achieved with a manual
microfludic switch (V140D, Upchurch) to reverse the concentra-
tion boundary conditions. Finally, we used two types of motile
particles: polystyren-carboxylated fluorescent colloids (F8888
200 nm, Molecular Probes, 2% w/v), diluted 10 times in Tris

21Note that the use of glass syringes systematically induces uncontrolled
dissymetry between the channels and top-bottom bias in the chamber. It
is therefore necessary to use plastic syringes.The plastic syringes probably
deform to compensate the differences of heigth (and therefore pressure ap-
plied at a given flux) between the 2 side channels which is precluded with
the much rigid glass syringes.
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buffer (1mM Trizma, pH9), and fluorescent phage-A DNA (48
kbp, Fermentas, Germany) at a concentration of 0.9nM in Tris-
EDTA buffer (1 mM Tris, 0.1 mM EDTA, pH7.6).

All the observations were carried out with an inverted micro-
scope (DMI4000B, Leica®) and a fluorescence camera (Orca,
Hamamatsu®)). The fluorescence signal is recorded with a 20x
objective (ELWD, corrected for glass 0-2mm, N.A.0.4, 11506204,
Leica) at 0.1 Hz.

Appendix D: 1D concentration profile dur-
ing an osmotic shock

Calculations of the salt concentration profile are more transpar-
ent in 1D, with a system confined in the interval |z| < ¢/2.

Zake Krt cos((2k + 1) 2.28

g)
with K,, = D, ( )2

The initial condltlon is such that c¢(z,t = 0) = ¢ for |z| <
¢/2. One uses the identity:

o0

4 1
c(x,())_;kz:o%ﬂ( 1)k cos((2k+1)£ ) 2.29
This leads to
_ 4 = 1 b —Kt 7r
c(x,t) = = kzzo T 1( 1)%e cos((2k + 1)?1‘) 2.30
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Une face double, un charmant Janus, et, au-
dessus, la devise de la maison: "Ne vous y fiez
pas”

A. Camus, La Chute

Janus microswimimers

The collective behavior of self-propelled entities has raised con-
siderable interest over the recent years in the context of non-
equilibrium statistical physics [86-91]. Assemblies of active el-
ements are rather commonly encountered in “societies” of bio-
logical organisms and encompass systems as diverse -notably in
scale- as swimming cells and bacteria colonies [92-99] , flocks of
birds or sheeps and schools of fishes [87,100]. All these entities
move actively by consuming energy and their behavior is thus
intrinsically out of equilibrium. Building a general framework
describing their collective properties remains accordingly a chal-
lenging task and has led to a considerable amount of theoretical
work along these lines [86-91,101]. By contrast, much less work
has been performed on the experimental side, and mainly on
assemblies of living micro-organisms — which are naturally self-
propelled — [92-96, 98, 99, 102-104] however at the expense of
a lack of control and flexibility of the individual particles and
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their interactions. There is therefore a need to develop new ex-
periments based on artificial model systems, involving suspen-
sions of microscopic active particles with controlled propulsion
and interaction mechanisms? Several routes to design individ-
ual artificial microscopic swimmers have been explored in recent
years [105-109], taking advantage of the recent progresses made
to shape and design colloidal particles at microscales. However
going from the individual to the many particles situation re-
mains a challenging task and has not been achieved up to now
with artificial motile particles.

Aim of this work

We aim at studying the properties of active matter, i.e. with
active particles, and the additional degrees of freedom given
by out-of-equilibrium phenomena over equilibrium paradigms.
This out-of-equilibrium nature of the system leads to a rich vari-
ety of new phenomena: collective behaviors, pattern emergence,
break-down of the second principle ... We address this problem
using artificial diffusio-phoretic swimmers, namely Janus col-
loids. The idea is to generate a solute gradient on the particle
itself which in turn leads to a motion wia diffusio-phoresis. This
is done by means of a non uniform chemical activity on the par-
ticle surface. Here we will follow a route proposed by proposed
by Howse et al. [108]. And use the dismutation of hydrogen per-
oxyde HyO5 on platinum catalyst asymmetrically coated on the
colloid. These particles convert the free energy into propulsion
by diffusio-phoresis and provide synthetic “toy-models” in the
study of the out-of-equilibrium properties of self-propelled par-
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ticles (SPP). Moreover “chemical swimmers” interact through
hydrodynamic fields but also via the non-local concentration-
field gradients they generate by the chemical reaction [110] and
could a priori present richer behaviors than simple SPP. The
consequences of the chemical coupling with active systems have
not been considered up to now in the literature and appears as
a relevant path to study collective behaviors out-of-equilibrium.

Organization of the chapter

I will first present the basics of life at low Reynolds number.
This general part will describe the specificity of the dynam-
ics of microorganisms and micro-swimmers and review a few
swimming strategies developed to overcome the time reversibil-
ity of Stokes equation. In particular I will briefly review the
case of bio-mimetic synthetic swimmers. I will then introduce
“phoretic” swimmers driven by interfacial motor and notably
chemical Janus colloids, the core of the present work. I will
report the first results obtained by Howse et al. with these sys-
tems in the “infinitely dilute”.

To go further and study more concentrated regimes and ulti-
mately collective effects, I developed improvements of the Janus
synthesis. In a first step, I will characterize the high speed dy-
namics of individual swimmers and show that it is a persistent
random walk. Then, in the same spirit as the equilibrium statis-
tical physics, I will turn to the response of a dilute assembly of
active colloids under force field through a sedimentation experi-
ment. [ will show that in the “semi-dilute” regime, the system is
properly described as an equilibrium ideal gas of hot colloids at
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temperature Tog, related to the energy injection by activity in
the system. This experiment is to my knowledge the only exper-
imental measurement of effective temperature of active systems.
Note that the experimental description of the synthesis of large collec-
tions of Janus colloids as well as benchmark experiments are gathered
for clarity in appendices A-C at the end of the chapter.

3.1 The harsh life of swimmers at low
Reynolds

Swimming microorganisms are ubiquitous in our world: algae
swim in oceans before feeding whales, bacteria travel in our guts,
and spermatozoa are challengers during the fertilization race...
But one has to keep in mind that the strategies developed by all
these microswimmers are very far from macro swimming tech-
niques. The frontier between these two “worlds” is related to
the Reynolds number, Re = U L/v which compares inertial and
viscous forces (U and L characteristic velocity and length scales
of the swimmer, respectively and v the dynamic viscosity of
the medium). While we experience at the human scale high
Reynolds number, typically 10° in a swimming pool or during
a sprint, a micron-size bacterium moving in water at 10 pm/s,
will present a Reynolds number of Re = 107°. The world of
microorganisms is the world of low Reynolds numbers.

In this world, the inertia does not play any role and viscous
damping dominates. It can be exemplified by the following sit-
uation extracted from the famous paper by Purcell [111]. Let us

134




3.1. THE HARSH LIFE OF SWIMMERS AT LOW
REYNOLDS

imagine that we push a 1 ym bacterium by a force f to move it
at 30 um/s. Suddenly, we stop pushing and we wonder how far
will it coast before it slows down. Solving the equation of mo-
tion with Stokes drag as the only force allows to answer -easily-
the question. The bacterium moves 0.01 nm and the transient
time before stoppage lasts 0.6 us! At low Reynolds a microor-
ganism experiences only the forces exerted and its dynamics
doesn’t not present any inertial memory of the past. In other
words, the Newton’s law becomes a simple statement of instan-
taneous balance between external and fluid forces and torques.
Any attempt to move by imparting momentum to the fluid as in
a breaststroke is doomed and microorganisms need to develop
alternative strategies to overcome and exploit drag.

3.1.1 The scallop theorem.

Generally speaking, the flow field v and the pressure p in the
surrounding, incompressible and newtonian of with viscosity 7,
of a swimming organism is given by the Navier-Stokes equation
with the appropriate boundary conditions. At low Reynolds,
this non-linear equation is reduced to the Stokes equation:

~Vp +nV?u =0 with V.u =0

This equation is linear and independent of time. As a conse-
quence it presents a kinematic reversibility. Consider the motion
of a solid body with an instantaneous prescribed velocity U and
rotation rate Q together with the flow fluid surrounding it. If
we apply the scaling U — aU and © — «f2, then by linear-
ity the entire flow and pressure field transform as u — au and
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Figure 3.1: Theoritical swimmers with two discrete degrees of free-
dom. (@) Purcell’s swimmer. Original drawing of Purcell’s swim-
mer constituted of three linked rods. The sequence of motion is rep-
resented through 5 different conformations to make a non-reciprocal cy-
cle. (b) Macroscopic realization of a Purcell’s swimmer. Extracted
from [112] and photo courtesy of Brian Chan and Peko Hosoi. (¢) Three-
spheres low reynolds swimmers proposed by Najafi et al.. Red arrows
indicate change of conformation of the swimmer shape. Thanks to the
2 degrees of freedom, the cycle breaks the time-reversible symmetry and
makes a non reciprocal sequence of shapes. Reprint from [112]. (d) Ex-
perimental realization of a micropump with colloidal beads and
optical tweezers following the route proposed for the three-sphere swim-
mers. Reprint from [113].
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p — ap. The instantaneous flow streamlines thus remain iden-
tical and the fluid stresses undergo a linear scaling, resulting in
the symmetry F — oF and @ — af2, the force and the torque
respectively, acting on the body. In particular, when oo = —1,
an instantaneous reversing of the forcing does not modify the
flow patterns, but only reverse its direction [112]. In short, at
low Reynolds, time makes no difference and only changes in the
conformation of the swimmer matter. This result has two con-
sequences. First, the rate independence : if a swimmer performs
a sequence of shapes, the distance travelled by the swimmer
does not depend on the rate at which the surface deformation
occur but only on the geometry of the configurations. The sec-
ond main consequence is what is called the scallop theorem. If
a swimmer performs a reciprocal motion, i.e. its body changes
its shape and then goes back to the original shape by going
through the sequence in reverse, it does not move. Thanks to
the linearity and time independence underlined in Stokes equa-
tion (Eq-3.1), fast or slow, the “swimmer” retraces exactly its
trajectory. For this reason, a scallop opening its shell slowly and
closing it fast squirting out water could not move if it lived at
low Reynolds! As well as any animal that would try to swim by
a reciprocal motion!...

INevertheless one has to keep in mind that rate independence and scallop
theorem remain true only in newtonian fluids and/or for individual swim-
mers. Hydrodynamic interactions between reciprocal swimmers can break
the time-reversibility and lead to collective locomotion. Moreover the dy-
namics of micro-swimmers in non-newtonian fluids like most biological ones
is much more complex than in a newtonian fluid [114-116]. These situations
are beyond the scope of this brief introduction on low Reynolds dynamics
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Consequently, only systems
with at least 2 degrees of
freedom in the configuration
space can swim. The fa-
mous “Purcell swimmer” is
an hypothetic animal “like a
boat with a rudder at both
front and back and nothing
else” [111] (see Fig. 3.1-a). It
performs a cycle in the con-
figuration space and a net
displacement in space. An-
other theoretical swimmer
with 2 degrees of freedom
was proposed by Najafi et al.
with a three-spheres swim-
mer [117]. An experimental
realization of this swimmer,
based on the forced motion

Figure 3.2: Cross-section of an
axonene from wild type Chlamy-
domonas. The diameter is approxi-
mately 200nm. We can observe the
nine peripheric and the central micro-
tubules doublet separated by dynein
motors. Courtesy of Steve King, ex-
tracted from [112].

of three colloidal beads by optical trapping recently showed the
success of this system to generate flow [113]. Of course, Nature
had to face the specificity of low Reynolds motion much before
physicists and and regarding these constraints microorganisms
developed in two classes: “corkscrew” and flexible swimmers.
Corkscrew swimmers continuously rotate their flagella which

and will not be developed in this manuscript. They are mentioned to point
out that surprising situations can come up despite the apparent simplicity

of Stokes equation.
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propels the swimmer. This strategy is used by spiroplasma bac-
terium (see Fig. 3.3-¢) which generates “kinks” to rotate its cork
shape [118,119]. Alternatively,flexible swimmers present a flex-
ible flagella acting like an oar. While a stiff oar only presents
one degree of freedom and can not propel, a flexible one will
deform and change its shape during the first and the second
half of the stroke leading to a non-reciprocal cycle. Eukaryotic
organisms with flexible flagella and cilia belong to this class of
swimmers. The beating is then actuated by a continuous distri-
bution of molecular motors along the filament or azonene. The
core of a eukaryotic flagellum consists in nine microtubules dou-
blets spaced along the circumference of the flagellum, with two
microtubules running along the center. The bending originates
in the relative sliding of neighboring microtubule doublets while
the sliding is driven by dynein motors regularly spaced along the
microtubules (see Fig.3.2). Non-reciprocal motion is not suffi-
cient for multiflagellated of ciliated organisms, and synchroniza-
tion of the beating filaments is needed to achieve propulsion. In
that respect, the full dynamics of many biological systems goes
far beyond the actuation of beating flagella.

The study of these mechanisms is under intensive research,
and recent studies underlined the importance of hydrodynamics
interactions [120] and flow patterns [121] to couple the beating
motors -up to thousands of cilia for Volvox [98]- and propel the
microorganisms. Nevertheless these results are far beyond the
scope of this section -which is to give a general basic intuition of
the completely different “way of life” experienced by swimming
micro-organisms- and will not be developed here despite their
great interest.
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b)

Figure 3.3: (a) Spiroplasma : a corskrew swimmer. “Kink” propaga-
tion in change of handedness of the helix propels the bacterium in viscous
fluids [118]. Extracted from the illustrated glossary of plant pathology. (b)
Chlamydomonas, a flexible flagellated swimmer. The propulsion of the
organism relies on the time-reversibility breakage due to the flexibility of
the flagella. The full dynamics of the organism relies on the complex syn-
chronization of the beating flagella out of the scope of this manuscript [120].
Photograph from the Kamiya Lab, University of Tokyo.
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3.2 Janus microswimmers

3.2.1 Artificial microswimmers

Besides the intense research to understand the fundamental
mechanisms —both in biological and physical perspectives— un-
derlying the motion of living microorganisms, swimming at low
Reynolds is a keystone in the race for miniaturization. Micro-
robotics and microfluidics need autonomous artificial swimmers
and motors to carry and perform tasks at small scales. Two
different paths have been explored in this quest: a biomimetic
approach or the use of interfacial “self-phoretic” phenomena.
We consider the latter class of swimmers in this thesis.

Biomimetic swimmers

These synthetic swimmers mimic the surface distortion and
swimming strategies that proved to be efficient in biological
systems. Such approach was successfully followed by Dreyfus
et al. to produce magnetic artificial microswimmers [105]. A
linear chain of magnetic colloids constituted an artificial flagel-
lum linked to a red blood cell, the head of the artificial organism.
An oscillating transverse magnetic field induces a non-reciprocal
beating pattern of the colloidal filament mimicking spermatozoa
and a net displacement of the so-called “swimmer”.

Interfacially-driven microswimmers

An alternative route is to take advantage of physical phenom-
ena predominant at small scales, notably surface effects. Taking
their origin in an interplay with the surface, “phoretic” effects
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b)

2.425s

Figure 3.4: Different strategies to develop synthetic microswim-
mers.

(a) Biomimetic approach. Like a spermatozoid, the microswimmer has
a head (red blood cell) and an tail (flexible magnetic filament). Filament
beating is actuated by an oscillating magnetic field and propels the swim-
mer. Scale bar is 5pm. Reprint from [105]. (b) Phoretic swimmers.
A colloidal particle is driven under motion by the gradient of a field (red
gradient on the sketch). The diffuse layer -close to the surface- (brown
stroke) in a field gradient gives a slip velocity along the particle surface
which consequently moves (black arrow).
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present a natural path given the increased surface to volume
ratio at small scales. As developed in the first part of this
manuscript, a gradient of a field (electric potential, temperature,
concentration of solute) leads to the motion of particles thanks
to interfacial phenomena (electrophoresis, thermophoresis, and
diffusio-phoresis respectively). In short, the diffuse nature of
the charged interface leads to a slip velocity across the interface
and flow generation (see [23] and chapter 1). Experiments such
as those we described in the previous chapter underlined the
relevance of phoretic phenomena to generate flow and motion
at microscale. Macro-molecules and colloids move along tem-
perature gradient by thermophoresis [31,32] or along concentra-
tion gradient by diffusio-phoresis [17]. Moreover, heterogeneous
nanorods with various catalytic or chemical reactions at their
different ends have been reported to propel despite the physical
mechanism at the origin of the propulsion remains debated: self
electrophoresis [106,122] or Marangoni effect [107]. The reader
interested in phoretic phenomena will find much complete de-
velopments in chapter 1.

3.2.2 Janus microswimmers

Janus particles

Janus particles are colloid-sized particles with two hemispheres
of different surface chemical composition. Thanks to the asym-
metry of their hemispheres, Janus particles appear as proper
building block for supraparticular assemblies. This idea was first
restrained by the lack of synthetic methods. But in recent years,
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important efforts were devoted to the development of chemical
engineering that allowed to provide access to particles with a
wide range of shape and materials, making synthesis of Janus
colloids possible [123,124]. The technological stepforward found
applications in domains as diverse as: solid surfactants following
the original idea of De Gennes, ‘micro-shuttles” thanks to ICEO
forces [8,125], or self assembly bricks [126,127] (see Fig. 3.5-a)...
The interested reader can will find more informations about the
synthesis and additional experimental Janus particles in recent
reviews [123,124].

Janus diffusio-phoretic microswimmers

Based on phoretic phenomena, Ajdari et al. proposed a sim-
ple model for a microswimmer based on self-diffusio-phoresis
[110,128]. A colloid is driven by an asymmetric chemical ac-
tivity taking place on its surface and a consequent gradient of
reaction products and reactants (see figure Fig.3.5-b). In or-
der to use the surrounding medium as an infinite reservoir and
do not consume the colloid, the chemical activity of the surface
should be catalytic. While Ajdari et al. addressed various and
complex distributions of the chemical activity, we will focus on
the case of the Janus colloids, i.e. one half chemically active
and the other half bare. These Janus particles are conceptu-
ally easier to consider and developed experimentally. As well
they constitute the first piece of all the experimental work we
perform on swimmers.
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»
4

Figure 3.5: Janus Microswimmers. (a) Bust of Janus, roman god
of gates, doors, beginnings and endings. He is most often depicted as
having two faces in opposite directions looking both into the future and the
past. Sculpture from Vatican Museums collections.(b) Spherical Janus
particle sketched up by Ajdari et al.. The mobility p is homogeneous on
the sphere, while the chemical activity o depends on the hemisphere. The
left half produces solute of concentration ¢ with a constant surface reaction
rate a4 > 0 while the right (red) hemisphere consumes ¢ with a constant
surface reaction rate a— < 0. The flux of the solute species is described
by the open black arrows. The net swimming velocity of the particle is
given by the thick black arrow (for g > 0). The formal description of the
mechanism is developed in part 3.2.2.
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Diffusio-phoretic propulsion

Self-propelled colloids generate themselves the gradients of con-
centration and move thanks to diffusio-phoresis. For the sake
of simplicity, we consider the simple situation of only one solute
at a given concentration c¢(rs), where ry is the considered posi-
tion on the solid surface. The chemical activity is simplified in
a consumption or creation of this species. The diffusio-phoretic
velocity is proportional to the gradient and yields to:

V =uVe

where p is the so-called diffusio-phoretic mobility of the particle.
At steady state, in the reference frame of the particle, and ne-
glecting the effects of the motion of the colloid in the transport
of the salt at small Peclet number [128] the solute concentration
is given by:

DV?c=0
{ —Dn - Ve(rs) = a(r,)

where D is the solute diffusion coefficient. a(r;) measures the
chemical activity of the surface at position rg, e.g. the genera-
tion or the consumption of the solute by the catalytic reaction
on the surface. We assume for simplicity that « is a constant at
given position on the surface, and only depends on the catalyst
present at this point?.

2 A priori, the chemical activity is a complex quantity which depends
on the number of available catalyst sites and on the concentration of solute
at a given position. As a consequence, our assumption is not obvious.
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The concentration gradient of Janus particles develops on the
particle size R and Eg-3.2 thus rewrites dimensionaly V ~
uAc/R, where Ac is the typical concentration difference be-
tween the poles of the colloid and originates in the chemical
reaction. Using equation 3.3 dimensionally leads to a typical

propulsion velocity:
V «x ap/D

This expression underlines the importance of the competition
between the reaction rate o and the diffusivity D of the consid-
ered solute to maintain a driving force wvia the solute gradient.
Moreover, for a given pattern of surface properties and particle
shape, the velocity of the self-propelled particle is independent
of the swimmer size R. This result is quite different from the
scaling of the velocity for an object propelled by a body force
F, e.g. gravity: the force F' o< R? is balanced by the Stokes
viscous drag which leads to a velocity V oc R%. This point
emphasizes the robustness to downsizing of phoretic motor and
notably diffusio-phoresis for propulsion?.

Nevertheless if the solvent contains an excess of the reactants necessary to
produce or destroy the solute of interest, the density of active catalytic sites
on the surface is what limits the reactions. In this case, « is reduced to
a reaction rate constant per surface unit. a > 0 represents the number of
molecules of the solute of interest generated at the surface per second and
per surface unit [128]. In our case, the solution acts as an infinite reservoir
and one can reasonably think that the chemical reaction on the catalytic
sites limit the reaction. Anyway, this hypothesis allows to catch the physics
and the feeling of the phenomenon.

3The above description is especially derived in the case of self -diffusio-
phoretic swimmers, but the general formalism is still valid for any phoretic
phenomenon. A particle which autonomously generates an electric field
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A full resolution of the previous equations can be performed be-
yond the dimensional arguments. We consider chemical Janus
colloids which generate autonomously the gradients of concen-
tration wia catalytic reactions on the two hemispheres. They
are covered with two different catalytic materials with different
chemical activities a4 and a—. In general, the mobilities can
also differ for the speciess on each side and we note the p4 and
u—. Ajdari et al. derived the full expression for the diffusio-
phoretic velocity of the swimmer [110]:

11 A
V:gﬁ(a+—a7)(l~t++ﬂf)ez

This result once again pinpoints the importance of the symmetry
breaking in the chemical activity to propel the colloid.

Platinum-bare Janus microswimmers

Howse et al. proposed in a recent work a route to synthesize arti-
ficial colloidal microswimmers [108]. Following the scheme pro-
posed in the previous section and recent results of autonomous
motion of platinum-gold nanorods [106,129], he synthesized platinum-
bare active colloids. One half of a commercial latex colloid is
coated by a thin layer (typically a few nm) of platinum while the
second hemisphere of the colloid remains bare namely a Janus
colloid (see figure Fig. 3.6-a).

Chemical reaction.

or thermal gradient will move along this gradient by, respectively self-
electrophoresis or self-thermophoresis.
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Hydrogen peroxide HyO2 aqueous solution (in the range 0 to
10% w/v) is added to the colloidal suspension of Janus parti-
cles. While hydrogen peroxide is thermodynamically unstable,
it does not dismute at room temperature. The kinetic block-
age is passed if the hydrogen peroxide solution is put in contact
with an organic residue or any transition metal. The reduction
of hydrogen peroxide then produces water and oxygen following
the reaction:
2 H202 — 02 + 2H20

Platinum-bare Janus particles thus present differential spatial
chemical activity with hydrogen peroxide: the platinum side of
the Janus catalyses the dismutation of H,O5 while the bare half
is chemically inert. With the notation of the previous part, the
chemical activity on the platinum side is ap; = a # 0, and the
chemical activity on the bare side is o = 0.

Finally, the particle presents on one side products of the reaction
and on the other side a consumption of reactants. The chemicals
gradients propel the particle by self-diffusio-phoresis, accord-
ingly to equation Eg-3.5 and assuming equal diffusiophoretic
mobility of the speciess uy = p— = p, the velocity (Eqg-3.5)

rewrites as follows: o
Vpp = E20

Note that additionally to the solute gradient, the chemical re-
action may also induce a temperature gradient. The dismuta-
tion reaction of hydrogen peroxide is indeed strongly exothermic
(AfH® = —188kJ/mol) and local heating along the platinum
hemisphere may induce a temperature gradient propelling the
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colloid thanks to thermophoresis. In our experiments, the ap-
parent velocity V' is in a first approximation the sum of the
different phoretic velocities:

V=Vpp+Vr

where Vpp is the diffusio-phoretic velocity of the particle in the
solute gradient generated by the chemical reaction and V7 is the
thermophoretic velocity of the particle in the thermal gradient
generated by the exothermic dismutation. As our objective is to
synthesize artificial microswimmers, we do not try to separate
and extract the different phoretic contributions of the particles
motion and focus on the measurement of propulsion velocity 1%4
denoted as V in the following.

Howse has demonstrated that the particles added in a solution
of “fuel” -H5Os- are propelled at a given velocity V' whose am-
plitude is controlled by the concentration of fuel accordingly to
a Michaelis-Menten behavior for the decomposition of hydrogen
peroxide on platinum [108]. The velocity first linearly increases
with the fuel concentration and then tends to saturate (see fig-
ure Fig3.6-b) which can be interpreted as : (i) HyO2 forms a
complex [Pt(H202)] with rate per unit area ki[H205] and (ii)
decomposes into water and oxygen with a rate per unit area ks
independent of the peroxide concentration. Finally the effec-
tive surface reaction rate «, defined on equation Eqg- 3.5, can be

expressed as:
[H20,]
a=kymm———"—— -.3.8
*[HaO0] + ka/k1

The parameters k1 and ko can be extracted by fitting the veloc-
ity dependence on hydrogen peroxide concentration and accord-
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ing to equation Eqg-3.6. This derivation presents a very good
agreement with experimental measurements (see Fig.3.6-b).

a) b)4 ' '

—e— PtJanus + fit
3} —&—Control

v (umis)

0 2 4 6 8 10
[H,0,] (%vol)
Figure 3.6: (a) SEM picture of Janus, platinum-latex , colloids (scale
bar 500nm) synthesized during my PhD. The platinum coating is 2nm on
one hemisphere of the colloid and appears bright on the picture. The con-
trast is enhanced to enforce the brightness difference between the platinum
and bare hemispheres. Grateful acknowledgments to J.M. Benoit. (b) Ve-
locity measurements for platinum-bare Janus colloids (black) or
bare colloids (red). They are obtained for various concentration of the
H2O3 fuel (expressed in %/vol). The solid black line represents the fit of
the velocity following a Michaelis-Menten kinetics for the dismutation of
hydrogen peroxide on platinum. Reprint from [108].

The first part of this chapter reported previous results
in the literature on microswimmers, e.g. low Reynolds
number dynamics, Janus chemical microswimmers... From
this point, I will discuss now original contributions to
the field from my PhD work.
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3.2.3 From individuals to larger collections of
microswimmers

In the present work, we followed the route proposed by Howse
et al. to build microswimmers [108]. Our final aim is to study
the out-of-equilibrium properties of collectives of active self pro-
pelled particles. This (i) requires to build up large collections of
Janus particles with “not too small” volume fraction —typically
® ~ 0.05 — 0.1%— which (i) leads to some experimental diffi-
culties.

Synthesizing large number of Janus particles

Inspired from the synthesis of Janus colloids proposed by Howse
et al. 1 developed an improved protocol to strongly increase
the number of particles synthesized. A sufficient efficiency is
required to obtain “concentrated” solutions of swimmers and
explore the physics of suspensions beyond the “infinitely dilute”
regime. As the process is mainly technical, the detailed protocol
of the synthesis of platinum-bare Janus colloids is displaced in
Appendix C at the end of the chapter and I present here only a
summary.

A commercial solution of colloids is diluted —typically 200 times—
in isopropanol and sonicated. A drop of the solution is deposited
in a thin film on the rough side of a tilted 4" silicon wafer. The
roughness of the the substrate captures the contact line during
the evaporation of the alcohol leading to an uniform dewetting of
the film and the formation of a monolayer of individual colloids,
i.e. without ring stains. A thin layer of platinum (typically
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2 —5 nm) is coated on the wafer by sputtering and one obtains
platinum-bare Janus particles by shadowing effect. The parti-
cles are resuspended in pure water by sonication of the wafer
and the solution is reconcentrated by centrifugation to finally
obtain a Janus suspension of ~ 50 ul with a maximal volume
fraction ® ~ 0.1%.

Nota Bene. The rough substrate prevents ring stains and droplets
formation and strongly increases the density of the monolayer
of colloids. In addition with the use of large 4" substrate, this
experimental protocol makes possible the synthesis of large col-
lections of Janus particles.

Unlocking experimental difficulties: a gel device

“Concentrated” suspensions of Janus particles (with volume frac-
tion in the range ¢ ~ 0.01—0.1%) arise experimental difficulties.
Large collections of swimmers (i) consume fuel -HyO5- and (1)
produce oxygen and oxygen bubbles which pollute the experi-
ment. (i) can be verified experimentally monitoring the swim-
ming velocity V along time checking that it remains constant*
during the experiment. But (i) prescribes the use of glass cap-
illaries or “traditional” enclosed systems as observation cells.
The released oxygen exceeds solubility in the bulk and gas bub-
bles appear. They strongly disturb measurements as they lead
to fast recirculation flows and leakage.

In order to unlock these experimental difficulties, I de-
veloped a specifically designed microfluidic system based

4 As pinpointed previously by Howse results, the amplitude of the propul-
sion velocity is related to the fuel concentration in the bulk.
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on a gel-microdevice technology allowing a constant re-
newal of the chemical fuel, as well as removal of the waste, in
an open reactor configuration.

A Gel microfluidic device

The swimmers are enclosed in a dedicated microfluidic device
molded in agarose gel following the idea described in the pre-
vious chapter and inspired by [44]. Let us remind that the hy-
drogel nanoporous matrix acts as solid walls for the flow but
allows free diffusion of molecules. The mold design is made of a
circular microfluidic chamber and surrounded by two side chan-
nels separated by gel walls (see Fig. 3.10-a). The central cham-
ber is initially filled with Janus colloids in water, while HyO5
solution at concentration Cj is continuously circulated in lat-
eral channels. This gel microsystem ensures a constant renewal
of HyO5 fuel and removal of chemical waste products (O3) by
diffusion through hydrogel walls from the infinite reservoir and
sink constitued by the circulating lateral channel. This provides
a convection-free environnement® in the colloids chamber with
stable chemical conditions over hours, allowing to study large
assembly of active colloids. A similar study in a sealed capillary
would be limited to a few seconds by the production of oxygen
bubbles. Unlocking the main experimental problems related to
the use of large collections of swimmers, we demonstrate the
relevance of gel microfluidic tools to explore the properties of
active colloidal suspensions.

Nevertheless, the hydrogel technology presents specificities. HoO4

5With a typical drift V < 20nm/s, see chapter 2.
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diffuses through the gel walls and alters the hydrogel structure.
In order to quantify the consequences of the hydrogel aging, we
performed benchmarks experiments reported in the Appendix
B of this chapter. The gathered results of the benchmark are
reported on figure 3.7-b. The conclusions of these benchmark
experiments can be summarized as:

1. After a few hours in contact with hydrogen peroxide, the
diffusivity of the colloids reaches a plateau Dy = 0.34 +
0.02 pum? /s independent of the HoOy concentration and
which remains stable up to 36 hours.

2. Beyond this time the degradation of the gel by HyO5 sys-
tem is too strong to ensure good reliability of the system.

In the following experiments, we will inject HoO5 for a few hours
before measurements of the mean squared displacement to at-
tain the “steady” viscosity and take D as the equilibrium value
of the diffusion coefficient of 1um Janus colloids enclosed in gel
microfluidic device.

3.3 Microswimmer dynamics: a persistent
random walk

We first characterize the individual dynamics of the active col-
loids using high speed tracking measurements for proper tempo-
ral resolution. While tracking the trajectories can be properly
performed in a dilute sample from colloids films, we perform
simultaneously sedimentation measurements (see next section).
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Figure 3.7: (a) Sketch of the gel microfluidic device. The design is
made of a circular microfluidic chamber surrounded by two side channels
separated by gel walls. The central chamber is initially filled with Janus
colloids in water, while H2Og2 solution at concentration Cy is continuously
circulated in lateral channels. This gel microsystem ensures a constant
renewal of HaOs fuel and removal of chemical waste products (Oz2) by
diffusion through hydrogel walls from the infinite reservoir and sink con-
stitued by the circulating lateral channel. This provides a convection-free
environnement to study mean squared displacements of colloids with high
speed camera. (b) Benchmark experiments on the effect of H2O2
on the gel device. We quantify the effect of HoO2 on the gel structure
with diffusion constants monitoring. The diffusion constants are extracted
from mean squared displacements measurements at equilibrium for bare
(blue) or Janus (red) colloids at. The diffusion coefficients measurements
are performed at different times, in water (open symbols) and H2O2 (full
symbols). (%) is for an experiment in a glass capillary, the other experi-
ments are performed with hydrogel systems. Black dashed lines represent
the Stokes-Einstein equilibrium expectations Dggp = 044 4+ 0.02 ,LLmQ/S.
The measured diffusion constants agree with this value just after the in-
troduction in the microfluidic chamber (glass or gel). It then decreases
to Do = 034 4 0.02 um? /s (magenta dashed line) with the introduction of
H20O2 and remains stable up to 2 days for various concentration of hydro-
gen peroxide or in water. Beyond 2 days, the hydrogel presents aging and
gets brittle. Measurements are then not reliable (grey zone).
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For this purpose, one has to handle “concentrated” solutions of
Janus particles (volume fraction ¢ ~ 0.01%) which requires, as
discussed above, the use of the gel microdevice.

3.3.1 Dynamics of microswimmers

Experimental protocol

Measurements of the dynamics of microswimmers are performed
for various HoOy concentrations Cy (in the range 0 to 10%) in
a circular microfluidic chamber (diameter ® = 650 pm, height~
80 um, volume V ~ 30nl) and surrounded by two side chan-
nels separated by 125 um gel walls. The two-dimensional (x,y)
motion of colloids is followed by fluorescent microscopy with
a high speed camera (Phantom V5) at 100Hz and carried on
an inverted microscope (DMI4000B, Leica) with a 60x objec-
tive, water immersion and high numerical aperture (60x, Water
Immersion, N.A.=1.2, Nikon). The (2D) instantaneous colloid
positions r(¢) are extracted from stack of images (typically 4000)
with a single particle tracking algorithm (Spot Tracker, Image
J [130]) to define the trajectories of the particles. As the ori-
gin of the movie is arbitrary, we perform sliding time average
on the position denoted r(At) for a given time lag At which is
(i) the relevant observable and (7i) strongly increases the statis-
tics of “short” times measurements. Finally, the mean square
displacement of the colloids at given fuel concentration Cy is
obtained computing AL?(At) = ((r(t + At) — r(t))?) where the
average is performed over time for each individual trajectory
and then over an ensemble of trajectories denoted by (-). We
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consider typically 20 independent particles which is sufficient for
a statistical convergence.

Mean squared displacements

We plot in figure 3.8 AL?(t) as a function of time for bare (non-
active) and active colloids in a solution of hydrogen peroxide,
confirming the impact of injected chemical power on the indi-
vidual motion of the colloids, in agreement with Ref. [108].

Equilibrium Ezxperiments

For bare (non-active) colloids, the dynamics is purely diffusive
i.e. the mean squared displacement is linear with time, and
we extract from the slope the diffusion coefficient of the colloid
AL?/4At = Dy = 0.34 £ 0.02 um? /s, which is found to be inde-
pendent of the H2O4 concentration (see Fig. 3.7-b and Appendix
B). We have furhermore measured the same value Dy for the dif-
fusion coefficient of Janus colloids in pure water, at equilibrium,
in the absence of HoO5 fuel. This value for the equilibrium dif-
fusion coefficient of 1.1 um colloids is significantly smaller than
the equilibrium Stokes Einstein value Dgg = 0.44 um? /s with
the bulk water viscosity. As discussed above and in Appendix
B, we infer that the difference is due to an increase of the viscos-
ity of the hydrogen peroxide solution due to solubilized agarose
gel.

Janus swimmers
For the Janus active colloids in a hydrogen peroxide solution,
the mean square displacement differs drastically from the equi-

158




3.3. MICROSWIMMER DYNAMICS: A PERSISTENT
RANDOM WALK

a)
30

25¢

PDF

AX . _AY

AL(AL) ° AL(AL)

Figure 3.8: (a) Experimental mean squared displacements AL?(At)
for bare (blue) and active colloids (red) in 7.5% H2Og solution. Bare col-
loids (bottom) show standard diffusion (AL? linear in time), while the
mean squared displacement of active colloids is fitted according to equa-
tion (3.12). The measured diffusion coefficients are Do = 0.33 um? /s for
bare and Deg = 1.90 um?2 /s for active colloids. (Inset) Zoom of the mean
squared displacement at short times scales. (b) PDF of particle dis-
placement AR for various lag time At as a function of the normalized
displacement AR/AL(At). At=0.3s(x), 1s(o), 3s(¢) for bare (blue) and
active colloids (red) in a solution of 7.5% of H2O2. The dashed lines is the
gaussian equilibrium prediction.
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librium diffusive dynamics and strongly depends on the fuel
concentration. The colloid exhibits ballistic motion at short
times, AL?(t) ~ V22 while at longer times a diffusive regime,
AL?(t) ~ 4Degt, is recovered with an effective diffusion coeffi-
cient Deg much larger than the equilibrium coefficient Dy.

A persistent random walk

As discussed in [108,131], the active colloids perform a persistent
random walk, due to the competition between ballistic motion
under the locomotive power (with a constant swimming veloc-
ity V) and angular randomization by thermal rotational Brow-
nian motion. The transition between the two regimes occurs at
the rotational diffusion time 7, of the colloids. Physically, this
time scale represents the time for the direction of the particle
to decorrelate. As the propulsion direction of a Janus swimmer
is perpendicular to the equator of the colloid, 7, also appears as
the time scale for which the direction of propulsion decorrelates.
For t <« 7., the colloid propels along the direction @1 perpendic-
ular to the equator and the rotational diffusion of the colloid is
negligible. The colloid goes along a straight line with velocity V.
For t ~ 7., a colloid crossed the distance V' 7, along Gi. Then the
direction of the propulsion is randomized and the colloid now
propels along a new direction @’ decorrelated from the previous
one. Finally, for ¢ > 7., the swimmer performs random steps of
length V7, with direction randomized at rate 7,-'. Taking into
account the thermal diffusivity Dgy of the colloid, the swimmer
behaves at long times as a Brownian particle with an effective
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diffusion coefficient :
1
Deﬂ' = DO + EVQTT

The full expression of the mean squared displacement at any
time is given by [108] (where we corrected one prefactor). We
present here the basics ingredients of the calculation and the
full derivation can be found in Appendix C.
The swimmer obeys the Newton’s equation:

I vam + U]

— 3.10
dt m

with V' the swimming velocity along the (fluctuating) direction
@(t), m the mass of the particle, and f(¢) the random force
associated with the classical Brownian motion [13].

The mean squared displacement of the particle rewrites:

t
((ra(t) — 14(0))2 = v2/ ds(t—)C(s) (311
0
with C(s) = (i(s) - 1(0)). Given the expression for the corre-
lation function C(t) = exp[—2/7.] (see Appendix C), we obtain
the full expression for the 2D MSD which is the experimental
observable:

AL?(At) = 4Dy At + 3.12

+e

V22 [QAt SN 1}
3 r

This dynamics is formally analogous to the dynamics of a Brow-
nian particle predicted by a Langevin model, the microscopic
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inertial time scale (~ns) being replaced by the rotational time
(~s for 1 um colloids).

Back to the experiment

We fit the experimental mean squared displacement (MSD) AL?(At)
using equation 3.12 with the propulsion velocity V' as the only
fitting parameter, while the value of Dy is taken from the equi-
librium diffusion coefficient measured in water for Janus colloids
or in HyO5 for bare colloids. The rotational diffusion time 7, is
set at a constant value 7. = 0.9s in good agreement with Stokes
expectation 7, = 8mR3/kpT (for experiments with colloids of
radius R = 0.55 um at 25°C in water 1(25°C) = 0.890 mPa.s)®.
As shown in Fig. 3.8-a, an excellent agreement with the experi-
mental results is found with only one free parameter. The very
good fit lasts for times smaller than the rotational diffusion time
At < 7, as well as for times larger that this cut-off”.

This supports the persistent random walk —with persistence time
7 and velocity V- to model the dynamics of microswimmers.
Under the present conditions, we measure V' in the range from
0.5 um/s to 2.9 um/s. In terms of enhanced diffusion, the effec-
tive diffusion constant D.g® can be increased by the swimming

6Nevertheless the fit is weakly sensitive on the precise value of 7 in the
range 0.8 —1s. As a consequence, we set the value to the Stokes equilibrium
expectation. The translational propulsion of the swimmer is not expected
to impact the angular balance between fluctuation and dissipation defining
7. This allows to use only one fitting parameter in equation 3.12.

"We also want to stress that we fit 400 data points with only one pa-
rameter.

SDeff is obtained by measuring the slope in the linear region of the
MSD i.e At > 7,
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activity by a factor up to 5.5 compared to the equilibrium con-
stant.

In the following we use this measure of D.z as a probe
of the colloidal “activity”.

Probability distribution function

We can also extract from the trajectories of the colloids the prob-
ability distribution function (PDF) of the displacement. To a
certain extent the PDF is mainly a convenient way to rephrase
previous results with more sensitive statistical physics tools to
probe events like long time tails, intermittent dynamics... We
measure the PDF of the colloid displacement along x and y di-
rections for a given time lag At both for bare (blue) and active
(red) colloid particles (see Fig.3.8-b). We check that (i) the
PDF along = and y can be superimposed and (i) are even with
respect to the zero axis for any time which ensures that there are
no experimental bias! Finally, for both bare and active colloids,
the PDF fits very well to a gaussian with variance AL?(At)
given in equation 3.12.

Although departures from a gaussian are expected at short time
for the persistent random walk, these are within experimental
uncertainty and we can not reasonably infer any specific out
of equilibrium signatures from the PDF measurements. Indeed,
more sophisticated theoretical predictions can also be performed
on the dynamics of stochastic dynamics of diffusio-phoretic swim-
mers. In particular, Golestanian identified three times scales
separating four different regimes for Janus particles and showed
non-markovian effects due to the diffusion of the chemical cloud
and anomalous diffusion behaviors [132]. These long-time cor-
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relations due to chemical relaxation are of premier importance
from a fundamental point of view, nevertheless the experimen-
tal validation of this result could be tricky: the contribution of
these effects dominate at nm and ns in water and are robust to
change in the colloid size and only depends on the viscosity of
the medium.

To summarize, the active colloids are expected to per-
form a persistent random walk of persistence time 7,
due to the competition between ballistic motion under
the locomotive power (with a con- stant swimming ve-
locity V), and angular randomization due to thermal
rotational Brownian motion.

3.4 Sedimentation of active colloids

In the previous section we addressed and characterized the dy-
namics of individual Janus particles and showed an out of equi-
librium behavior of swimmers finally leading to an enhanced
diffusion coefficient Deg at long time-scale. The next step is to
characterize the statistical behavior of an assembly of swimmers.
Following a natural avenue in equilibrium statistical physics, we
now turn to the response of a collection of active particles in a
force field. In this scope we investigate the sedimentation prop-
erties of such an active suspension under gravitational field in
the same spirit as the historical experiment performed by Jean
Perrin in 1909 [133].
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3.4.1 “Mouvement brownien et réalité moléculaire”,
Jean Perrin (1909)

Figure 3.9: Jean Perrin re-
ceived in 1926 the Nobel Prize
in Physics for “his work on the
discontinuous structure of mat-
ter, and especially for his dis-
cover of sedimentation equilib-
rium”. Reprint from nobel-
prize.org

At thermal equilibrium with a bath
at temperature T, it is well known
from most physics text-book that
a dilute population of colloid with
(buoyant) mass m under gravity g
exhibits a steady Boltzmann distri-
bution profile which reads [134]:

p(2) = poexp(—2z/do) 3.13

with dp = kgT/mg the sedimenta-
tion length, which balances gravi-
tational and thermal energy. This
sedimentation equilibrium was first
observed and quantified by Jean
Perrin (1909) and represented a
crucial step forward to establish
the discontinuity of matter beyond
doubt (Nobel Prize 1926). Alter-
natively, a microscopic modeling of

the situation can also be performed. In this perspective, this
density profile can be seen as the stationary solution of the
Smoluchowsky diffusion-convection equation O;p + V -J = 0
with J the particle flux. The particles flux is the sum of a Fick
term Jp=—DyVp and a flux induced by a force field Jp = uF
with Dy and p the colloids diffusion coefficient and mobility.
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Finally in the gravity field, the total flux of particles rewrites
J=-DyVp+pumgp 3.14

At equilibrium, the total flux is zero and the distribution profile
of particles is given by p(z) = pg exp(—=z mg“) Matching the
steady profile with the Boltzmann distribution of the popula-
tion, one deduces the Fluctuation-Dissipation Theorem (FDT):
D= k‘BTy,.

In order to explore the validity of these concepts for the out-of-
equilibrium active suspension, we have measured simultaneously
to the individual particle tracking experiments the density pro-
files p(z) of the colloids in the microfluidic chamber, for various
fuel concentrations Cy and related varying propulsion velocities.

3.4.2 Sedimentation of active swimmers

Experimental protocol

Colloid profiles are measured by scanning the chamber using a
piezo-mounted microscope objective (PIFOC P-725.2CD, Physik
Instrumente).

The microscope is first focused at z = 0, i.e. at the bottom of
the microfluidic chamber, then a piezo is used to displace the
focus point along the z axis with high accuracy. At each altitude
z, a stack of images with lateral dimensions 150 x 200 yum is ac-
quired at 0.3 Hz with a fluorescence camera (Orca, Hamamatsu)
and a 60x objective (60x, WI, N.A. 1.2, Nikon). A sketch of the
experiment is depicted in figure 3.10. We use a high numerical
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aperture (N.A.) objective? to define with good accuracy a slice
of depth ¢ around the focus plane. On each stack, image analysis
is performed with Matlab: first the maximum fluorescence in-
tensity Ifo. is determined from “in-focus” colloids, then a 0.3 I¢,
threshold criterion is applied in order to discard out-of-focus col-
loids, thus defining a slice with thickness of + 2 ym [135] (see
Appendix D for an experimental determination of the z depen-
dence of fluorescence intensity I(z)). A stack of 100 images is
used to obtain a good statistical convergence. Overall this al-
lows to obtain the average number of colloids at each altitude z.
Note that the adsorption or aggregates of colloids on the bottom
surface are found to bias the density profiles for small altitudes
z and we accordingly discard data from the first slices, i.e. we
limit ourselves to z > 5 um.

We wvalidated the experimental setup and protocol with equilib-
rium systems, i.e. bare colloids in Ho Oy or Janus particles in
water. The details of the benchmarks experiments are gathered
in Appendiz D at the end of the chapter.

Experimental results

The results of these ” Jean-Perrin” experiments are presented in
figure 3.11. We have first checked that a stationary state of the
sedimentation profile is reached which is a priori a non-trivial
point for an out of equilibrium phenomenon.

As shown in figure 3.11, the density profiles p(z) of the active

Agn

9With consequently small depth of field dp ~ NAZ with Ag the wave-
length of the considered light and n the refractive index of the medium of
immersion (here water)

167




CHAPTER 3. JANUS MICROSWIMMERS

[h

Figure 3.10: (a) Sketch of the experimental setup. A circular microflu-
idic chamber (diameter ® = 650 pum, height h ~ 80 um) molded in agarose
gel (gray areas) contains the 1 pm Janus colloids. HoO3 feeding is achieved
by constant circulation (40uL/min flow rate) in side channels (dark blue).
(b) z-profile measurements. The active colloidal suspension is observed
through a piezo-driven high numerical aperture objective (Nikon, Water
immersion 60x, N.A.=1.2) mounted on an inverted microscope.

colloidal suspension decreases with the altitudge z and as in
the equilibrium case can be very well fitted by an exponential
decay p(z) = poexp(—z/derr), where po is used to normalize
the different measurements!'®. We measure doq = 6 £ 1 um for
equilibrium experiments with Janus colloids in water in good
agreement with the theoretical expectation d;, = 5.5 &+ 0.5 um
for 1.1 pum latex colloids half-coated with 2nm of platinum. We

10Note that the total number of colloids in the observation window ranges
typically from 5.103 to 3 10%.
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Figure 3.11: Sedimentation profile in active suspensions. Normal-
ized density profiles p/po(z) for the active colloidal suspension in station-
ary state, for increasing swimming activity, i.e. increasing D.g. Exper-
imental data (symbols) are well fitted by an exponential decay p(z) =
po exp(—z/desr), with a sedimentation length deg, which strongly depends
on (and increases with) the swimming activity. Here dog varies from 6 um
at equilibrium up to 21 um. (Inset) Same datas in a log-linear plot.

169




CHAPTER 3. JANUS MICROSWIMMERS

point out the large difference of sedimentation length between
Janus and bare colloids in water (see Appendix D) due to the
heavy cap of platinum of density dp; = 20. The sedimentation
length deg is found however to depend strongly on the activity
of the colloids (see Fig.3.11): Jeg increases with an increased
propulsion of the colloids, i.e. injected energy, as measured
(independently) by their effective diffusion coefficient Deg (see
previous section).

Effective temperature of an active suspension

The exponential decay suggests that in the present limit of a
dilute active suspension, the active colloids still obey an ef-
fective Smoluchowsky equation, with the current replaced by
J = —DgVp + umgp. This predicts at steady state a sedi-
mentation length in the form

1

deff = — X Degr, 3.15

vr
where vy = pmg is the sedimentation velocity in the gravity
field.

We have checked this relationship by plotting the sedimentation
length do¢ measured from the colloid density profiles, against
the effective diffusion coefficient D.g measured in the individ-
ual tracking measurements. As shown in figure 3.12, the pre-
dicted proportionality between sedimentation length and effec-
tive diffusion coefficient is demonstrated experimentally for all
propelling activities, with a proportionality constant which is
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Figure 3.12: Sedimentation length d.¢ as a function of effective dif-
fusion D.g extracted from figures 3.8 and 3.11 respectively. The dashed
line is a linear fit, deg = a X Deg as expected from equation3.15. The
measured slope a =19.542.0um~'.s is furthermore in good agreement
with the expected value o = 1/vp = 80/Do = 16.24+ 2.5 um™l.s, with
6o and Do measured independently in the absence of injected HoO2. (In-
set) Plot of the effective temperature normalized to the ambient tem-
perature Tog /T versus the motility Peclet number of the active colloids,
Pe = V.R/Dg. The dashed line is the theoretical expectation (see Eq-
3.16).
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furthermore found to agree with its expected value in equa-
tion 3.15. This effectively connects the micro-dynamics of the
active colloids to their global stationary profile.

Additionally, the equation3.15 can be interpreted as a fluctu-
ation dissipation measurement of the effective temperature of
the system [136], here defined as kpTeg = Do/t = dor X Mg.
Depending on the swimming activity and propulsion velocity,
effective temperatures for this active system are found to range
between the ambient temperature, for suspension close to equi-
librium and “slow” swimmers, up to 102K. The effective tem-
perature Ty can be related to a Peclet number Pe = V.R/Djg
which characterizes the activity of the swimmer with respect to
its equilibrium diffusion:

2
kpTeg = kT x (1 + 9P€2> 3.16

using Degg = Do + V?27,./6 (Eq-3.9) and a re-expression of the
rotational diffusion time 7,, = 4R? /3Dy in Eqg- 3.15. The expres-
sion Eqg-3.16 for the effective temperature presents very good
agreement with experimental results (see Fig. 3.12-inset). This
underlines the role of the Peclet number as the physical relevant
parameter of active systems in line with recent predictions [137].

Number fluctuations

Finally, we measured in the previous experiments the mean
squared number of particles AN?(z) in each slide 6z for various
altitudes z. We plot in figure3.13 AN?(2) versus the averaged
number N(z) for all fuel concentrations and swimming activity.
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Data are found to collapse onto a master curve AN?(z) = kN
with kK = 1. One can easily derive from equilibrium statisti-
cal physics the mean squared of the number fluctuations for a
system at equilibrium at temperature T' [13]:

N2k, T
(=0P/OV)r.Nn

AN?(z) = 72 = kgTpxrN

where p is the concentration of the considered species and xr
the isothermal compressibility of the fluid. For a perfect gas,
xT = 1/P where P denotes the pressure, and the mean squared
number reduce to AN?(z) = N. As a consequence our experi-
mental measurements show that under the present semi-dilute
conditions, the active suspension behaves like an ideal solution
at equilibrium or in other terms a perfect gas of colloids and
does not exhibit anomalously large fluctuations (AN?(z) ~ N7,
with 4 > 1) as previously predicted in [86] or experimentally re-
ported in [138,139], however for much denser active granular
systems (see chapter 4 for deeper developments on anomalous
fluctuations in active systems).

Sedimentation of active suspension

Finally, in the dilute regime under investigation, swimmers be-
have as a perfect gas of “hot” colloids with an effective
temperature much larger than the bath temperature. Such be-
havior was recently predicted in “run and tumble” model of
particles under external fields in a regime where the swimming
speed V is larger than the sedimentation velocity vy and is thus
validated by our experimental results [91].
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Figure 3.13: Number fluctuations. Mean squared number of colloids
in each slice AN? versus the averaged number N for various swimming
activity. The symbols colors refer to the the different swimming activity
depicted on figure3.11. The dashed line is the prediction for equilibrium
system AN? = k- N, with x = 1 for dilute systems.
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The big picture

In this chapter, I investigated the non-equilibrium
steady state of an active colloidal suspensions under
gravity field. This required the synthesis of large num-
ber of Janus colloids and the use of a dedicated mi-
crofluidic device, made of permeable gel microstruc-
tures. The active particles are chemically powered col-
loids showing self-propulsion in the presence of added
fuel, here hydrogen peroxide. I studied the micrody-
namics of individual colloids and the global stationary
state of the suspension under gravity with optical mi-
croscopy. I demonstrated that in the present semi-dilute
regime, the active suspension followed a fluctuation-
dissipation relationship with a temperature 7.z directly
related to the Peclet number of the colloids activity
Pe =V - R/Dy. Moreover, I measured normal number
fluctuations AN? o< N. It is the first direct measurement
of the effective temperature of an active suspension.
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3.5 Appendices

Appendix A: synthesis of Janus microswim-
mers

The following Janus synthesis can be performed with any type
of colloids. Nevertheless experimental parameters (dilution rate
...) can depend on the materials and coating that are used. I
will extensively describe the case of 1 um latex colloids that I
mainly used during my thesis. A sketch of the synthesis process
from deposition of commercial colloids to resuspension is pre-
sented in figure. 3.14a.

Colloid deposition

A commercial solution of latex-carboxylated coated fluorescent
colloids (1 pum diameter, Molecular Probes F8823) is diluted 200
times in isopropanol!!(99.99%, Roth) and sonicated for typi-
cally 1h to break aggregates of colloids. We check that despite
the apolar nature of the solvent, the colloidal solution remains
stable for a few hours.A 1ml of this solution is deposited on
the rough side of a 4” silicon wafer (Epitaxial wafer, thickness
525 um, Si-Mat) under laminar flow. The wafer is straightened
to drain the excess of solvent and the air flow is increased to
70% of the maximum speed to finish evaporating. Thanks to
its high roughness (typically hundreds of pm) the silicon sur-
face presents large hysteresis and traps the contact line during

1'We dilute in isopropanol rather than in water for its much higher
volatility.
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Figure 3.14: (a) Sketch of the protocol to obtain platinum Janus
particles. See text.(b) AFM Picture of the glass slide after resus-
pension of the Janus particles. In this experiment, 1 um colloid were
deposited on a glass slide and coated by 5nm of platinun, thickness deter-
mined by a quartz balance during the deposition. An AFM scan on the
sonicated glass slide is performed in contact mode. It is coated by a layer
of platinum except on the shadow of a triplet of colloids for which the AFM
measures an altitude of 5nm. This measures allows to validate the values
given by the quartz balance during the deposition step as well as to show
that the shadow effect presumed for the realization of Janus particles suc-
ceeds. The red graph represents the topography along the red line on the
AFM scan. Grateful acknowledgments to A. Piednoir (¢) SEM picture
of synthesized Janus, platinum-latex, colloids (scale bar 500nm). The
platinum side appears bright on the picture. Grateful acknowledgments to
J.M. Benoit.
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the drainage of the alcohol film. The evaporation of the solvent
thin film is fast enough to ensure an homogeneous depositing
of the colloids. The colloids are deposited as individuals on a
monolayer. This monolayer is far from dense but it is crucial
to have a surface without any packs or stuck colloids for the
platinum deposition step of the process. Such a quality of de-
position cannot be reached with aqueous solutions of colloids
as the film destabilizes in droplets due to the Rayleigh-Plateau
instability. These droplets evaporates and the flow causes ring
stains [55] and colloidal clusters incompatible with the proper
synthesis of Janus particles.

Platinum coating

The wafer is coated with a layer of platinum (purity 4N 99.99%)
by sputtering (Evaporator EB3, Edwards, M. Gregoire, NanoLyon).
Four 4” wafers can be sputtered at the same time with there-
fore the “exact” same coating of platinum. This thickness of the
layer is determined by a quartz balance of frequency 6 Mhz, dur-
ing the sputtering. The standard coating is 2nm of platinum,
but to 5nm coating were also synthesized. The thickness e of
the layer is also checked a posteriori with an AFM (Asylum)
in contact mode (see Fig. 3.14-b) measuring the step between a
bare side and a coated size on a flat surface of silicon'2. The
colloids are coated by platinum only on the top hemisphere by

12Note that e < 2nm could not be measured with AFM while the sep-
aration is visible with the eye by difference of reflectivity between the two
regions. The bare-platinum step convoluted with the AFM tip is finally
smothered by the drift of the AFM during the scan which forbids any reli-
able measurement in this low-thickness regime
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shadowing, and are namely Janus colloids (see Fig. 3.14-c)13.

Resuspension of the colloids

The particles are resuspended by sonication in ultra-pure water
(Milli-Q, resistivity 18.2 MOhm.cm~!). Each wafer is sonicated
30" and rinsed to retrieve every colloids. With 4 wafers, the col-
loidal solution is typically 40 ml. This solution is centrifugated
at 10* g during 15 mins (2-16K, Sigma) and the top of the solu-
tion is carefully removed to avoid resuspension of the colloids.
The bottom of the centrifugating tube is vortexed at maximum
speed during 5mins and sonicated during only 2 — 3mins to
avoid damaging the platinum cap of the Janus particles. Finally,
a concentrated Janus bare-platinum colloids solution of volume
~ 50 ul is obtained with a volume fraction of ® ~0.01—0.1%.
This stock solution is stored at 6°C until subsequent use in an
airtight tube'4.

Comments on the synthesis technique

This synthesis process is inspired by the “recipe” reported in
[108] but adapted to make much large numbers of identical
swimmers. All the process is performed under laminar flow or
clean-room conditions, to strongly decrease the pollution of the

13Taking into account the cross section of the particles, the thickness is
non uniform and e() = ecos(d — 3).

141f the tube is not very well sealed, the water fully evaporates and pack-
ings of colloids form in detriment of the colloidal suspension quality. Dis-
tilled water can be added and strong sonication performed to disintegrate
aggregates of colloids but this process can damage the platinum cap and is
therefore avoided as much as replaced by vortexation.
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final solution by micron-size dust.

In addition, as we want to explore the collective dynamics of
large assembly of swimmers we need to synthesize these particles
at “large scale”. The use of “4” wafers rather than glass cover-
slips strongly increase the surface of deposition. The roughness
and contact line trapping of the colloidal isopropanol solution
allows to strongly increase the density of particles deposition
which of course affects the efficiency of the synthesis.
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Appendix B: Janus colloids in a gel mi-
crochamber

We deviced a gel microfluidic system in order to unlock the ex-
perimental difficulties related to the use of large populations of
swimmers. The experimental details to design the microfluidics
masks and to mold agarose stamps (5% w/w agarose gel) are
described in the previous chapter, section 2.7.

As pinpointed in the synthesis of Janus microswimmers, a con-
centrated sample of Janus colloids is typically 50 ul. In order
to minimize dispersion (like platinum thickness dispersion for
colloids not obtained on the same platinum sputtering which
strongly affects the weight and the sedimentation behavior of
the colloids), we run series of experiments with Janus of the
same “bath”. This constraints imposes to limit to a very low
amount the use of the Janus solution for each experiment. We
now report the experimental protocol.

Preparation of the Janus experimental sample

The 50 ul stock solution of synthesized platinum-bare Janus
colloids is vortexed at maximum speed during 2’ to homoge-
nize the solution. A sample of 0.5 — 1 ul is taken with a mi-
cropipette and deposited into a 500 pl centrifugation tube. De-
pending on the desired concentration of Janus colloids, this sam-
ple can be diluted in ultra-pure water (Milli-Q, resistivity 18.2
MOhm.cm™~1). This solution is sonicated 3’ to resuspend col-
loids and get individual colloids in bulk without damaging the
platinum cap. The solution of Janus colloids is then ready for
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use.

Janus colloids enclosure in a gel microchamber

Agarose gel has been previously printed with 2 side channels
and microfluidic chambers (see section 2.7 in the previous chap-
ter) and stored at 6°C in distilled water. After punching the
inlets and outlets for the side channels, the stamp is dried with
clean air. This additional step avoids dilution of the Janus so-
lution by the thin layer of water presented on the hydrophilic
gel. A 0.5 — 1pul drop of the solution is deposited on a clean
glass cover slip. Then after ensuring that the drop is enclosed
in the microfluidic chamber of volume V ~ 30nl < 0.5 ul, the
microfluidic device is tightly sealed as described in section 2.7.
This protocol necessitates only the use of a very little volume of
Janus particles and avoids dead volumes that would be inherent
to standard microfluidic tubing and syringes.

Benchmark of the gel system

While unlocking main experimental difficulties to handle large
population of swimmers, the hydrogel technology presents speci-
ficities. HyO4 diffuses from the side channels till the microfluidic
chamber through the gel walls. After a few days soaked in hy-
drogen peroxide, a gel stamp initially elastic gets brittle. As
H505 is a very strong oxydizing chemical species '° it certainly
reacts with the gel molecules of the system.

In order to quantify the consequences of this aging process,

15which originates its use in the laundering!

182




3.5. APPENDICES

we ran benchmarks experiments at equilibrium, i.e bare colloids
in hydrogen peroxide or Janus particles in water. We measure
the MSD with the same but non-Janus 1 um latex colloids in mi-
crofluidic gel chambers or glass capillaries for various conditions
and concentrations of injected HoO5. In each case, the colloids
present standard diffusion (AL? linear in time) as expected for
equilibrium experiments. For measurements in 2 dimensions,
the slope is 4D and one can therefore extract the diffusion coeffi-
cient D of the particle in the medium. Benchmarks experiments
show a dependence of the diffusivity with the experimental con-
ditions summarized in figure 3.10-b.

1. For colloids in water, just enclosed in a glass capillary or
a gel chamber, we measure a diffusion coefficient Dgg =
kpT/6mnR = 0.4240.02 pm? /s. This is in agreement with
Stokes-Einstein expectations for R = 0.55 + 0.02um col-
loids in water. The experiments are performed at 25°C,
1(25°C) = 0.890 mPa.s and the radius of the colloids is ex-
tracted from the certificate of analysis of the lot (F8823,
lot 21681W, Molecular Probes) and measured by the man-
ufacturer through dynamic light scattering experiments.

2. Then, hydrogen peroxide is injected in side channels. The
measurements of the mean squared displacement are per-
formed for various concentration of HoOs or water and
times. In each case, the bare colloids present a diffu-
sive dynamics with a diffusion coefficient Dy = 0.34 £+
0.02 um? /s stable through the various tests, independent
of the hydrogen peroxide concentration. In addition, even
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if water is injected after a flow of HyOo, the diffusion of
the colloids remains constant at Dg. The independence
with HoO2 concentration and the memory of previous hy-
drogen peroxide flow show that the difference measured
between D,. is not related to an intrinsic difference of
viscosity between HoO- and water as expected for aque-
ous solutions of hydrogen peroxide of concentration below
10%. Moreover, the same value is also measured for ex-
periments with Janus particles in water after various flows
of HyO5 solutions are injected in side channels. We infer
that the change of the diffusion coefficient of the colloids
following the contact of the gel device with HoOq is re-
lated to the dissolution of gel polymers in water. The
dispersion of polymers in water leads to an increase of the
viscosity 1 o< n® in the semi-dilute regime where n stands
for the volume number density of monomers [140]. A very
small dissolution of gel monomers can lead to significant
modifications of the viscosity and a subsequent decrease
of the diffusivity of tracers. Nevertheless, we did not try
to elude the mechanism by which this increase of viscosity
is reached.

3. Beyond 2 days in contact with hydrogen peroxide (in-
jected by the side channels or stored in HoOs) we mea-
sure D~ ~ 0.4 ym? /s but the gel appears macroscopically
damaged. Initially elastic, the agarose gel becomes brittle
and breaks once manipulated. Degradation of hydrogels
by hydrogen peroxide has been already reported in litera-
ture for different gels [141,142]. Consequently we do not
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perform exhaustive measurements in this regime as the
matrix clearly appears irreversibly modified. All our ex-
periments are performed for maximum 36h on the same
gel device. Then a new gel with new colloids swimmers
(from the same synthesis lot of Janus particles) is used.

Finally, we rely on the fact that after a few hours in
contact with hydrogen peroxide, the diffusivity of the
colloids reaches a plateau Dy = 0.34 £+ 0.02 um2/s and re-
mains stable up to 36 hours. In the following experi-
ments, we will inject H>O, for a few hours before the
measurements of the MSD to attain the “steady” vis-
cosity Dy. This value is taken as the equilibrium value of
the diffusion coefficient of 1 um Janus colloids enclosed
in gel microfluidic device.

Additionally, we want to underline a complex coupling between
the gel walls of width e and the HyO2 concentration. The in-
teraction between the two species consumes part of the HyOq
fuel. The residence time spent by the hydrogen peroxide in
the gels walls before reaching the microfluidic chamber is a cru-
cial parameter to determine the concentration C} in the cham-
ber. Assuming a first order kinetics with a kinetic constant
k for the reaction between peroxide and agarose gel one has
: d[H302]/dt = —k[H202]. One can therefore relate the con-
centration C}, in the microfluidic chamber with the concentra-
tion Cy imposed by side channels by C}y = Cpe™*" with 7 the
residence time in the gel walls. This time is given by the dif-
fusive transport of HoOs through the gel wall of thichness e :
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7 ~ €2/Dyu,0, where Dy,0, is the diffusion coefficient of hy-
drogen peroxide. Initially we performed measurements with gel
walls of thickness e = 250 ym and varying Cy from 0 to 18%
we always measured low velocity and activity of the swimmers
e.g the maximum velocity of the swimmers in this configuration
was ~ 0.5 pum/s pointing a concentration C{j in the chamber
of 1 — 2% following [108]. We then used microfluidic designs
with gel walls width e = 125 um to reduce by a factor of 4 the
residence time. We could therefore access much higher Janus
activity and velocity up to 2.9 um/s (for Cy = 7.5%) meaning
an increase of the hydrogen peroxide concentration CY) experi-
enced by the Janus colloids. These results support the basic
explanation of degradation of HyO5 during the residence of the
walls. In order to limit the influence of the gel walls, while keep-
ing a good mechanical reliability of the microfluidic chamber we
handle gel stamps with walls of width e = 125 pum.
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Appendix C: microswimmers dynamics, the-
oretical expectations

We now propose to calculate the mean squared displacement of
a swimming particle.
The swimmer obeys the Newton’s equation

lncll

dr . (t)
i Via(t) + p- 3.17
with V' the swimming velocity along the (fluctuating) direction
@(t), m the mass of the particle, and f(¢) the random force asso-
ciated with the classical Brownian motion [13]. By linearity of
the equation, one may separate the motion as r = ry; +rp, with
dr,/dt = Vi(t) and drg/dt = f(t). This separates the compo-
nent of the velocity of the particle induced by respectively the
velocity V or the random force exerted by the medium. The con-
sequence of the Brownian force on the mean squared displace-
ment is well known and is related to the equilibrium thermo-
dynamics diffusion coefficient Dy by the fluctuation-dissipation
theorem [13]. One has therefore ((r(t) — r(0))?) = ((rs(t) —
r5(0))?) + 3dDgt where (-) denotes an ensemble average and d
is the dimension of the space.

We thus focus on rg. One may develop the mean squared dis-
placement of the particle

(ra(t) — ra(0))% = V2 / dt / dt" (a(t') - a(t"))

187




CHAPTER 3. JANUS MICROSWIMMERS

which can be rewritten
t
(s () = 14(0))2 = v?/ ds(t—)C(s) (318
0
with C(s) = (a(s) - a(0)).
The next step is to compute this correlation function. The par-

ticle undergoes a rotational Brownian motion, and the distribu-
tion P(1,t) obeys the rotational diffusion equation:

Oy P(u,t) = Dy Ag P (u,t)
where Ag ¢ = = L? is the rotational Laplacian operator (also de-
fined in terms of L, the angular momentum operator).
The solution to this equation with initial condition P(a,t =

0) = 6(t — 0p) takes the form:

G(1, t]ig) = ZYM ) Yo.m (10) exp[—£(£ + 1)t/7,]
(1 = 1/D,.), so that the complete solution is
P(a,0) = [ dio Py(ao) x Gla )

with Py(fig) the initial distribution.
Finally we can deduce the correlation function

C(t) = /dﬁo/dﬁ Po(itg) x G(@, t|itg) 1 - i
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£(e+1)
_Tt

Ct) = Z /dﬁ Po(tig) x -9 Yy m (@) Yo,m(f0) €
lm

The three directions in space are independent and equivalent.
We arbitrary focus on the component along z and will mul-
tiply the result by 3 to account for the two others equivalent
directions. In this sum, only the terms m = 0 contribute; fur-
thermore, [d@Yy,,, (&) =0 for ¢ # 1.

We derive the expression (multiplying by 3 to take into account
the three directions of the space) :

C(t) = 3x 6_2%7' X 27 /d90 sin90 C0890 Po(flo) YLO(QO)
x2m /d&sin@cosGYLo(G)

Using P(lip) = 1/4m, and [ dfsinfcos0Y; o(0) = 1/v3m, we
obtain the simple expression

C(t) = expl-2t/7,]

Putting this result into Eq. (3.18), we obtain

((ro(t) —ry(0))2 = %VQTE ? + exp[—2t/7.] — 1

For 2D measurements of the mean squared displacement as we
perform by microscopy observations, we have to take into ac-
count only 2 directions. Assuming independence and equiva-
lence of the 3 directions of space, the previous prediction must
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be multiplied by % Adding the Brownian component of the
mean squared displacement, we obtain the final formula for a
measured mean squared displacement:

((rs(t) — rs(0)>2 = 4Dgt + %VQTE ? +exp[—2t/7.] — 1
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Appendix D: sedimentation, experimental
benchmarks

In order to probe the validity of a fluctuation-dissipation rela-
tionship with a suspension of active colloids, we measure the
density profiles of the colloids in a microfluidic chamber. In this
section, we perform experiments at equilibrium in order to cal-
ibrate and validate our experimental setup.

We want to measure the density profile p(z) of a dilute solution
of colloids (® ~ 0.01%) in water, at equilibrium at temperature
T. We use the same commercial colloids (F8823, lot 21681W,
Molecular Probes) as used to synthesize the Janus particles. The
solution is enclosed in a gel microfluidic chamber as described in
Appendix B. The system is left at rest during 4 hours to reach
the steady diffusion coefficient.

Counting colloids

After this time we perform z stacks by scanning the chamber
with a piezo (see section 3.4). We want to count the number of
colloids “close to the focus” on each frame and sum the results
for a given altitude z. This way we can measure the colloids dis-
tribution along the z direction. For now the expression “close to
the focus” is willingly a blurry concept that we must define more
quantitatively. The fluorescent intensity profile I(z) of the maxi-
mum intensity is measured to determine accurately the distance
of a colloid to the focus plane. We measure experimentally the
fluorescent intensity I(z) of an adsorbed colloid on a glass slide
with a water immersion high numerical aperture objective (N.A.
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Figure 3.15: (a) z profile of fluorescence intensity of a colloid (red
symbols). A fluorescent colloid is adsorbed on a glass slide. A piezo scans
the fluorescent intensity of the brightest pixel along z by steps of 200 nm.
The fluorescence intensity I(z) is well fitted by a gaussian function (black
dashed line). (b) Equilibrium sedimentation profiles. Steady density
profiles of colloids measured for sedimentation experiments of latex colloids
at equilibrium in water. The different symbols represent the density pro-
files extracted from stacks of images for various thresholds: 0.3If,. (),
0.51¢oc () and 0.61¢,c (o). For each case the profile is exponential (dashed
line) and the exponential decay does not depend on the threshold criterion
bo = 12.1 £ 1pum. Inset Normalized density profiles all collapse to the
same exponential curve in good agreement with the theoretical value. This
benchmark experiment fully validates the experimental setup.
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1.2). The normalized intensity is depicted in figure 3.15-a. The
intensity is well fitted by a Gaussian. This curve calibrates the
relationship between the threshold criterion (in percentage of
the intensity in the focus plane If,.) and §. Applying a thresh-
old criterion we can suppress on each frames the colloids that
are at a distance beyond ¢ of the focus plane and count the
colloids present in the slice +6. Practically, a high threshold
eases the determination of “in focus” colloids but diminishes
the statistics of particles detected on each frame. To get suf-
ficient number of particles and good statistical convergence we
define slices of thickness +2 um. This implies a threshold cri-
terion determined by 0.3If,.. Moreover, the determination of
0 also impacts the acquisition time Tp., between frames. To
perform a proper ensemble average, T,., must be large enough
to enable a colloid to diffuse into or out of the slice. This gives
Toeq > 6%/2D ~ 3s with D the diffusion coefficient of the col-
loids (typically 1um? /s for an active colloid) and supports the
acquisition frame rate used of 0.2 — 0.3 Hz.

Tribute to Jean Perrin

Finally, we measure the density profile of latex colloids in water.
The results are presented in figure 3.15-b. The distribution of
colloid is (i) steady, (ii) exponential with (74) an exponential
decay over a characteristic length by = 12 £ 1 ygm. This value
is in full agreement with Jean Perrin expectations for equilib-
rium. Indeed, for latex colloids (density d=1.055) with radius
R =0.55+0.02 pm at ambient temperature, one expects a sedi-
mentation length given by Eq-3.13: bp = 10.9+1.2 pm. This re-
sult fully validates our experimental setup. Moreover we checked
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that varying the threshold criterion only affects the number of
detected colloids but not the exponential behavior and the de-
cay length by. In the figure 3.15-b, density profiles of colloids
are represented from the same experiments and extracted for
various threshold criterions: 0.3;0.5 and 0.617,.. We verify that
for each case the distribution is exponential with the same expo-
nential decay by (see Fig. 3.15-inset) and that only py is affected
which finishes to validate our experimental canvass.
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Quand y en a un, ca va, c'est quand y en a beaucoup
que ca pose probleme’ .

B. Hortefeux, Sep. 2009

Towards collective behaviors

The results depicted in the previous chapter on dilute assem-
bly of Janus microswimmers are equilibrium-like and properly
described in the framework of a Fluctuation-Dissipation rela-
tionship. In this context, they do not demonstrate important
breakdown of equilibrium physics —certainly related to the di-
lute concentration of swimmer— but are a key first step to ad-
dress more complex behaviors of active matter. Indeed collective
motion can be observed at almost every scale in nature, from
the familiar human crowds, bird flocks and fish schools to mi-
croorganisms such bacteria, or cells and until nanometric level
with the dynamics of actin and tubulin filaments and the syn-
chronization of molecular motors. Whereas biologists tend to
build detailed representations of a particular case, the ubiquity
of the phenomenon suggests underlying universal features and
thus gives weight to the bottom-up modeling approach favored

IUnfortunately it did not refer to the complexity of large systems.
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by physicist. It is thus natural for a condensed matter physi-
cist to regard a coherently moving phase as an orientationally
moving phase. This motivated a huge amount of work to un-
derstand this broad class of non-equilibrium dynamical systems.

Aim of this chapter

In this fourth and last chapter, I will present a brief review of the
—huge-literature on collective effects, designed for experimental-
ists. The theoretical predictions in this field are abounding but
scattered which makes the classification of real systems a bit
awkward. This impression in magnified by the scarcity of experi-
mental results to validate the numerous theoretical models. The
aim is thus to point relevant, and experimentally accessible, ob-
servables and signatures related to the “out-of-equilibriumness”
of active systems. In this scope, I will report theoretical predic-
tions as well as experimental demonstrations of these effects.
The main purpose is to open perspectives and offer
guidelines for further experimental studies of active sys-
tems. As I began exploring collective behavior of active colloids
only at the end of my PhD, I will report here only very prelim-
inary experimental results with dense suspensions of the Janus
diffusio-phoretic microswimmers I have previously studied in the
semi-dilute regime (see chapter 3). Encouraging experimental
hints underline the relevance of this system in the study of col-
lective behaviors.
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Organization of the discussion

In a first part of this section I will describe the theoretical results
on the collective and phase behaviors of flocks, i.e. assemblies of
self-propelled particles (SPP) with velocity vy without solvent.
The situation of SPP flocks without solvent may appear as un-
connected to the situation of active Janus suspensions for which
the solvent and hydrodynamic interactions play a crucial role. I
will nevertheless review this class of SPP as they are some of the
major “toy-models” in the study of active systems. In this re-
spect, they are a pleasant avenue to begin in the complex world
of collective behaviors and see some of the various signatures of
“out-of-equilibriumness”: giant number fluctuations, emergence
of 2D long range order ...

In a second part, I will describe the physics of swimming mi-
croorganisms, i.e. self propelled particles in a fluid medium: the
solvent which imposes momentum conservation. This additional
conservation law leads to different characteristics than described
in the first part and underline the role of hydrodynamic interac-
tions. I will report theoretical predictions in these systems and
experimental hints to probe active suspension.

In this context, further perspectives and preliminary experimen-
tal results on dense suspensions of the Janus diffusio-phoretic
microswimmers I have previously studied in the semi-dilute regime
(see chapter 3) will be discussed.
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4.1 Preamble on active systems

As previously mentioned, active matter is condensed matter in
a fundamentally new non-equilibrium regime. To support this
idea we underline specificities of these systems:

1. The energy input takes place directly at the scale of each
active particle and is thus “homogeneously” distributed in
bulk, in clear contrast with out-of-equilibrium systems for
which the energy is injected by a boundary forcing, e.g.
sheared fluids.

2. The direction of the self-propelled motion is set by the
particles themselves (and possible couplings with the sur-
rounding world) but no symmetry-breaking is imposed by
an external field.

Actually these characteristics can even be used to define active
matter. The purpose of the physicist is thus to give a compre-
hensible framework for the description of such systems and give
a proper scenario to describe how interactions typically at the
particle range can lead to the emergence of long range order.

We turn to the description of out-of-equilibrium signatures and
phase transitions of assembly of SPP. We will notably under-
line the differences arising from the different classes of system:
SPP without or with surrounding fluid medium and categories
of propellers (polar/apolar for flocks and pushers/pullers for ac-
tive suspensions). As a first step we will consider a “minimal”
model of flocking: the Vicsek’s model [87]. Through this model

of individuals coupled via microscopic interacting rules, it will
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be easier to build an intuition on the collective behavior that
may arise from a collection of interacting SPP. Such a “micro-
scopic” approach allows to figure out many properties of SPP
but does not allow to understand the large scale, long dynam-
ics of a very large, moving flock. Solving the very-many body
problem is analytically intractable and moreover a priori unnec-
essary to describe the large scales in the system. This problem
is analogous to the field of hydrodynamics where the dynamics
of the fluid is properly described by a continuum Navier-Stokes
equation rather than the complete dynamics of all the molecular
components in the fluid. The “coarse-graining” of observables
describes the flock into continuum, smooth fields, e.g number
density p(r,t) or velocity v(r,t). Spatial and temporal sym-
metries of the considered problem and the definition of phe-
nomenological parameters that “hide” microscopic details, as
bulk viscosity 7 for hydrodynamics, allows to build a proper
continuum evolution equation of the SPP system. The hydrody-
namic approach is a very powerful tool to probe various aspects
of the physics of active matter:

e Noise and phase transitions. For a general SPP suspen-
sion one expects noise sources of different kinds: thermal
Brownian motion (negligible for particles larger than a few
microns)and intrinsic fluctuations in the “motor” of self-
propulsion of individuals SPP. The noise competes with
the emergence of long range order and the formation of
collective behaviors. We will thus discuss “phase transi-
tions” and emergence of long ranged order in these sys-
tems and the sensitivity of the ordered phases to noise,
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e.g. what is the order of the transition?

e Fluctuations. What are the scaling laws of the fluctuations
in such out of equilibrium systems? Do they agree with the
central limit theorem as for equilibrium ? We will notably
discuss number fluctuations in suspensions of SPP.

4.2 SPP flocks

In this section we will begin by addressing models of ordering
of active particles in a surrounding medium treated as an inert
substrate or this equivalent without solvent. Each self-propelled
particle possesses a velocity vector of fixed magnitude vg.

Classification of systems

As a first step we will try to classify SPP in a minimal num-
ber of classes influencing the collective dynamics of the flock.
Propulsion The mode of propulsion of the SPP belongs to one
of the two following type:

e polar: the particles possess a “head” and a “tail” and the
direction of the propulsion is thus given by an arrow. This
is of course the case of birds, bacteria ...

e apolar: the particles are moving in a direction but with
indifferent tail or head. Such systems can be experimen-
tally obtained from symmetric rods in a vibrated con-
tainer: the velocity is given by the long axis of the cylinder
but the direction is random.
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Figure 4.1: Classifications of interactions between self-propelled
particles. We consider only polar SPP, blacks arrows represent velocity
vectors. A. Ferromagnetic interactions: aligns the velocity vector
of interacting SPP in direction and sense, for any given initial conditions
before interaction.

B. Nematic interactions: aligns the velocity vector of interacting SPP.
Nevertheless final velocities can be parallel or antiparallel depending on
the initial angle between the polar SPP. A simple picture is that nematic
interaction tends to align vectors with minimal geometric change in the
system.
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Interactions

The emergence of collective behaviors relies on the presence of
interactions between the particles. Even short range interac-
tions as excluding volume can be sufficient. We classify interac-
tions in the same spirit as the propulsion mode of the SPP, on
“geometrical” bases.

e Ferromagnetic interactions. Considering two polar
SPP interacting, the interaction aligns the directions and
senses of the velocity vectors (see Fig.4.1-A). Of course,
ferromagnetic interactions do not make sense for apolar
SPP!

e Nematic interactions. Considering two polar SPP in-
teracting, the interaction aligns the directions and arrows
of the velocity vectors if the initial angle between them is
below 7/2 and aligns in direction but with opposite sense
otherwise (see Fig.4.1-B).

4.2.1 Polar SPP with ferromagnetic interac-
tions: Vicsek’s model and further

Ingredients of the model

We begin by the description of a microscopic, discrete model of
flocking: the Vicsek model [87]. The purpose is to define the
minimal ingredients to obtain through numerical simulations
collective behaviors of SPP as birds.

The model incorporates the following generic features
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1. A large number of polar points SPP.

2. Interactions are ferromagnetic. Particles move over time
attempting to move in the same direction as their neigh-
bors.

3. Interactions are purely short-ranged: each SPP will tend
to follow its neighbors within some finite distance! R,
independent of the size of the flock.

4. The model has complete rotational symmetry.

5. The SPP mechanism of “following” is noisy. The only con-
sidered noise is on the direction it actually moves adding
to the averaged direction of motion a stochastic, short-
ranged spatio-temporally correlated noise —while the ve-
locity magnitude is kept constant.

6. The considered model is purely 2D.

Results and discussion

An equilibrium-like XY ferromagnet
First, as first noted by Vicsek himself, this model is exactly the

IThis may appear as a reasonable assumption for bird flocks but is actu-
ally wrong. The constraint on the interactions is not geometric (interaction
if the distance between birds is below Rg) but topological in nature (there
are interactions between the n neighboring birds even if they are distant
from more than Rg) as experimentally unveiled by the Starflag team [100]
The topological interaction moreover grants significantly higher cohesion
on the aggregation of the flock compared with the metric, geometric one.
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dynamical model for a 2D equilibrium ferromagnet except for
the motion. If we thus interpret the velocity vectors of the
SPP v, as spins carried by each “bird” and update the spins ac-
cording to the given rule for the interaction but do not actually
move the birds, the model is a an equilibrium 2D ferromagnet
which will relax to a Boltzmann distribution for an equilibrium
Heisenberg model (with spins on a random set of points rather
that on a lattice as usually stated). The Vicsek’s model thus
shares many analogies with the XY magnet models: it presents a
“well defined” phase transition from a disordered phase to a co-
herent flock with decreased noise or increased particles density.
The nature of the order-disorder transition with noise strength
is under debate. Originally pointed as a second order transition
by Vicsek [87], the transition was revealed to be discontinuous
by Gregoire et al. by using much larger systems [143]. The crit-
ical behavior advocated by Vicsek was then attributed to strong
finite size effects.

An out-of-equilibrium signature: emergence of a long range or-
der

A striking difference with ferromagnetic analogy arises from
Vicsek’s simulations: at large density and low —but non zero—
noise, the motion tends to become ordered from disordered on
a macroscopic scale and all the particles tend to move in the
same spontaneously selected direction (see Fig-4.2). The flock-
ing model thus shows that a true long range order, i.e. a
coherently, moving ferromagnetic flock with a nonzero average
velocity (v) = % >, Vi, is possible at “nonzero temperature”,
i.e. nonzero noise. This result is in clear disagreement with
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the “Mermin-Wagner” theorem of equilibrium statistical me-
chanics. This theorem states that (i) in dimensions d < 2, (%)
at non zero temperature with (4ii) short-ranged interactions,
it is impossible to spontaneously break a continuous symme-
try. In the context of the XY spin model, it means that is
impossible to develop spontaneously a true long-range ordered
state with nonzero magnetization from a disordered state, with
zero magnetization. But the ordered state with (v) # 0 breaks
the continuous symmetry of the disordered state, namely ro-
tation invariance! The reason the Mermin-Wagner theorem
does not apply to flocks is of course that they are not systems
in thermal equilibrium due to the intrinsically non-equilibrium
self-propulsion of the particles! The kinetic disordered-ordered
phase transition is related to the fact that the particles are
driven with a constant absolute velocity and thus unlike stan-
dard equilibrium physical systems, with no conservation of the
total momentum in the system. Finally, the spontaneous emer-
gence of a moving, ordered phase thus appears as a strong sig-
nature of the “out-of-equilibriumness” of the SPP in Vicsek’s
model.

Further properties of ferromagnetic flocks

The “microscopic” Vicsek model is of great interest in order to
figure out the physics at work in the emergence of long ranged
order in assemblies of SPPs. As we briefly mentioned in the
introduction, such a detailed description is not adapted to the
description of the large-scales, long-time dynamics of a large as-
sembly of particles which requires a hydrodynamics formulation.
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Figure 4.2: Disordered-ordered phase transition in a system of
SPP following Vicsek’s model. The actual velocity is depicted by a
black arrow. (a) Initial conditions. (b) For small densities and noise, the
particles form groups moving coherently in random directions—disordered
phase. (c¢) At higher density and noise, the particles move randomly but
with some correlation—disordered phase. (d) For higher density and smaller
nonzero noise,long-ranged order emerges and the phase is ordered. Reprint
from [87].
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We will not describe the way continuum equations of the hydro-
dynamic model are written-down and derived. Basically, the
general principle is that the non-equilibrium conditions oblige
to consider all terms in the equations that are not explicitly
forbidden by symmetry or conservation laws. The interested
reader can report to [144-146] for these aspects. Now, we only
report additional —but non exhaustive— insights on the physics
of ferromagnetic flocks given by the hydrodynamics formulation
that appear as signatures of the non-equilibrium nature of the
system and that could be tested experimentally:

e Long range order in 2D. Taking into account the non
linearities of the hydrodynamics equation, it is shown that
2D long-range order is possible in a ferromagnetic flock as
obtained from the Vicsek model

e Anomalous number fluctuations. The density field
presents anomalous strong fluctuations? in the ordered
phase. For regions with N particles on average, the root

1

mean square of the fluctuations AN = ((N(t) — N)?)z
scales a N7 with v = 0.8 > 0.5 [147].

e Anomalous transverse diffusion in the ferromag-
netic phase. Simulations unveiled an anomalous superdif-
fusion of individual particles in the direction perpendicular
to the flock’s moving direction. The dispersion of a 2D en-
semble of “boids” is given by w2(t) = ([y;(t) —y;(0)]) o t3

2As a quick reminder, the root mean square of the fluctuations of an

1
observable AO o O2 in a equilibrium system, given the central limit the-
orem.
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[145]. Note that the diffusion remains anomalous in 3D
but the scaling law differs: w?(t)) oc t1-7 [147].

4.2.2 Polar SPP with nematic interactions
Theoretical predictions

We now turn to large collections of polar SPP with nematic
interactions restricted to a two dimension space. This class
of SPPs can be practically obtained from anisotropic vibrated
rods, thus polar [148,149] interacting through volume exclusion,
which is nematic (as figured out by Fig.4.1-B) . This problem
was addressed in a mixed Vicsek model by Chate et al. [147].
Once again, we report only major and experimentally accessible
signatures of the non-equilibrium properties that are much more
extensively discussed in [131,150].

e Nematic ordered phase. Unlike polar SPP with ferro-
magnetic interaction, no polar ordered phase is observed
in this system. Only nematic order arises in spite of the
polar nature of the particles, but it is long-ranged.

e Phase transitions and anomalous fluctuations. This
system exhibits a much more complex phase transition be-
havior that in the ferromagnetic case: ordered and disor-
dered regimes, each sub-divided in two phases leading to a
total of four phases [150] (see Fig-4.3). Given the particle
density, the nematic orientational order is destroyed with
increasing noise.
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— Phase I: at lowest noise 7, presence of a long range ne-
matic order. Two subpopulations of particles migrate
in opposite directions constantly exchanging parti-
cles (see Fig-4.3-a). Anomalous number fluctuations
appear in this phase: AN o (N)%8 as for the ferro-
magnetic polar order.

— Phase II: at steady state, presence of the low-density
disordered region (see Fig-4.3-b,c). The emergence of
the density inhomogeneities processes as nucleation
and phase separation. The dense regions presents
nematic order as for phase I and similar anomalous
fluctuations.

— Phase III: segregated system with presence of dense
bands (see Fig-4.3-d). The bands are unstable and
chaotically bend, break and reform. Phase III is a
disordered phase with normal equilibrium-like fluctu-
ations but huge temporal and spatial correlations.

— Phase IV: highest noise, ordinary, spatially homo-
geneous disordered phase with very short time and
space correlations.

e Isotropic-nematic transition. Hydrodynamic descrip-
tion of a system of polar SPP with nematic shows a lower-
ing of the density parameter pspp of the nematic-isotropic
transition: pspp = pp/(1 + %), where v is the SPP
velocity and pg the equilibrium Onsager transition den-
sity [131]
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e Boundary conditions sensibility. We want to stress a
very important role played by boundary conditions in the
physics of SPPs. For equilibrium system, the boundary
layer typically develops in a scale § ~ £ given by the size ¢
of the particle. With active systems, a finite polarization
at the boundary decays as § ~ vy7, with 7 the persistence
time in the system. Given L the size of the system, if
L ~ vy, the correlations develop on the same scale as the
size of the system. This underlines the possible prime role
of boundary conditions in such systems as well as possible

experimental arctefacts.

e Clustering transition. A clustering transition exists for
particles with only excluded-volume interaction provided
active motion and anisotropic particles (rods). This tran-
sition does not exist for isotropic particles (squares) or

Brownian equilibrium diffusion [151].
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Figure 4.3: Phases in a system of polar SPPs with nematic in-
teractions for increasing noise from (a) to (e). Arrows indicate the
polar orientation of the particles. See text for a description of the phase

properties. Reprint from [150]
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Experimental realizations

Experiments with large collection polar self-propelled particles
were performed by Kudrolli et al.. Vibrated anisotropic rods be-
have as polar particles [149] and interact via volume-excluded
nematic interactions. For sufficient driving accelerations, they
observe dense clustering of self-propelled rods at the boundary.
This phenomenon is absent for self-propelled rods which seems
in agreement with the theoretical predictions by [151]. The clus-
tering at the wall underlines the predominant role of boundary
conditions in these systems. Anomalous number fluctuations
are reported: AN o« (N >%, but with an exponent different
from Ginelli et al. predictions [150]. Finally, no global polar
order is observed in the system but coherent structures appear
and the velocity field reveals numbers of streams and swirls with
strong random fluctuations.

Recently, Deseigne et al. performed experiments with asymmet-
ric, polar, vibrated disks. Interactions are given by hard core
repulsion [139]. They observe anomalous number fluctuations
AN o (N)%7 in good agreement with 0.8 exponent theoret-
ically predicted®. Finally they report polar collective motion
with long-range order —developed on the scale of the system—
. The emergence of a polar order is not expected theoretically
for polar SPP with nematic alignment (but predicted for polar
SPP with ferromagnetic interactions). Actually they observe
nematic collisions with systematic ferromagnetic bias. The con-

3Note that we define AN as the root mean square of the fluctuations
in the whole chapter while Deseigne et al. used the same notation for the
variance of the particles number in [139] thus the square of our notation.
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sequences of this additional ingredient has not been considered
up to now theoretically and make the classification of the system
awkward. This result questions the nature of the of the interac-
tions in this system that would a priori be pointed as nematic
but nonetheless presents experimental ferromagnetic bias.

We end this section on SPP without solvent with the case of
apolar SPP with nematic interactions.

4.2.3 Active nematics

By symmetry, the mean macroscopic velocity of an active ne-
matic flock is zero. One could then imagine that the system
presents no distinctive nonequilibrium properties since a phase
that is not drifting does not have an order parameter that
breaks time-reversal symmetry [146]. This expectation is ac-
tually wrong and dynamical processes allowed by the symmetry
of the system introduce remarkable statistical behaviors of ac-
tive nematics.

Giant number fluctuations

The main prediction on the non-equilibrium signature of ac-
tive nematics is the presence of giant number fluctuations, i.e.
AN x (N) in strong contrast with equilibrium situations where
central limit theorem applies and with an anomalous exponent
bigger than with other class of SPP systems. Such fluctuations
are named giant as they make the density an ill-defined quantity
even in the limit of a large system. A physical understanding of
the origin on the giant number fluctuations of the system can
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be pictured as follows [152]. We consider a 2D system of apolar
nematic SPP, with the angle 6 as the only parameter to define
flock distortions from perfectly aligned state. As presented on
Fig.4.4-a, any asymmetry in the flock, splay or bend, confers
local polarity and hence local flock motion. The current of par-
ticle J is thus proportional to the angular gradients: 0,0,0.6.
At steady state, this active flux is balanced by the diffusive cur-
rent Jp « Vp, p density of the flock which makes fluctuations
of p and 0 of same order.

By symmetry, angular 6 fluctuations have variance of order 1/¢?
at wavenumber ¢ and thereafter, number density fluctuations
are of 1/¢%. Integrating over the wavenumber in a 2D space,
one finally obtains the number fluctuations.

AN x <N>%+$ ~ (N) with d = 2, the space dimension

The giant number fluctuations thus appear as a consequence of
the coupled dynamics of density and orientation related to the
nematic order in the system. So forth no giant fluctuations are
expected in the isotropic phase.

Experiments

Narayan et al. realized experimental active nematics with a
very dense collection (surface fraction ® ~ 50 — 66%) of agi-
tated monolayer of rods on a solid substrate. They measured
giant number fluctuations AN o« (N) in a system presenting
macroscopic swirls [153] (see Fig.4.4-b) . No giant fluctuations
are reported in the isotropic phase. The fluctuations are also
extremely long-lived as they report logarithmic relaxation of
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the temporal autocorrelation function of the density fluctua-
tions. Both these experimental results agree with theoretical
predictions on active nematics [153,154]. I end up with the brief
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Figure 4.4: Giant number fluctuations in active nematic. (a) Bend
or Splay in an apolar nematic confers local polarity and hence local motion.
Reprint from [152]. (b) Nematic order with giant density fluctuations in a
assembly of active nematic particles. Reprint from [153].

overview of the complex dynamics of self-propelled particles with-
out solvent or, this is equivalent, a passive frictionnal medium
which only role is to keep the particles at constant velocity. 1
now add a fluid solvent and consider the collective behaviors of
suspended swimmers. The motion of the active particles in the
medium s force free and for this class of SPP and additional
conservation law is to be accounted: momentum conservation.
This arises hydrodynamics interactions which present important
modifications in the dynamics.

We will restrict ourselves in our presentation to the case of the
low Reynolds regime e.g. with microorganisms and in Newto-
nian fluids.
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4.3 Low Reynolds number active suspen-
sions

In this section we therefore survey such suspensions, ordered
or disordered, of active particles in a fluid medium and show
how the inclusion of momentum-conserving hydrodynamic flow
into the analysis of active particle systems introduces impor-
tant qualitative departures from the behavior presented in the
preceding section. The long-range nature of the hydrodynamic
interactions among the active particles leads to large-scale non
equilibrium phenomena reported in colonies of bacteria of col-
lections of living cells.

4.3.1 Pushers and Pullers

Low Reynolds microorganisms propel through a variety of pe-
riodic, non-reciprocal strokes (as described in section-3.1) that
involve complex dynamics of beating parts e.g. flagella or cilia.
Understanding the collective behaviors of dense suspensions of
these systems, given the details of the swimming dynamics of
individuals, would appear as a complete nightmare. Here we
are interested in the collective behavior of many swimmers on
long time and large length scale which make the details of the
mechanism of self propulsion cumbersome.

Given Newton’s third law, the active particles and the fluid ex-
ert equal and opposite forces on each other. It imposes that the

215




CHAPTER 4. TOWARDS COLLECTIVE BEHAVIORS

force density associated with each swimmer must integrate to
zero, i.e no monopole moment is allowed. In a far field approx-
imation, the minimal model of a stroke-averaged active particle
in a fluid is therefore a static force dipole* of strength f, positive
or negative, depending on the force exerted on the surrounding
fluid:

e Pullers. Contractile swimmers with f < 0 pull fluid along
their axis and push fluid out along an axis normal to their
midpoint (see Fig.4.5-A for the fluid flow pattern). They
are propelled by flagella at the head of the organism, hence
“pullers”. The algae Chlamydomonas belong to this class.

e Pushers. Tensile swimmers with f > 0 push fluid along
their axis and pull fluid at their midpoint (see Fig.4.5-B for
the fluid flow pattern). They are propelled from the rear,
hence “pushers”. Most bacteria, such as E. Coli belong to
this class.

Let us precise that using the classification of SPP given in the
previous section swimmers are polar particles.

The theoretical study of active suspensions is done by construct-
ing the coupled dynamical equations for the swimmer concentra-
tions and orientations and a generalized Navier-Stokes equation
for the velocity field u of the suspension. Self-propulsion enters
via the force density f in Navier-Stokes equation. The formu-
lation of the hydrodynamic equations and their study goes far

4More complex models may encounter higher order multipoles.
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beyond the aim of this chapter but are thoroughly developed
in [86, 137,146, 152]. Only most striking consequences on the
dynamics or anomalous observables and experimental illustra-
tions will be discussed.

4.3.2 Breaking the second principle

Thanks to the permanent energy input by the active swimmers,
the system is intrinsically out-of-equilibrium and thus has no
reason to be ruled by equilibrium principles as the second prin-
ciple. Recently, Di Leonardo et al. gave numerical evidences of
monothermal micromotor in a bacterial bath [101]. The chaotic
motion of the active particles is rectified by asymmetric environ-
ment, e.g. ratchets to give net propulsion. This result is in clear
contrast with equilibrium baths for which the detailed balance
can not be broken. This scenario was validated experimentally
by [102,103]

4.3.3 Instability of orientation-ordered active
suspensions

Instability of orientation-ordered active suspensions

Uniform ordered active suspensions are absolutely unstable at
long wavelengths because of the growth of orientational fluctu-
ations [86,152]. An orientational order is under permanent and
unstable uniaxial compression (pullers) or tension (pushers). We
show the basic mechanism at work for suspensions of pullers
(see Fig.4.5-A’) or pushers (see Fig.4.5-B’). Let us consider a
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Figure 4.5: (A-B) Dipolar flow pattern induced by the active force
exerted on the surrounding fluid by a puller (A) or a pusher (B).
The arrows represent the direction of the flow, fluid flow velocity denoted by
the color. White arrow gives the direction of propulsion. Reprint from [137].
(A’-B’) Instability of a polar-ordered suspension of pullers (A4’)
or pushers (B’). Let us assume a perfectly ordered, unbounded, parallel
collection of pullers (A’), respectively pushers (B’), (swimmers represented
as full colored symbols), i.e. a polar-ordered state. The double black arrow
shows that any fluctuation of orientation of a swimmer (open red symbol) is
amplified by the flow pattern (grey arrows) of the neighboring pullers (A’)
or pushers (B’) (full blue symbols). Polar state of pullers, respectively, is
an unstable state of uniaxial tension, respectively compression.
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perfectly ordered, unbounded parallel collection of pullers (re-
spectively pushers) swimmers. The self generated flows cancel
in a delicate balance and the polar-state is at equilibrium. The
nature of the equilibrium —stable or unstable— is given by the ro-
bustness to fluctuations. We suppose an orientation fluctuation
of one puller (respectively pusher) in the polar state. The fluctu-
ation is amplified by the flow pattern induced by the neighboring
pullers (respectively pushers) and destabilizes the orientational
order into an isotropic state (see Fig.4.6-I).

This scenario is in full agreement with the theoretical expression
derived by [137] of the torque exerted by a puller (respectively
pusher): a puller tends to misalign other swimmers located in
the orthogonal direction of its axis, and a pusher tends to mis-
align swimmers along its axis. This pictorial argument can be
detailed by a stability analysis of the hydrodynamics equations
of the active suspensions [86]. In the Stokesian limit, Simha et
al reports a growth of the orientational instability for wavenum-
bers ¢ such as Re < ga < <I>%, where Re is the Reynolds number
on the scale a of the particle, and ® is the suspension volume
fraction. This prediction differs from recent numerical simu-
lations by Saintillan et al. who find that suspensions are al-
ways unstable at finite wavelength [155]. Finally, Baskaran et
al. underlined the role of the long ranged (~ 1/r?) nature of
the hydrodynamic interactions in this instability [137].

Isotropic suspensions: local nematic-order and mixing

In agreement with previous theoretical predictions, numerical
simulations by Saintillan et al. exhibit ordered suspensions of
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I

Figure 4.6: I) Destabilization of an orientational order polar state
of pushers into an isotropic state. The isotropic state presents local
order with swirls and vortices . (a)-(d) increasing time in numerical simu-
lations: (a) initial polar suspension, (d) final isotropic suspension. Typical
flow field of the isotropic suspension is presented on figure e). Reprint
from [156]. II) Fluid mixing by an active suspension of pushers.
The figure shows the configuration of a passive scalar field in the suspension
(a)-(d) increasing time in numerical simulations: (a) initial polar suspen-
sion, (d) final isotropic suspension. Reprint from [155].

IIT) Zero reynolds number turbulence in a drop of Bacillus subtilis
bacteria (pushers). Reprint from [157].
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swimming rod-like particles unstable to long wavelength [156].
Nevertheless they unveil a local nematic ordering at short length
scale as a result of hydrodynamic interactions. Very rapidly the
orientational order destabilizes into a globally isotropic state
characterized by large-scale vortices and swirls (see Fig.4.6-I.e)
with large particles concentration fluctuations. Local orienta-
tional order, as well as formation of transient aggregates of par-
ticles has been also reported for spherical swimmers® in [88]
with a slow decay of the radial distribution function g,(r) of
the system. These patterns are dynamically unstable and con-
stantly break up and merge in time. This suggests important
modifications on the transport properties, e.g. mixing, in active
suspensions. Saintillan et al. report that efficient convective
mizing takes place in suspensions of pushers (see 4.6-1I) but not
in suspensions of pullers [155]. The mixing originates in the con-
stant breakup and merging of concentrated regions of swimmers.
The viscous fluid in which locomotive energy of individuals mi-
croswimmers is transferred also carries interactions that drive
spatiotemporal coherence. Hydrodynamic couplings has signif-
icant impact on the dynamics of the swimming particles. The
velocity distribution P(v) presents large discrepancies with the
equilibrium gaussian distribution. It is algebric P(v) ~ 1/v at
small velocities while the asymptotic decay is consistent with
a gaussian [88]. Moreover, Saintillan et al. report that pullers
swim more slowly than in the isolated case and pushers are

5Local orientational order is also reported for symmetric spherical swim-
mers by [88] but without formation of —even transient— aggregate. Nonethe-
less, we present this result only as a side remark as symmetric swimmers
are rarely encountered in experimental realizations of swimmers.
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faster. This effect exists in a wide range of concentrations —
from moderate to high— of swimmers and leads to modifications
of the swimming velocity of an individual up to 15 — 30% [156].
Furthermore they report a strong dependence with particles vol-
ume fraction of the characteristic time scale 7, for relaxation of
the particle orientation. Because the particles interact and ef-
fectively travel through a chaotic flow —which depends on the
swimmer volume fraction in the suspension— their orientations
actually decorrelate in time.

Experimental observations

Many experimental evidences of “out-of-equilibriumness” of ac-
tive suspensions were recently reported, but up to now, only
with biological microswimmers e.g. bacteria or algae. Recent
experiments have demonstrated the existence of collective effects
for sufficiently concentrated suspensions [157]. The correlation
length of the collective motion can exceed the size of the individ-
ual cells by more than an order of magnitude and the collective
flow speeds (typically 50-100 um/s) largely exceed the speed of
individuals (typically 15-20 um/s). Moreover these cooperative
effects are demonstrated as strongly related to the concentration
of swimmers. No collective effect is observed in dilute suspen-
sions in which the correlation length is limited to the size of a
bacterium, i.e. an equilibrium-like behavior and Sokolov et al.
demonstrated a smooth and monotonically increase of the corre-
lation length through the transition from individual to collective
behavior [94].

Experiments by Wu et al. showed the presence of small
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swirls and jets of cooperative swimming in thin films of con-
centrated suspensions of bacteria E. Coli —pushers—. This had
important impact on the transport properties of the suspension
with greatly enhanced diffusion® and even superdiffusion of pas-
sive tracers [97]. Exceptional transport of passive species in sus-
pensions of pullers, the algae Chlamydomonas, was also recently
reported with non-gaussian probability distribution functions of
the tracers displacements by [93].

4.3.4 Rbheology of active suspensions

As it propels itself, a swimming particle exerts a net force dipole
on the surrounding fluid as a balance between the propulsive
force exerted by the particle and the viscous drag on its body.
The dipole induces a disturbance flow around the particle which
results in hydrodynamics interactions, responsible for the com-
plex dynamics we described above. In addition, we also expect
that the injection of energy in the system by the active particles
modifies the effective rheology of the suspension. Large theoret-
ical efforts have been recently devoted to study these systems,
and provided strong support to the idea that a medium suffused
with active processes should be thought of as a distinct type of
material. It was notably showed consequences on the viscosity,
so called effective viscosity, of the swimming activity. A basic
picture of the connection between bulk viscosity and swimmers
activity can be given as follow. We consider an isotropic sus-

6The idea of a “bacterial bath” akin to the molecular bath responsi-
ble for brownian motion arises from the enhanced diffusion of tracers in
suspensions of bacteria
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Figure 4.7: Impact on the viscosity of the propulsion mode of rod-
like swimmers in a isotropic phase of an active suspension. Swimmers
align under shear (black arrow) a) Contractile pullers particles. The force
dipole (red arrow) opposes to the imposed flow, thus leading to an increase
of the effective viscosity of the suspension. b) Tensile pushers particles.
The force dipole (red arrow) enhances the imposed flow, thus leading to an
decrease of the effective viscosity of the suspension.

pension of rod-like pullers (respectively pushers). A shear flow
is imposed to the system and produces alignment of the swim-
mers. The permanent force dipole exerted by the contractile
pullers (respectively tensile pushers) pulls back and resists to
(respectively pushes out and enhances) the flow that oriented
them, see Fig.4.7-a (respectively see Fig.4.7-b). This results in
a change in the stress/rate ratio w.r.t. the same equilibrium sus-
pension with passive particles, i.e. higher viscosity for pullers
and lower viscosity for pushers. This sketch was first given, and
supported by a coarse-grained hydrodynamic approach, by Hat-
walne et al [158] to show the macroscopic impact on the viscosity
of the swimming activity. These predictions are in agreement
with a kinetic model of active rods by Saintillan [159]. Never-
theless the scenario of Fig.4.7 relies on the stress alignment of
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the swimmers, i.e. form anisotropy. Haines et al. showed that
swimming results in a decrease of viscosity only if the orientation
distribution of swimmers is anisotropic, e.g. under gravitational
field [160] and Ishikawa et al. demonstrated viscosity effects in
suspensions of active "squirmers” in gravity field [161]. The
reduction of effective viscosity intuitively results in the energy
injection by the swimmers thus counteracting the energy loss
due to viscous dissipation [160]. Saintillan formally identified
the active power input generated by swimming particles as the
origin for the decrease in viscosity predicted in pusher suspen-
sions [159]. He notably demonstrated that predicted negative
viscosity did not violate the positive rate of viscous dissipation,
i.e. the second principle of thermodynamics, as it then included
a contribution which is not of dissipative origin. Furthermore
while positive viscosity results in preferential damping of high
wavenumbers, low wave numbers are destabilized by negative
viscosity, thus saturating at large-scale coherent structures in
the absence of any external forcing. This leads to the forma-
tion of swirls, whorls or other complex, local structures in dense
suspension of microswimmers and reported in the previous sec-
tion. Note that theses models are a priori valid for dilute or
semi-dilute suspensions in contrast to the emergence of local
swirls that requires dense suspensions of active particles cou-
pled by hydrodynamic interactions. For rheological properties,
the cooperative alignment of swimmers arises from the shear (or
external field) but not via hydrodynamic couplings and effects
of activity on viscosity are thus predicted even at concentration
for which hydrodynamic interaction may be neglected. Non-
linear visco-elasticy properties are also expected [158]. Finally
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large fluctuations driven by activity and related to the effective
temperature of the active system are also reported [158]

Viscosity measurements

Dense suspensions of active swimmers

Experimental viscosity measurements has recently been tested
on active suspensions of microorganisms. Sokolov et al. de-
termined the shear viscosity in concentrated suspensions (vol-
ume fraction ® ~ 10%) of swimming bacteria Bacillus subtilis —
pushers— in a thin liquid film [162]. They monitored the viscous
torque on a rotating particle as well as the decay of a vortex in
the film. They measured a decrease of the effective viscosity by
up to a factor of 7 compared to the viscosity of the same liquid
without bacteria or with nonmotile bacteria. Furthermore, the
viscosity depends on the concentration and swimming speed of
the bacteria, which underlines the crucial role of the microor-
ganism activity in the mechanism.

Using swimming algae Chlamydomonas Reinhardtii in a conven-
tional rheometer, Rafai et al. measured that effective viscosity
of concentrated (volume fraction ® ~ 20 — 30%) suspensions,
i.e. with live —pullers— algae, was far greater than for the same
liquid containing the same concentration of dead algae [99].
These experimental results are in qualitative agreement with
above expectations and the basic scenario given on Fig.4.7-a,b):
pullers increase the shear viscosity compared to the same pas-
sive suspension, while pushers reduce the viscosity. Quantitative
comparisons between models and experiments is still to be per-
formed.
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Dilute/semi-dilute suspensions of active swimmers

Finally, Chen et al. probed non equilibrium properties of a di-
lute active bacterial bath of E. Coli. In dilute suspensions, with
volume fraction ® ~ 1073%, they measure no departure in the
rheological response w.r.t. to the equilibrium situation, but sig-
nificant enhancement of the fluctuations of the medium thus
resulting in a strong violation of the Fluctuation-Dissipation
theorem [163]. They also report anomalous 1/ \[(w) scaling
in the active stress fluctuation spectrum measurements. This
arises essentially from the concentration fluctuations in the ac-
tive stress, but their results underline the importance of the mi-
croscopic swimming behavior details in the systems, departures
from equilibrium thus proceeding via non-universal mechanisms.

4.4 Probing Janus microswimmers suspen-
sions

We have described many signatures of “out-of-equilibriumness”
in suspensions of active self-propelled particles in a fluid medium.
Theoretical predictions are numerous in the regime of dense sus-
pensions: local nematic ordering with the emergence of complex
patterns of transient swirls and whorls, namely “zero Reynolds
turbulence”, distinctive transport properties, notably efficient
mixing only for suspensions of pushers ... Moreover, activity
impacts rheological properties notably increase/decrease of the
shear viscosity even in dilute/semi dilute solutions. Many ex-
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perimental validations of some signatures were recently provided
with suspensions but only with active biological microorganisms
and requires additional insights with large collections of artificial
microswimmers. The Janus particles I developed during part of
my phD thus proposes a relevant avenue in this context. Syn-
thesizing the theoretical predictions on active suspensions with
the specificities of the Janus microswimmers, the aim of this
section is to suggest leads to probe out-of-equilibrium
signatures of a suspension of Janus. Furthermore, a few
very preliminary results will be given as hints of collective effects
in this section

4.4.1 Bulk rheology measurements

One of the most natural way of probe collective effects in active
colloidal suspensions is to perform bulk rheology measurements
in the same spirit as experiments by Rafai et al. or Sokolov et
al.. As underlined by [162], the shear viscosity depends on the
total active energy injection in the medium, i.e. concentration
and velocity of the swimmers. Given the typical velocity of bio-
logical microorganisms —typically 20—50um/s— and the diffusio-
phoretic velocity of the Janus microswimmers, V ~ 1 — 3um/s,
it will certainly be necessary to compensate the relatively slow
velocity with higher concentrations, or certainly not lower. This
underlines one of the mean experimental difficulty of bulk rhe-
ological measurements with artificial swimmers. It will require
to achieve sufficiently highly concentrated suspensions with vol-
ume fraction of Janus of order ® ~ 10 — 50%. The synthesis
of such collections of artificial swimmers as well as the obten-
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tion of so concentrated suspensions is an experimental challenge
that we have not addressed up to now. This track is fully to be
explored!

4.4.2 Passive tracers dynamics in an active bath
of Janus microswimmers

Nonetheless Chen et al. demonstrated with passive tracers in a
bacterial bath that strong departures from equilibrium can arise
from the energy input even in semi-dilute suspensions of active
particles ® ~ 1073, I developed in chapter 3 experimental tech-
niques to work with Janus suspensions of volume fraction up
to ® ~ 107!, In this regime I demonstrated that a suspen-
sion of active Janus microswimmers can be well described by a
fluctuation-dissipation relationship and is equilibrium-like. Nev-
ertheless the impact on passive tracers of the activity remains
unexplored in our system. Along this line, it appears interest-
ing to study the behavior of passive tracers in an active bath of
Janus microswimmers (with volume fraction ® ~ 0.01%). This
can be done by measuring the force response of a passive tracer
with optical tweezers which will be interesting to do in the fu-
ture or studying its dynamics by optical microscopy.

I now present preliminary results for the study of the dynamics
of passive tracers in an active bath of Janus microswimmers.

Experiment

We use, as for the the sedimentation experiments (see section 3.4)
a hydrogel microfluidic chamber with Janus particles. In order
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to locally increase the density and magnify the out-of-equilibrium
effets, we use twice heavier Janus particles than in the sedimen-
tation experiments. This is done by increasing the platinum
coating to bnm —instead of 2nm— on identical latex particles
but non fluorescent. A solution containing these Janus particles
(®; ~ 1072% and dilute passive tracers (¢ ~ 107%%, fluo-
rescent latex particles with diameter 1.1pum) is enclosed in the
microfluidic chamber as previously described. Furthermore, a
solution containing only dilute passive tracers (¢r ~ 1072%,
fluorescent latex particles with diameter 1.1pum) is enclosed in
a neighboring microfluidic chamber as an equilibrium reference.
Hydrogen peroxyde solution at concentration Cj is continuously
circulated in the lateral channels, ensuring a constant renewal
of the fuel and removal of chemical waste (see Fig.4.8-a). The
long-time dynamics of the Janus swimmers, the tracers in the
Janus bath, and the reference tracers are investigated with a
CCD camera (peye) at 0.5Hz on time scales up to 60s and
trajectories are extracted with Matlab analysis. We then cal-
culate the mean square displacement AL?(t) (see section 3.4.2
for more developments on this point) for each class of particles:
swimmers, passive tracers with Janus, passive tracers at equi-
librium. Preliminary results for Cy = 10% are presented on
Fig.4.8-b.

Results and discussions

The mean squared displacement of the passive tracers without
Janus is linear with time (see Fig.4.8-b) as expected for equilib-
rium benchmark. The slope gives the reference diffusion coeffi-
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Figure 4.8: Tracers dynamics in an active bath of Janus microswim-
mers. (a) Experimental setup. A solution containing Janus particles plus
passive tracers is enclosed in a gel microfluidic chamber. Passive tracers are
enclosed in an independent chamber as a reference benchmark. Hydrogen
peroxyde fuel is injected through lateral channels. The trajectories of (i) the
passive tracers at equilibrium, (7¢) the Janus particles and (i) passive trac-
ers in a Janus bath are recorded by a camera and mean squared displace-
ments AL%t(t) calculated with Matlab routine. (b) AL?t(t) obtained for
(i) passive equilibrium tracers (blue O), (i4) Janus microswimmers (red o)
and (4i7) passive tracers in an active Janus bath (orange ¢). Fitting curves
(black dashed lines) for are linear for (i) and (%) and parabolic for (%ii).
Measurements of the equilibrium diffusion constant Do = 0.4040.02um? /s
of the tracers is measured as well as the effective diffusion constant of the
Janus microswimmers D.yy = 0.49 & 0.02um?/s. This is in clear contrast
with passive tracers in the Janus baths which are advected by a velocity
Vi = 0.6 = 0.05um/s. The origin of this flow is to still to be refined but
could appear as a hint of cooperative flows generated by Janus activity.

2
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cient of the tracers particles”: Dy = 0.40 & 0.02um? /s.

The mean squared displacement of the Janus particles appears
as linear in time at long times scales with an enhanced diffu-
sion coefficient D¢y = 0.49 & 0.02um?/s.Given the rotational
diffusion time 7, ~ 0.9s of the janus particles, it is expected to
recover a diffusive-like regime. The associated propulsion veloc-
ity of the particles is V' ~ 0.7um/s.

The mean squared displacement of the passive tracers with Janus
particles is not linear with time and is much better fitted by a
parabolic function. This result is in clear discrepancy with the
brownian dynamics expected for equilibrium tracers. Fitting
the curve with AL?(t) = 4Dot + 2V;2t? gives tracers velocity
Vi = 0.6 +£0.05um/s.

These experimental results show that passive tracers in an active
bath present a completely different dynamics than equilibrium
tracers. The convective dynamics observed with Janus particles
could be reminiscent of a coherent flow pattern developed by the
Janus particles. Further investigations with PIV-measurements
of the flow field are of course necessary. As a clear signature
of the out-of-equilibrium nature of the system, it will also be
interesting to study the fluctuations in these systems and see if
departures from equilibrium can be measured. Theses prelimi-
nary results need of course to be pushed forward notably with an
extensive investigation of experimental parameters (Peclet num-
ber of the active particles, concentration of Janus particles in

"It accounts eventual modification of viscosity of the medium through
the alteration of the gel by the hydrogen peroxide.
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the chamber®...). Of course, they have to be confirmed but they
could demonstrate, as previously reported by [163], that even
at low concentration, the adding of active particles may have
strong impact on the physical properties of a system. Further-
more they present encouraging hints of collective/cooperative
effects in suspensions of active colloids.

Further investigations on collective effects and out-of-equilibrium
dynamics of active colloidal suspensions are required and con-
stitute the basis of the PhD work of I. Theurkauff.

81n these experiments the concentration is only 2 or 3 times higher than
in sedimentation experiments. Work with denser suspensions needs to be
done
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