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3.5 (left) Representative force profiles F versus time of the 2nd and 5th penetrated
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4.2 (left) Mean squared displacement as a function of lag time in log-log scale
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4.8 Comparison between the behavior of swimming Pt@SiO2 Janus colloids in
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5.1 Representative trajectories in the xy plane of length N = 10 000 points
acquired at 996 frames per second for a (left) Free (not wrapped) and (right)
Wrapped particle with radius RP = 1.15 µm. Both trajectories resemble
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(right) Reduced experimental drag ζt/ζt,b as a function of particle size for free
(red discs) and wrapped (blue diamonds) cases with theoretical predictions
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corresponds to ζES as in Eq. 5.2 with χ(ϵ) = 1 and χ(ϵ) = 2. (right) Plot
of the function χ(an, hm) as defined in Eq. 5.2 where the dependence on
ϵ = an

√

η/hmηm is replaced by a dependency in the equivalent disk radius an
and membrane distance to the wall hm, with η = ηw = 0.001 and ηm = 2×10−9
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5.6 (left) Mean squared displacement curves (1D) for engulfed Janus Cu@SiO2

particles computed from N = 20000 points long trajectories acquired at 980
fps (≈ 20 s). Inset shows the behavior at short timescales at which the diffu-
sion coefficient is fitted. The plain black line is the prediction from Stokes’ law.
(right) Corresponding in-plane mean squared angular displacement curves for
the same trajectories as on the left. The plain black line is the prediction
from Stokes’ law. Inset shows the behavior at short timescales. . . . . . . . 110
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5.7 Reduced in-plane rotational friction ζϕ/ζr,b versus reduced translational fric-
tion ζt/ζt,b for fully wrapped Janus Cu@SiO2 particles, where ζr,b = 8πηR3

P

and ζt,b = 6πηRP . The red dashed line is the average reduced translational
friction measured for free (not wrapped) Janus Cu@SiO2, with the shaded
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time regime of the MSD in inset. (right) Parameters extracted from the MSD
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σ. Errorbars account for the fit standard deviation values. . . . . . . . . . . 117

5.11 (left) Translational diffusion coefficient Dt and corresponding friction coeffi-
cient (right) experienced by engulfed particles. Triangles correspond to mea-
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5.14 Trajectories extracted from the experiment in Figure 5.13 acquired at 200 fps.
(left) Temporal evolution of the relative position ∆x(t) = x(t) − x0, where
x0 is the center of the optical trap, upon step-wise approach of an optically
trapped RP = 1.15 µm SiO2 particle as shown in Figure 5.13. Note that the
axis x corresponds to the direction perpendicaular to the membrane. Inset
shows the two dimensional trajectory with the color map allowing to visualize
the time evolution. (right) Evolution of ∆y(t) = y(t)− y0. . . . . . . . . . . 122

5.15 (left) Experimental potential energy as a function of center of mass position
for the vesicle membrane being far from the particle (t < 20 s in Figure
5.14, grey circles) and for 70 < t < 74.5 s with FN = 0.94 ± 0.03 pN (blue
circles). The black dashed line is the harmonic potential of the optical trap
∆U = 1

2
κ∆x2 with κ = 3.1 µN m−1 obtained from MSD and PSD calibration.

(top right) Focus on the equilibrium potential far from the membrane. (bottom
right) Focus on the equilibrium potential with the membrane pushing the
particle and evidence of the asymmetry in the potential. The black dashed
line is the harmonic potential of the optical trap ∆U = 1

2
κ∆x2 with κ =

3.1 µN m−1, and the red dashed line is ∆U = ∆U0 + κσ(∆x − ∆xm)
2 with

κσ = 1150 kBT.µm−2 = 4.7265× 10−6 N.m−1 and ∆xm = 0.32 µm. . . . . . . 123
5.16 Position power spectral density in the two extreme cases of large particle-

membrane distance (black plain line) and particle-membrane contact (red
plain line). Dashed lines of the corresponding colors are fits following Eq. 1.38
yielding the stiffness κ and friction coefficient ζt. For the membrane being far
(black), the fit yields κ = 3.1±0.09 µN m−1 and ζt = 19.5±1.2 nPa m s. For the
particle deforming the membrane (black), the fit yields κ = 3.56±0.12 µN m−1

and ζt = 22.9± 1.7 nPa m s. . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.1 (left) Sketch defining the Euler angles θ and φ. The blue vector corresponds
to the active propulsion velocity vector V0. ψ is the angle defined by the
displacement vector ∆r(∆t) and a reference axis in the lab frame. (right) Red
curve shows the evolution of φ(t)−φ0, where φ0 = φ(t = 0) by image analysis,
during a persistent segment (θ ≈ π/2) of a Cu@SiO2 particle trajectory in
100 mM glucose at I = IMAX. The blue curve ψ − ψ0 was obtained by
ψ(t) = arctan

(

v̄y(t)

v̄x(t)

)

where v̄x(t) and v̄y(t) are the filtered instantaneous

velocity components, and ψ0 = ψ(t = 0). . . . . . . . . . . . . . . . . . . . . 128
6.2 Velocity power spectral densities of Cu@SiO2 particles in different white light

illumination conditions. The spectra are obtained from average of the in-
dividual spectra associated to the trajectories in inset (25 s long at 100
fps acquisition frequency) for each sample illumination conditions, namely
I/IMAX = 1, 0.7 and 0.4 from left to right, where I is the white light illumi-
nation intensity and IMAX the maximum intensity that can be provided by
the light source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
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6.3 (left) Cu@SiO2 Janus particle trajectory in 100 mM glucose aqueous solution
of 9000 points acquired at 100 fps. Color map shows the filtered velocity
Vf (t) obtained from 2.1 s sliding average over the raw instantaneous velocity
components. (top right) Black curve shows the temporal evolution of the out-
of-plane oriantation angle θ(t) measured from image analysis following the
method described in Section 2.5.3. The red curve is the filtered velocity Vf
already shown as a color map on the left panel. (bottom right) Experimen-
tal out-of-plane orientation probability density P (θ) calculated for the same
trajectory as the left and top right panels. . . . . . . . . . . . . . . . . . . . 131

6.4 (top) Bright field microscopy image of a giant SiO2 particle (RP,G ≈ 12.5 µm)
held in place spatially thanks to a micropipette. Nearby is an optically
trapped RP,s = 0.76 µm SiO2 particle (appearing as a bright spot). The
relative distance between the two objects can be precisely controlled thanks
to piezoelectric actuation of the sample stage, but the absolute distance d is
hard to access experimentally. The scale bar is 5 µm. (bottom) Fluorescence
microscopy of a giant SiO2 and an optically trapped RP = 0.76 µm SiO2 parti-
cle both coated with a DOPC lipid bilayer thanks to the SUV fusion method
[170]. On the right is the corresponding scheme for each situation, in the
presence of salt (NaCl) to screen the electrostatic repulsion. . . . . . . . . . 133

6.5 (left) Representative log-log plot of the mean squared displacement along y
(parallel motion) for 8 different positions of the small bead with respect to the
giant bead, corresponding to surface-to-surface distances di with 1 < i < 8
and d1 > d2 > ... > d8. Inset shows the short time regime in a linear scale,
together with the fits (Eq. 1.32) allowing to extract the translational friction
ζt. (right) Associated trajectories at each distance di. The shape of the
trajectories evolve as a function of the proximity of the giant bead and the
particle is pushed away from the center of the trap due to the interaction with
the giant bead. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.6 Measured translational drag coefficient ζt as a function of inferred surface-to-
surface distance d. The red disks and diamonds stand for the surfaces coated
with DOPC lipid bilayers, while the black disks and diamonds stand for bare
SiO2 surfaces. Disks and diamonds stand for different sets of experiments,
performed with different samples. The black dashed line surrounded by the
green shaded area account for Fàxen’s formula for drag modification close
to a wall with the area accounting for an uncertainty on the particle radius
RP = 0.76 ± 0.05 µm. The black arrows for the points laying on the same
vertical line represent the decrease of measured drag upon increase of the
trapping laser optical power (i.e. increasing κ) and thereby exerting more
force in the direction normal to the interface. . . . . . . . . . . . . . . . . . 135
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7.1 Instantanés d’une acquisition de microscopie en fluorescence durant laquelle
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Chapter 1

Introduction

Microscopic bodies interacting with membranes is an ubiquitous situation at the cellular

scale. These interactions play crucial roles in a variety of contexts, including the phagocytic

uptake of microbes by immune cells [1, 2] and the cell-to-cell spread of bacterial pathogens

[3, 4]. During such processes, the cell membrane deforms upon contact with a foreign body

and undergoes shape and topological transitions to achieve internalization. In some in-

stances, the foreign body is an inert microparticle subjected to thermal diffusion, as seen

in the cellular uptake of microplastics [5]. In other instances, the particle consumes energy

from its surroundings and converts it into directed motion or mechanical forces, maintain-

ing itself out of thermal equilibrium. This property is observed in microorganisms such as

bacteria, but can also be replicated in artificial systems. In these systems, it can be challeng-

ing to distinguish the contributions of active biological mechanisms from those of physical

interactions in determining the uptake outcome. Reproducing the complex remodelling pro-

cesses occurring in biology in the absence of the biological machinery therefore constitutes a

promising approach to evidence and study the role of physical interactions. In this thesis, we

use minimal model systems to experimentally investigate the physical principles governing

the engulfment of microparticles driven by external or active forces. In this first chapter, es-

sential concepts and terminology are introduced, and a comprehensive review of the current

state of the art is provided to contextualize and motivate the investigations presented in the

following chapters.

1.1 Biological membranes and lipid bilayers

Biological membranes are highly adaptable structures that can deform and remodel their

shape in response to various stimuli, while also acting as barriers to compartmentalize cellular
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Eb =

∫

[

2κb(M −m)2 + κGK̄
]

dA (1.3)

with κb and κG the bending rigidity and Gaussian bending rigidity, respectively (Figure

1.3). These modules have units of energy and are material properties expected to depend

on the membrane lipid composition and phase. The membrane spontaneous curvature m

however, which describes the preferred curvature of an unconstrained piece of membrane, can

originate from any asymmetry across the membrane. It was shown that lipid composition

asymmetry between the two leaflets, asymmetric polymer adsorption or asymmetric sugar

species across the bilayer induce an effective spontaneous curvature [12]. Note also that in

the absence of topological changes, the Gauss-Bonnet theorem states that the integral over a

closed surface of the Gaussian curvature is a constant. The term associated to the Gaussian

curvature in Eq. 7.1 is therefore essentially constant and is usually disregarded.

Area expansion elasticity and membrane tension

In the last decades, the literature seemed to utilize the same terminology of membrane ten-

sion, usually denoted σ (or Σ), to describe different material properties. Here, we will try

to clarify and figure what is the relevant interpretation for floppy giant unilammellar vesicles.

For an isolated lipid membrane, the number of lipids constituting it is fixed. In thermal

equilibrium, there should exist an equilibrium distance between each lipid set by molecular

interactions which would lead to a tensionless membrane with optimal area A0 [13]. If the

vesicle is dilated or compressed from A0 to a value A, thereby imposing a change in the

preferred inter-lipid distance such as sketched in Figure 1.3 (right), the change in elastic

stretching energy is given by the Hookean-like contribution [13]:

Es =
1

2
KA

(A− A0)
2

A0

(1.4)

where KA is an area compressibility modulus, and one can define a mechanical tension:

Σs =
dEs

dA
= KA

A− A0

A0

(1.5)

Note that the mechanical tension derived here depends on the initial resting state and

is not a constant, in opposition to the interfacial tension of liquid interfaces. In practice for

lipid membranes, KA is of the order of ∼ 100 mN m−1 [14], which is at least one order of

magnitude above the lysis tension of the same membranes (tension at which the membrane
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ruptures ∼ 5 mN m−1). It means that very large stresses as compared to the scale set by

the bending rigidity are needed to induce small area dilation and the membrane area can

only increase by a few percents before it ruptures. For this reason, lipid vesicles are often

assumed to have a constant area A0.

However, micromanipulation experiments with increasing precision on lipid vesicles evi-

denced the existence of a soft area compliance regime which accounts for an entropy-driven

tension [15, 16]. Indeed, the lateral restriction of conformations reduces the configurational

entropy of the system and an effective tension therefore emerges even at constant membrane

area A = A0 [17]. In fact, under a microscope, for a tensionless membrane, one can only re-

solve a projected or apparent area and not the real membrane area A, as significant amount of

the membrane area is ”hidden” in the thermal undulations that can not be resolved optically.

When applying very tiny stresses (∼ 10−6 N m−1) to a presumably tensionless membrane,

one can in fact measure a big apparent area increase ∆A/A due to the suppression of the

thermal undulations of the membrane at finite temperature. This introduces a logarithmic

dependence of the projected or apparent membrane area increase on the membrane tension

increase with a prefactor that accounts for the competition between thermal energy and

bending energy 8πκb/kBT . The existence of such a tension was suggested by the equilibrium

theory of bending elastic thermal excitations, where a membrane tension characterizing the

free energy increase associated to a projected area increase such that ∆Eσ = σ∆A was in-

troduced [11, 18].

In many experimental contexts since then, such a tension parameter σ is attributed to

the membrane and considered to account for the entropy related effects discussed in the

previous paragraph. As we saw however, it is not a material parameter as it should depend

on the constraints on the membrane (e.g. the volume of fluid enclosed in the case of vesi-

cles). Still, it is often used as a constant, analogously to the interfacial tension of liquid

droplets, suggesting that it acts as a chemical potential for membrane area. We showed pre-

viously that due to the finite number of lipids in a membrane, this assumption can not hold

upon large membrane deformations. There is a framework in which this interpretation holds

rigorously, which is when accounting for the contributions of a spontaneous tension σ̃ [19, 20].

Indeed, by rewriting the Helfrich energy of Eq. 7.1 without the Gaussian curvature term

(for the reason discussed previously) as:

6
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Eb = 2κbm
2A− 4κbm

∫

MdA+ 2κb

∫

M2dA, (1.6)

it appears that a large membrane segment with area ∆Aσ̃ frustrated to adopt a mean

curvature M ̸= m contributes to the bending energy as [19]:

Eb ≈ 2κbm
2∆Aσ̃ (1.7)

Therefore, large membrane segments with |M | ≪ |m| experience a spontaneous tension:

σ̃ = 2κbm
2 (1.8)

which only depends on the property m and is therefore a priori constant.

In this thesis, we will therefore assume that the membrane tension σ is the sum of two

components [13, 20, 21]:

σ = Σ+ 2κbm
2 = Σ+ σ̃, (1.9)

where the so-called mechanical tension Σ accounts for the entropic effects discussed in

the first part of this section and depends on the size, shape and constraints on the membrane

[21], and a spontaneous tension arising from bilayer asymmetry. Note that while it is usu-

ally implicitly assumed that σ is a constant characterizing the energetic cost for extracting

membrane area from a reservoir, it is in general not the case and the experiments reported

in the following will bring evidences of that.

Finally, in the case of vesicles which enclose fluid, a difference in osmotic pressure exerted

by osmotically active species in the interior and exterior compartments can be defined. This

pressure dictates the prescribed fluid volume enclosed in a vesicle as solvent fluxes across

the membrane over time allows to adjust the concentration inside the vesicle to reach a

vanishing osmotic pressure difference. Considering the energy associated to the deviation of

the volume from this prescribed volume set by osmotic conditions, the separation of energy

scales with κb again allows to consider that the volume is essentially conserved.

Membrane shear viscosity and intermonolayer friction

Fluid lipid membranes are usually described as two-dimensional viscous fluids. The shear

elastic modulus is therefore zero and in-plane shear deformations are only resisted by viscous
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forces characterized by a two-dimensional viscosity ηm, as depicted in Figure 1.3 (right). This

2D viscosity has the units of a 3D viscosity times a length, which is the membrane thickness

h. To describe the competition between the membrane viscosity and the viscosity of the

bulk fluid, one defines a dimensionless quantity B = ηm/ηl, known as Boussinesq’s number,

where η is the 3D viscosity of the surrounding fluid and l is a typical lengthscale of the

probing system. This quantity captures the relative importance of surface and bulk viscous

contributions for a probing object with a typical size l.

In the absence of external constraints, microscopic objects embedded in a lipid bilayer

undergo Brownian motion within this two-dimensional sheet with a modified friction force

accounting for the 2D viscosity of the membrane. Available models describing the mobility

of inclusions within lipid membranes are therefore considering the hydrodynamical problem

of a disc embedded in a membrane. Models consider the disc to have the same thickness h

as the membrane and to be surrounded by a 3D fluid with a viscosity η [22, 23, 24]. Such

continuous approaches allowed to derive an expression for the translational friction coefficient

for a disc inclusion of radius a known as the Saffman-Delbrück formula [22]:

ζSD = 4πηm

[

log
(

ηm

ηa

)

− γ

]−1

, (1.10)

where γ = 0.5772 is Euler’s constant. Note that the drag experienced by the inclusion

only weakly depends on its radius a. This model allowed to interpret experimental data on

the diffusion of lipid domains and proteins within membranes [25, 26, 27]. Typical experi-

mental values of the membrane viscosity for lipid bilayers are in between 7 and 80 nPa s m

[28].

A signature from the non purely two-dimensional nature of the lipid bilayers can be evi-

denced in particular situations involving a relative motion between the two leaflets (mono-

layers) constituting the membrane [29, 30, 31, 32] (see Figure 1.3 (right)). Indeed, the

dissipation associated to intermonolayer slip can become significant when suddenly chang-

ing the shape of lipid membranes, i.e. for example when rapidly pulling a nanotube from a

spherical vesicle [33, 34]. An intermonolayer friction coefficient b can therefore be defined as

the ratio between the force per unit area and the slip velocity [35]. Typical values of b are

in between 106 and 108 Pa s m−1 [36].

8











Chapter 1. Introduction

of a puller near a solid obstacle is shown in Figure 1.6 (right) together with the final captured

position on a spherical obstacle as a function of initial position. The predicted behaviors were

validated experimentally and appeared to be very robust for many pusher systems, along

walls [68, 69, 74], circular posts [69, 75] or spherical giant colloids [76], as shown in Figure

1.7 (A,B,C). In fact, the same orbital trapping effect was reported also for soft obstacles,

namely giant lipid vesicles, as shown in Figure 1.7 (D). For puller swimmers however, much

less data are available to bring experimental confirmations to the predictions. Furthermore,

it can be expected that soft boundaries, such as lipid membranes, may be deformed by the

microswimmer, potentially triggering membrane shape transitions.

1.2.3 Adhesion-driven particle wrapping

In the previous section, we introduced the concept of passive and active particles. In this

section, we will focus on the membrane deformations and shape transitions that can be in-

duced by passive particles.

In order to observe shape remodelling, membranes must undergo continuous deforma-

tion to transition between states. As previously introduced (Section 1.1.2), deforming a

lipid membrane incurs an energy cost primarily due to membrane bending rigidity and lat-

eral tension. For the case of deformations induced by a particle, these energetic costs can

be compensated by a decrease in the system’s energy upon membrane-particle surface con-

tact, if both surfaces show affinity. In biology, this affinity can arise from specific biological

receptors. However, nonspecific physical forces can also lead to adhesion.

Pioneering experimental work by Dietrich et al. [78] reports on the spontaneous in-

teraction between polystyrene microspheres and DOPC or SOPC lipid vesicles. Complete

wrapping of the particle was observed and the equilibrium configurations were explained

using a simple model accounting for the interplay between membrane elastic energy and

particle-membrane adhesion energy (the bending contributions were neglected). The adhe-

sion energy is characterized by an adhesion energy density w which can be written in terms of

interfacial tensions, in analogy to wetting, and characterizes the adhesion energy Ew = wA

(A is the membrane area in contact with the particle surface and w < 0 if the contact is

favorable). Note that the analogy with wetting holds for some limiting cases, but not in gen-

eral as it assumes the membrane tension σ is constant, which is generally not the case upon

deformation as discussed in Section 1.1.2. Still, the idea of using an adhesion energy den-

sity w instead of considering the full distance-dependent interaction potential between the

13





Chapter 1. Introduction

allows for tunable, nonspecific and reversible adhesive interactions between the particle and

the lipid membrane. Notably, Spanke et al. used polyethylene glycol (PEG) as a depletant to

tune the adhesion strength between RP ∼ 0.5− 1 µm polystyrene colloids and POPC GUVs,

see Figure 1.8. In the absence of external forces and for low tension membranes (σ < 10−8

N.m−1), they observed spontaneous complete wrapping of the particles above a given PEG

concentration threshold, depending on the particle size. The experimental phase diagram

is depicted in Figure 1.8 (left). For low adhesion strength, no wrapping occurred, even

when membrane deformation was induced using optical tweezers. For intermediate adhesion

strengths, particles could be wrapped by applying an external force with optical tweezers,

though this force was not quantified. The existence of this activated regime is predicted only

for finite membrane tensions [81]. However, in this study, the tension was disregarded, and

the activated regime was attributed to curvature effects. Numerical and theoretical works

have predicted a stable complete wrapping state, possibly requiring overcoming an energy

barrier, when the membrane curves away from the particle at the initial contact point [82, 83].

In a different regime characterized by large membrane spontaneous curvature |m|RP ≫ 1

and, consequently, large associated spontaneous tension σ̃ = 2κbm
2 (see Section 1.1.2), re-

cent theoretical works provide predictions for the stability of engulfment states of adhesive

uniform particles [20]. In particular, these predictions suggest that even for vanishing ad-

hesion strength, there exists a bistable coexistence of free/partial wrapping states (ϕ ≈ 0

as defined in Figure 1.8 (right)) and fully wrapped states (ϕ = π) for negative spontaneous

curvatures m < 0. This can be seen in Figure 1.8 (right) which reproduces results from Ref.

[20], and shows the two equilibrium states coexisting over a wide range of adhesion strengths.

Note that for positive m, the energy landscape is very different, and such bistability is not

expected. An intuitive explanation is that for m < 0, the unbound membrane segment

(represented in red in Figure 1.8 (right)) is energetically costly for intermediate wrapping

angles, while the energy of this segment decreases with increasing wrapping angle for m > 0

[20].

For passive spherical Janus particles, if one hemisphere is strongly adhesive and the other

is not, it was predicted theoretically and reported experimentally that partial wrapping of

the particles is the most favorable configuration [84, 85, 86, 87]. This allowed to trigger

active transportation of the vesicle partially adhered to the catalyst hemisphere [85, 86], but

in those cases the activity was triggered only after the stable equilibrium partial engulfment

state was reached. In the next section, I will summarize some important results in the recent

literature focusing on the deformation of lipid membranes and vesicles induced by the motive
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vesicle interactions in dilute solutions becomes much more complicated. Long-range hydro-

dynamic interactions and stochastic reorientation of the particles may prevent orthogonal

orientation of the particles with respect to the membrane. This usually leads to either

scattering of the particles by the vesicle or orbital motion [71]. To date, experimental in-

vestigations of deformations induced by artificial active particles from the exterior of the

vesicle in dilute conditions have not been reported. Systematic investigations at the single-

particle level on the uptake of spherical active particles have thus far only been conducted

using theoretical and numerical tools [91, 92]. Chen et al. [91] reported results where the

deformation of a planar membrane by an active particle is simulated by allowing the particle

position and orientation to evolve according to coupled Langevin equations for rotational and

translational motion. The membrane is modeled using a coarse-grained lipid agent model.

The effects of initial particle orientation, particle size, and activity strength on the uptake

dynamics were investigated.

In Figure 1.10, we present some of the results from Ref. [91] for an active particle

with the self-propulsion force initially pointing towards the membrane. Color maps of the

final wrapping degree and uptake time illustrate the effect of particle size and activity in this

scenario. Notably, activity enables complete wrapping for smaller particle radii, and a higher

activity strength accelerates the uptake dynamics. Additionally, interesting effects were

reported, such as the non-monotonic dependence of uptake efficiency on activity strength

for particles with initially tilted orientations. These findings suggest that rich and complex

dynamics of the coupled membrane shape and particle motion may emerge from single active

particle-membrane interactions, providing strong motivation for experimental exploration.
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1.3 Confined Brownian motion

Microparticles, whether active or passive, undergo perpetual erratic motion due to collisions

with the molecules of the surrounding fluid. This phenomenon, known as Brownian motion,

was first observed by botanist Robert Brown in 1827 and later theoretically described by

Albert Einstein in 1905 [93]. When particles are subjected to an external potential, such

as an optical trap or due to interactions with surfaces and interfaces, their random motion

due to thermal agitation is spatially constrained but still present. Furthermore, this random

motion, which can be quantified by measuring the particle’s position, contains valuable

information about the particle’s environment. The framework of statistical physics allows us

to link the observables of particle trajectories to the properties of the surrounding fluid and

the interactions confining the particles. In the following sections, we describe the theoretical

framework of free and confined Brownian motion, which enables us to gather information on

the dissipation and interactions experienced by microparticles throughout this work.

1.3.1 Unconstrained Brownian motion

The Langevin approach to Brownian motion does not consider every collisions of the lighter

solvent particles colliding the considered object, but rather approximates those collisions to

result in a stochastic force Fth(t). This force is not known exactly, and the whole point of this

approach is to circumvent the need to know the exact behavior of this force, by describing

its statistical properties only. This can be done by considering the evolution of the system

on timescales much larger than the solvent molecules velocity relaxation time τm ∼ 10−12 s

(linked to the mean free path of the molecules divided by the mean thermal velocity). This

timescales separation allows to approximate the thermal force Fth(t), in 1-dimension, as

Fth =
√

2kBTζtΓ(t), (1.11)

with Γ(t) the Gaussian white noise, defined as :

⟨Γ(t)⟩ = 0,

⟨Γ(t)Γ(t′)⟩ = δ(t− t′).
(1.12)

Where |t − t′| ̸= 0 suggests |t − t′| > τm. The other force experienced by a particle in

a viscous fluid is the viscous drag force which is opposed to the movement of the object.

Stokes showed that at small particle velocity, this drag force Fd is proportional to the particle
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velocity v such that:

Fd = −ζtv, (1.13)

where ζt is called the translational friction (or drag) coefficient. For a spherical particle

of radius RP immersed in a fluid of viscosity η far from boundaries, this coefficient of friction

is given by Stokes’ law and reads:

ζt = 6πηRP . (1.14)

Now that we defined the friction force and defined the statistical properties of the stochas-

tic force Fth(t), we can write the equation of motion for a particle of mass m, which in

1-dimension reads:

mẍ(t) = −ζtẋ(t) +
√

2kBTζtΓ(t). (1.15)

Note that for small particle mass and large fluid viscosity (i.e. for low Reynolds number),

the inertial term of Eq. 1.15 (left hand side) is vanishingly small as compared to other terms

and can be disregarded. However, by solving Eq. 1.15 for v(t) = ẋ(t), the time correlation

of the particle velocity can be derived and has the form [94]:

⟨v(t)v(t′)⟩ = kBT

m
e−|t−t′|/τv , (1.16)

where τv = m/ζt is a velocity relaxation timescale. From the velocity autocorrelation

function, we can derive an important quantity, the mean squared displacement (MSD)

⟨(x(t)− x(0))2⟩. This quantity will be extensively used when studying the Brownian dy-

namics of particles as it can easily be calculated from experimental trajectories. It is related

to the velocity autocorrelation through [94]:

⟨

(x(t)− x(0))2
⟩

= 2

∫ t

0

∫ t1

0

⟨v(t2)v(0)⟩ dt2 dt1. (1.17)

Provided that the timescales considered are much larger than the velocity relaxation time

τv (it is usually the case in experiments, as τv < 10−6 s), the inner integral of the right hand

side of Eq. 1.17 is a constant, which we call Dt:

∫ t1

0

⟨v(t2)v(0)⟩ dt2 ≈
∫ ∞

0

⟨v(t2)v(0)⟩ dt2 = Dt. (1.18)
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From Eqs. 1.17 and and 1.18, provided that t≫ τv, we have:

MSD(t) =
⟨

(x(t)− x(0))2
⟩

= 2Dtt. (1.19)

Note that this results holds in one dimension an can be generalised to two and three

dimensions by replacing the factor 2 in the right hand side of Eq. 1.19 by 4 and 6, respectively.

From Eqs. 1.16 and 1.18, it follows:

Dt =
kBT

ζt
(1.20)

This equation, known as the Einstein relation, was used by Jean Perrin in 1908 to de-

termine the Avogadro number by experimentally tracking diffusing colloids, and thereby

definitively validated the discontinuous nature of matter. This relation is still widely used

today to extract information from the dynamics of a colloid immersed in a Newtonian fluid.

Note that this coefficient which we call Dt here is in fact a self-diffusion constant, and is

in general different from the diffusion constant found in the diffusion equation. However,

both are equal in the case of dilute solutions, which can be shown by looking at the particle

positions distribution in a dilute solution resulting from the equilibrium between en external

force and diffusion [94].

For the rotational motion about a single axis defined by an angle θ, a relation analogous

to Eq. 1.19 can similarly be derived [95]. The mean squared angular displacement (MSAD)

of a freely diffusing particle then reads:

MSAD(t) =
⟨

(θ(t)− θ(0))2
⟩

= 2Drt, (1.21)

with

Dr =
kBT

ζr
, (1.22)

where ζr is the rotational friction constant relating the frictional torque τ̄ acting on a

rotating sphere to the angular velocity Ω of the particle. Analogously to Eq. 1.13, we have:

τ̄ = −ζrΩ. (1.23)

In a bulk viscous fluid, Stokes calculated for a spherical particle with radius RP :

21



Chapter 1. Introduction

ζr = 8πηR3
P . (1.24)

1.3.2 Brownian motion in a harmonic potential

If the particle is placed in a potential U(x, t), that could for example arise from the interaction

with the laser beam of the optical tweezers, or from any other interaction, the Langevin

equation along one dimension x becomes

mẍ(t) = −ζtẋ(t)−
∂U

∂x
+
√

2kBTζtΓ(t). (1.25)

In the the overdamped limit (defined when t ≫ m/ζt), we can drop the inertial terms

and the equation reduces to

ẋ(t) = − 1

ζt

∂U

∂x
+
√

2kBT/ζtΓ(t). (1.26)

If the potential is modelled as harmonic with a stiffness κ such that U = 1
2
κx2, a relaxation

time τt = ζt/κ associated to the restoring force deriving from the potential emerges, and Eq.

1.26 can be written as:

ẋ(t) = −x(t)
τt

+
√

2DtΓ(t). (1.27)

By introducing the Wiener process dW (t) = Γ(t)dt, we can rewrite Eq. 1.27 into the

following stochastic differential equation:

dx(t) = −x(t)
τt

dt+
√

2DtdW (t). (1.28)

This equation which describes the instantaneous position of the microsphere in the har-

monic well defines a so-called Ornstein-Uhlenbeck process. A solution can be derived and

reads:

x(t) = x0e
− t

τt +
√

2Dt

∫ t

0

e
− t−s

τt Γ(s) ds, (1.29)

where x0 = x(t = 0).

In order to derive an expression for the MSD in the case of a Brownian particle in a

harmonic trap, we can use Eq. 1.29 to derive the position autocorrelation function in a
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stationary state ⟨x(t)x(t′)⟩ = ⟨x(t+∆t)x(t)⟩. The equilibrium variance can be obtained

from the equipartition theorem, and yields ⟨x(t)2⟩ = kBT/κ, and it can be shown that the

position autocorrelation function reads

⟨x(t+∆t)x(t)⟩ = kBT

κ
e
− κ

ζt
∆t
. (1.30)

From there, it follows:

⟨

(x(t+∆t)− x(t))2
⟩

=
⟨

x(t+∆t)2
⟩

− 2 ⟨x(t+∆t)x(t)⟩+
⟨

x(t)2
⟩

, (1.31)

and using the fact that ⟨x(t)2⟩ = ⟨x(t+∆t)2⟩ = kBT/κ from equipartition theorem for

a stationary process and Eq. 1.30, we finally obatin:

⟨

(x(t+∆t)− x(t))2
⟩

=
kBT

κ
− 2

kBT

κ
e
−κ

ζ
∆t +

kBT

κ
=

2kBT

κ

[

1− e
−κ
ζt

∆t
]

. (1.32)

Considering the expression of the MSD for a Brownian particle in a harmonic trap, it

can easily be seen that at short timescales (∆t ≪ τt), the MSD grows linearly with ∆t just

like in the absence of a restoring force. Expanding the exponential term at first order for

∆t≪ τt indeed directly yields

⟨

(x(t+∆t)− x(t))2
⟩

∆t≪τt
≈ 2

kBT

κ

[

1− (1− κ

ζt
∆t)

]

= 2Dt∆t. (1.33)

The MSD then relaxes to the equilibrium variance value on the timescale τt = ζt/κ, and

the process is then governed by the elastic response due to the harmonic trapping of the

object.

To conclude, the MSD of a particle can provide two types of information on the envi-

ronment of a particle, depending on the timescales at which the motion is studied. Looking

at short timescales, the dissipations experienced by a particle can be accessed as the rate of

change of the MSD is inversely proportional to the drag ζt felt by the particle. At larger

timescales, the saturation of the particle translational motion variance can directly be linked

to the stiffness of the harmonic potential in which the particle is trapped. This harmonic

potential can arise from an optical trap, in which case the MSD can be used to calibrate

the optical tweezers setup. But it can also arise from any interaction of the particle with its

surrounding leading to an elastic response in the system. Those principles will extensively
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be used in this work.

Again, note that the same applies to rotational motion, and any restoring torque acting

on a rotating particle τ̄ = −K/RP (θ− θ0), where K is a stiffness and has units of an energy,

can be seen from the MSAD of a Brownian particle relaxing to a plateau value. A relation

analogous to Eq. 1.32 holds for the MASD ⟨(θ(t+∆t)− θ(t))2⟩ for an angle θ describing

the orientation about a given axis, such that:

⟨

(θ(t+∆t)− θ(t))2
⟩

= 2
kBT

K
(1− e

K
ζr

∆t). (1.34)

1.3.3 Power spectral density

The spectral content of Brownian trajectories also provides information on the nature of

the process at stake and the properties of the system. The quantity we will use to study

the Brownian motion of particles in frequency space is the position power spectral density

(PSD), which is the squared norm of x̂(ω), the Fourier transform of the particle instantaneous

position x(t). Performing a Fourier transform of the Langevin equation of a Brownian particle

in a harmonic potential Eq. 1.27, one obtains

−iωx̂(ω) = −ωtx̂(ω) +
√

2DtΓ̂(ω), (1.35)

where the position relaxation frequency ωt = 1/τt = κ/ζt was introduced. It follows

immediately:

x̂(ω) =

√
2DtΓ̂(ω)

ωt − iω
. (1.36)

Taking the squared norm to obtain the power spectrum yields:

PSD(ω) = |x̂(ω)x̂∗(ω)| = 2Dt

ω2
t + ω2

, (1.37)

or in terms of frequency f = ω/2π:

PSD(f) =
Dt

2π2(f 2
t + f 2)

, (1.38)

with ft = κ/2πζt the so-called corner frequency (sometimes roll-off frequency). We

therefore have a Lorentzian shape, which in the low frequency limit tends to the value

PSDf≪ft = kBTζt/π
2κ2.
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1.4 Content of the Thesis

In this thesis, I employ and combine various experimental techniques to investigate the defor-

mations and shape transitions induced by externally driven or self-motile spherical particles

on model membranes. The structure of the manuscript and the content of each chapter are

described below.

Chapter 2 describes the main instruments and experimental methods I used in this

work. I will describe the optical tweezers setup that I built and upgraded and explain how

I combined it with a micropipette suction pressure experiment. The theoretical framework

of membrane excess area is also introduced. The fabrication method of GUVs is presented,

along with the sample preparation and deflation process to obtain floppy vesicles. The com-

mercial and Janus microparticles used are detailed, together with the fabrication protocol

of GUVs. Tracking methods and image analysis for extracting quantitative data from mi-

croscopy acquisitions are also described.

Experimental results for the entry of microparticles into giant unilamellar vesicles driven

by optical tweezers are reported in Chapter 3. I provide a qualitative description of the phe-

nomenon’s dynamics using fluorescence microscopy and report quantitative measurements

with engulfment force profiles. By varying physical parameters of the system (particle size,

membrane tension), I investigate their influence on the energetics and dynamics of the pro-

cess. I then examine the reversibility of the process using micropipette aspiration to increase

the membrane tension and observe the expulsion of the engulfed particle back into the ex-

travesicular fluid. Using an analogy with pore opening and associated line energy, I provide

lower bounds for the energy required to open the neck nucleated upon wrapping and compare

these with available predictions.

In Chapter 4, I present a system of active Cu@SiO2 Janus particles fueled by glucose

in physiological concentrations and visible light. I observe interactions between these active

particles and GUVs, reporting on wrapping events that occur autonomously. I investigate

the wrapping mechanism by analyzing the particle dynamics during various phases of the

process, highlighting the role of hydrodynamic interactions that provide the necessary pro-

longed contact time for wrapping to occur. Additionally, I emphasize the crucial role of

adhesion in our system by performing complementary experiments and using existing mod-

els to rationalize the uptake of the active Janus particle, showing the contribution of the
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unbound membrane segment to the outcome.

Chapter 5 discusses experimental investigations into the dynamics of fully wrapped par-

ticles, either after optically driven or autonomous engulfment. I show that the connection

of the wrapped particle to the mother vesicle introduces additional dissipations that depend

on the particle size. I explore the origin of this additional drag by comparing it with existing

models and show that this drag increase is dependent on the tension of the membrane, with

higher tension leading to higher drag experienced by the wrapped particle. Finally, I report

on experiments involving an optically trapped spherical particle in close contact with a vesi-

cle manipulated with a micropipette, collecting information on the dynamics and interaction

energy of the particle upon interaction.

Chapter 6 discusses current challenges and ongoing projects following the main results

of this work and provides a general conclusion to this thesis.
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Experimental methods, materials and

theoretical framework for analysis

In this chapter, I will present the experimental tools and techniques implemented through-

out my thesis, alongside the theoretical framework associated to the concepts involved. Fur-

thermore, I will detail the fabrication procedures of all the materials and objects of study

pertinent to this research. In a first part, manipulation and measurement techniques such

as optical tweezers and micropipette suction technique are introduced. Then, the method

for forming giant unilamellar vesicles and make them floppy will be described, followed by

a detailed description of the microscopy and manipulation techniques utilized. Finally, the

image analysis and tracking methods are described.

2.1 Optical tweezers

The ability of light to exert forces has been hypothesized since Kepler (1619), who proposed

that the Sun’s rays caused the deflection of comet tails. A few centuries later, Maxwell’s

theory of electromagnetism suggested that light’s momentum could be transferred to objects.

In 1986, Arthur Ashkin and his team developed a method to trap small objects, such as

dielectric or metallic beads, using a tightly focused laser beam to confine particles in a high-

intensity region of space [96, 97]. This section will provide a detailed description of the

optical elements used to construct such an optical trap, followed by an explanation of the

optimization and calibration procedures developed in the framework of this thesis.
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collimated and directed towards the back aperture of the objective (following the same path

in the same direction as the trapping laser beam) thanks to a dichroic mirror. A blue

filter is placed just after the light exit from the source which corresponds to the excitation

wavelength for the fluorescent probes used in our experiments (nitrobenzodiazole, as we shall

see in Section 2.7).

2.1.2 Alignment and optimization

As for any experimental setup involving optics, the efficiency of optical trapping depends

on the quality of the alignement of the optical components on the breadboard. Even small

misalignment of components on the optical path of the trapping laser may lead to optical

aberrations and parasite reflections that could affect the trap efficiency. It is therefore an

important step in the implementation of the optical tweezers.

The alignment of the optical components on the path of the trapping laser is done using

standard optics alignment procedures (involving irises, diaphragms, screens, etc.). One of

the encountered difficulties lays in the fact that the laser wavelength used is not in the visible

range. Hence, special viewing cards to see the beam spot were used. One powerful tool in

order to have a good idea on how well the laser light is focused by the objective consists in

removing the shortpass filter after the dichroic mirror, allowing the laser light to reach the

camera. By placing a coverslip after the objective, the reflection of the focused infrared laser

beam on this coverslip can be imaged by the camera sensor, which is somewhat sensitive to

infrared light. The interference pattern on the camera gives a good idea of how well focused

and isotropic the trapping laser beam waist is.

After realigning the whole setup using this technique, the setup was able to trap 5 µm

diameter polystyrene. Still, smaller (1 or 2 µm radius) polystyrene colloids could not be

trapped. When approaching 1 polystyrene colloid close to the trap, a repulsion by the laser

in the direction of propagation was observed. This behaviour is known to occur for not

tightly enough focused laser beam, resulting in too weak restoring forces along the direction

of laser propagation which are not able to balance radiation pressure. The key parameter for

optimizing laser focusing is the size of the expanded beam before it enters the objective. This

led us to investigate the beam expander segment. Our hypothesis was confirmed when we

completely removed the converging lens from the expander segment, resulting in a diverging

but larger beam at the entrance of the objective, which allowed us to trap smaller polystyrene

colloids. Adjusting the distance between the two achromatic doublets in the beam expander
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had minimal impact on the beam size and introduced optical aberrations. To resolve this

issue, we replaced the original converging lens supplied with the setup with a lens of larger

focal length and increased the distance between the two lenses accordingly to obtain a larger

beam spot. Specifically, a new lens with a focal length of +250 mm was used to replace the

original +150 mm lens.

2.1.3 Back focal plane detection module

The laser beam transmitted through the trapped particle can be redirected and focused onto

a detection module consisting of a quadrant photodiode (QPD) thanks to a dichroic mirror

and a converging lens (see Figure 2.2). The interference of this transmitted beam with the

remainder of the laser light leads to an interference pattern at the back focal plane of the

condenser which depends on the particle position. This quadrant photodiode can therefore

be used as a high acquisition frequency particle position detector, with an acquisition rate

2× 105 Hz which is two orders of magnitude larger than the maximum rate reachable using

the CMOS camera.

The QPD outputs data in volts. In order to perform quantitative position measurements,

calibration of the detector responsivity factor is needed. To do so, a stuck particle on a sub-

strate should be moved across the location of the optical trap by moving the sample stage

with a fine control of the position, provided by computer-controlled actuation of the piezo-

electric cells of the sample stage. Close to the trap center, there should be a linear relation

between the QPD output voltage and the sample stage position. Within this linear range,

one can therefore fit a conversion factor allowing to link the voltage along one direction to

a position along this same direction.

The main disadvantage of this detection technique lies in the fact that the interference

pattern in the back focal plane is not only sensitive to the particle position, but also on the

position of any object on the path of the laser beam. For example, when a lipid vesicle is

brought close to the optical trap, the signal detected on the QPD will be modified leading to

inaccurate particle position determination. The back focal plane detection should therefore

only be used when tracking the motion of a trapped particle far from any other object or

interfaces, which makes it mostly suitable for calibration.
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2.1.4 Calibration procedures and friction measurements

Calibrating optical tweezers transforms this powerful micromanipulation tool into a precise

microforce measurement instrument capable of probing forces as small as a fraction of a

picoNewton. In the harmonic approximation, the restoring force resulting from the particle

interaction with the focused light beam is assumed to derive from the harmonic potential

which, in one dimension, reads:

Vi(xi) =
1

2
κi(xi − xi,eq)

2 (2.1)

where κi is the trapping stiffness along a dimension xi and xi,eq the equilibrium position.

Note that κi is not necessarily the same along x, y and z, and independent calibration should

therefore be performed. This stiffness depends on parameters of the system such as the

trapping laser output power, particle radius or particle material and it should be determined

a priori in order to relate the force acting on the particle to its displacement from equilibrium

position through F = −dV (xi)
dxi

= −κi(xi−xi,eq). The accuracy of the measured force deduced

from its displacement from equilibrium position therefore highly depends on the accuracy

of the determination of the trapping stiffness κi. In the following, we will describe and

compare three methods relying on different quantities to extract the trapping stiffness from

an experimental trajectory.

Reconstruction of the energy potential from the trajectory

The first method consists in computing the equilibrium particle position probability density

in the trap and assume it follows a Boltzmann distribution to recover the potential energy

of the particle as a function of its distance from equilibrium position. Indeed, at thermal

equilibrium and fixed temperature T , the particle position probability density Peq(x) is

expected to follow:

Peq(x)

Peq(x0)
= exp

(

−∆U(x)

kBT

)

(2.2)

where x0 is the equilibrium position (position with minimum corresponding energy) in

the well and ∆U(x) = U(x) − U(x0). In Figure 2.3, we plot the one-dimensional temporal

evolution of the particle relative position ∆x(t) = x(t)−⟨x(t)⟩ (top) and associated probabil-

ity density (bottom left). We can show that this equilibrium probability density is Gaussian

and that its variance is related to trapping stiffness such that σ2
eq = ⟨x2⟩eq = kBT/κ. In

order to have a direct visualization of the potential, we can use this distribution and note
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Figure 2.3: (top) One-dimensional trajectory for a SiO2 particle with RP = 1.93 µm op-
tically trapped in pure MilliQ water at 80 mW trapping laser power output. (bottom left)
Experimental position probability histogram calculated from the trajectory on top. (bot-
tom right) Experimental effective relative potential energy as a function of relative position
∆x(t) = x(t) − ⟨x(t)⟩ calculated using Boltzmann distribution. The red dashed line is a
quadratic fit ∆U(x) = 1/2κ∆x2 yielding κ = 7.31± 0.08 µN m−1.

that limNtot→∞Neq(x)/Neq(x0) = Peq(x)/Peq(x0), where N is the normalized count. Thus,

the experimental effective potential ∆U(∆x) can be plotted by taking the log of Eq. 2.2.

The bottom right plot in Figure 2.3 shows the potential obtained from such a calculation

and evidences the expected harmonicity of the trapping potential in a 200 nm wide region

centered on ∆x = 0. Fitting the this experimental potential with ∆U(x) = 1/2κ∆x2 and κ

the single fitting parameter yields κ = 7.31 ± 0.08 µN m−1, where the uncertainty accounts

for the fit mean squared error.
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dashed line stands for the plateau value used for calibration and the red dashed curve is the

fit with Eq. 1.32 showing good agreement. The slight mismatch between the fit and experi-

mental data at very short times is a signature of error on the position determination of the

particle and will be discussed in greater details in Section 2.5.2. Still, both the plateau value

and the full MSD fit yield the same value for the trapping stiffness κ = 7.56± 0.08 µN m−1,

but the full fit with Eq. 1.32 provides dynamical information on the system before relaxation

to the equilibrium distribution, and in particular on the translational friction ζt.

Power spectral density method

The third method used in this work to calibrate the optical tweezers relies on the computa-

tion of the power spectral density (PSD), defined and derived in Section 1.3.3. Analyzing the

particle position fluctuations in frequency space was shown to allow the most precise calibra-

tion of optical traps [98] (less than 1% for weak trapping forces). The comparatively more

accurate estimation of the trapping stiffness using the PSD is especially pronounced when

the acquisition and amplification devices or tracking procedures (e.g. photodiode, camera)

introduce artefacts such as electrical noise or pixel noise. Such contributions are usually

present at high frequencies and can be ignored in the case of a frequency measurement such

as the PSD, whereas they will artificially increase the variance of the measured signal. This

increased variance will lead to artificially lower values of the trapping stiffness calculated by

simple computation of the variance of the particle position time series.

In Figure 2.5, we plot the PSD for the same trajectory as in Figures 2.3 and 2.4 together

with the fit using Eq. 1.38 with kappa and ζt as fitting parameters. The fit yields κ =

7.36± 0.04 µN m−1.

To conclude, we showed that the three methods relying on different principles yield very

close values for κ (7.31 ± 0.08 µN m−1, 7.56 ± 0.08 µN m−1 and 7.36 ± 0.04 µN m−1) for a

representative trajectory, which makes them all three suitable for calibration of the optical

trap. The model-free reconstruction of the potential allows to check the harmonicity of the

trap and to visualize its spatial extension, and the subsequent quadratic fit allows a robust

time-independent measurement of κ as a unique fit parameter. Computing the MSD allows

to extract the equilibrium variance from the plateau value, or using a model (Eq. 1.32), to fit

the whole curve. The PSD allows interpretation in frequency space and to get rid of poten-

tial artifacts at precise frequencies. Note that for both PSD and MSD fits, the translational

friction coefficient ζt was left as a free parameter, providing a direct measurement of ζt. In

order to achieve the most precise quantification of κ, ζt could be fixed using Stokes relation
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Figure 2.5: Power spectral density calculated from the same trajectory as the one in Figures
2.3 and 2.4. The fit yields κ = 7.36± 0.04 µN m−1 and ζt = 3.96± 0.05 10−8 Pa s m.

and knowing the particle RP and surrounding fluid viscosity η. However, the friction is also

dependent on the proximity of other interfaces (e.g. the sample cell subsrtate), and to allow

the calibration to be independent on the position where it was performed in the sample, we

let ζt as a free parameter.

For force measurements, these calibration methods are therefore complementary and

unless otherwise stated, the trap stiffnesses used for each force measurement reported in the

following chapters were calculated by averaging the κ extracted from the three methods. For

the trajectory reported here, this leads to an average value κ = 7.42 ± 0.14 µN m−1 where

the uncertainty accounts for the standard deviation.

Measurement of the friction coefficient ζt

We previously discussed the procedure allowing to extract the trapping stiffness κ from ex-

perimental trajectories. We showed that fitting the dynamical observables MSD and PSD

provides a direct measurement of translational friction ζt, if it is left as a fitting parameter.

For the case reported above, we measured ζt=3.49±0.06 10−8 Pa s m and ζt=3.96±0.05 10−8

Pa s m for the MSD and PSD method, respectively. As the measurements were performed

in pure water with a RP = 1.93 µm SiO2 particle far from any interface, we expect the
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measured translational friction to be close to the one predicted by Stokes’ law ζt,b = 6πηRP

= 3.64 10−8 Pa s m, which is the case.

Note that upon interaction with an interface or any other object, not only the friction

felt by the particle but also the trapping stiffness might vary. One should then relax the

constraint on κ to have an accurate measurement of ζt, while checking that the obtained

value for κ agrees with the value obtained with the static approach (quadratic potential

fitting procedure).
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2.2 Micropipette aspiration technique

A micropipette is a powerful tool allowing to apply a suction pressure at the microscopic

scale. Some of the first mechanical measurements on cell membranes and lipid bilayers

were made using this technique. Applying aspiration pressures to a giant unilamellar vesicle

involves several physical mechanisms, which allows to probe intrinsic membrane properties

and access quantities such as the bending modulus κb and the stretching (or compressibility)

modulus KA (see Section 1.1.2). In this thesis, the micropipette will mostly be used in

combination with optical tweezers in order to apply a mechanical stress on the giant vesicles.

In this section, we will first briefly describe the material used, the fabrication procedures

and the implementation of the hydrostatic pressure. In a second part, we will introduce the

theoretical framework necessary to relate the micropipette aspiration pressure to properties

of the system. Finally, we present an example of bending modulus measurement on a POPC

vesicle.

2.2.1 Micropipette fabrication process

The fabrication of a micropipette involves the pulling of a heated glass capillary followed by

a so-called microforging process in order to obtain a cylindrical and clean micropipette, with

the desired inner diameter. In the following, the fabrication steps will be briefly described

(details on the procedure can be found in Appendix 8.1).

Micropipette pulling

The capillaries used are borosilicate glass capillaries of inner diameter 0.78 or 0.58 mm and

1 mm outer diameter (Ref. GC100-10 Harvard Apparatus). The machine used to heat the

capillary locally by means of a heating filament and subsequently pulling both ends of the

capillary is the Sutter Instruments Co. P-97 Pipette Puller. This machine has many pa-

rameters the user can modify in order to obtain the desired micropipette shape. These are

described in details in Appendix 8.1 For manipulation and mechanical characterization of

GUVs, the aim is to end up with a cylindrical tip with around 5 microns inner diameter.

Note that both thick and thin-walled capillaries can be used but they will need different

parameters on the pulling machine to obtain the desired shape. The thick-walled capillaries

(0.58 mm inner and 1 mm outer diameter) are however expected to be more robust regarding

the microforging step and will less likely break in an unexpected way. They will therefore

be used in all the experiments in this work.
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If the pipette puller was not used for a long time, a RAMP test has to be performed

in order to determine the HEAT value of the machine at which the glass capillary starts to

melt locally (turn on the machine, choose any program, press clear an choose “NO” to access

function, then press 1 to start a ramp test, of course a glass capillary must be in place when

launching). This RAMP test heat value will be the basis to then tune the HEAT parameter.

Once the capillary was pulled, one ends up with two raw micropipettes (each one being

one half of the initial capillary). These micropipettes have to undergo microforge manipula-

tion in order to make sure the inner diameter is the good one, that the micropipette is cut

perfectly straight, and that the tip is cylindrical (the fact that the pipette is nicely cylindrical

is determined by the pulling step and cannot be adjusted in the microforge step).

Microforging

In order to cut the pulled pipettes, we use a homemade microforge designed by A. Schroder.

The setup consists in a tungsten filament on which we deposit some powder of Sodium

Tetraborate Decahydrate, with a micropipette holder allowing to hold the previously pulled

raw micropipette. Micrometric screws allow to move the pipette around and bring it in con-

tact with the filament. This setup is associated with a protected microscope objective Nikon

40x with large working distance and a BW Sony camera allowing to image the manipulation

on a screen. The filament is plugged to a tuneable current delivering source, and one can

heat it and melt the Sodium Tetraborate Decahydrate. The objective should be protected

in order to avoid any damage on it arising from heating of the filament nearby.

When bringing the pipette in contact with the heated filament, one can shorten the

pipette down to the desired inner diameter by melting the pipette glass on the filament,

provided that the filament is hot enough. If the temperature of the filament is decreased (by

lowering the current applied), when bringing the pipette in contact, the melted powder will

capillarily rise in the micropipette. If the current source is suddenly switched off at a certain

point, the system will cool down which will lead to the spontaneous straight breaking of the

pipette at the level where the melted powder rose (at the meniscus). This procedure should

result in the clean cutting of the micropipette edge at the desired inner diameter suitable

for GUVs manipulation. Note that the pipette should be as cylindrical as possible.

2.2.2 Theory of fluctuations excess area and aspiration experiment

Lipid bilayers in a fluid phase possess low bending modulii typically of the order of 10-30

kBT [9]. GUVs made of such a fluid bilayer in the absence of stress are therefore easily
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deformable objects which can exhibit large fluctuations. While the large wavelength fluctu-

ations modes are observable by optical imaging, fluctuations with wavelengths comparable

or smaller than the optical resolution can not be resolved. Hence, the projection of the

observed apparent area Aapp is smaller than the real area A. With constant vesicle volume,

a reasonable assumption given that the suction pressures applied are typically several orders

of magnitude below the osmotic pressures needed for water to cross the membrane within

the experimental timescale, it was shown that aspiration experiments can be conducted in

two distinct regimes. In the first regime, for small suction pressures, the volume as well as

membrane real area A are constant and the observed apparent area increase is imputed to

the work necessary to suppress the membrane thermally excited undulations. The apparent

area increase associated to an increase in applied tension in this regime is therefore dictated

by a competition between the entropic cost to suppress thermal fluctuations and bending

energy. For higher suction pressures, one enters in a regime where all of the membrane

excess area hidden in the fluctuations were suppressed, and the apparent area increase is

imputed to a proper in-plane stretching of the vesicle membrane with a mean inter-lipid

distance larger than the equilibrium one. In this regime, one directly probes the membrane

stretching modulus KA (compressibility modulus).

In the classical representation of Monge (valid for small fluctuations amplitudes), where

u(x, y) is the membrane position compared to a reference plane, it was shown that the

average fluctuations amplitude ⟨|u(q)|2⟩ of a Fourier mode q reads [17]:

⟨|u(q)|2⟩ = kBT

σq2 + κbq4
(2.4)

For each fluctuation mode q there exists an associated surface excess αq = ∆A/Aq. The

total surface excess due to fluctuations can therefore be obtained by integrating Equation

2.4. This integral simplifies to [17]:

α =
A− AP

AP

=
kBT

8πκb
ln
σmax

σ
, (2.5)

where AP is the projected or apparent area, and under the assumption that σmin ≪ σ ≪
σmax, where σmin = κbπ

2/L2 is a lower bound with L the lengthscale associated to the vesicle

size and σmax = κbπ
2/a2 where a is a microscopic cut-off. This condition is respected in most

relevant cases with κb = 10− 30 kBT , L ∼ 10 µm and a ≈ 5− 10 nm.

Since the real area A of the vesicle membrane is not accessible experimentally, Evans et.
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al. [14] expressed the relative increment of apparent area ∆α as a function of the suction

pressure, and in turn tension, compared to a reference state. This reference state is usually

chosen at the minimal pressure at which a tongue of length L0 can be aspirated in the

micropipette and has a tension σ0. It can be easily shown that ∆α is related to the tension

increase from a reference state as follows:

∆α =
kBT

8πκb
ln

σ

σL0

+
σ − σL0

KA

. (2.6)

Typical experiments performed on giant vesicles consist in measuring the apparent area

increase with respect to a reference state ∆α (thanks to image analysis of optical microscopy

acquisitions) corresponding to different membrane tensions induced by varying the aspira-

tion suction pressure ∆P = Po − Pi, with Po the pressure outside the vesicle and Pi the

pressure in the micropipette. Then, one can fit the experimental σ versus ∆α data using 2.6

and extract κb and KA for a given vesicle.

2.2.3 Experimental procedure and bending rigidity measurement

on a POPC bilayer

In our experimental setup, the suction pressure Pi inside the pipette is applied using an

hydrostatic device. The latter consists in a water tank connected to the micropipette. The

height relatively to the sample in which the micropipette is immersed ∆h can be adjusted

with a precision of the order of tens of microns by a micrometric screw. A picture of the

setup that was mounted in combination with the optical tweezers setup is shown in Figure

2.1. The pressure difference ∆P induced by the device therefore simply reads ∆P = ρg∆h.

The pressure difference ∆P = Po − Pi is in turn related to the membrane tension σ by the

applying the Laplace law twice such that:

P − Po =
2σ

Rve

,

P − Pi =
2σ

Rpip

,

σ =
∆PRpip

2
(

1− Rpip

Rve

) ,

(2.7)

where P is the pressure inside the vesicle, Rpip the radius of the spherical cap membrane
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sugar solutions, which are known to reduce the value measured with a micropipette aspiration

technique [28].

2.3 Lipids and giant unilamellar vesicles formation

Dried lipid stacks, once hydrated, spontaneously form structures in water, including giant

vesicles. However, the large variety of structures formed upon simple hydration of a solid

substrate on which lipids were previously dried makes it an inefficient method to fabricate

giant unilamellar vesicles with high yield and low size polydispersity. Several methods have

therefore been developed during the last decades to optimize the yield, typically involving

electric fields or microfluidic devices [99, 100, 101]. The technique mostly used in this work

is called gel-assisted swelling method and will described below.

2.3.1 Lipids

Two main phospholipids are used in this work which are POPC (1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine) and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine). Their main

properties are described in the Table below.

Lipid Complete name Mw (g/mol) Tm (◦C)

POPC

(16:0-18:1)

1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine

759.6 -3.5

DOPC

(18:1)

1,2-dioleoyl-sn-glycero-3-

phosphocholine

785.6 -17

Both POPC and DOPC have a melting temperature below 0◦C, meaning that the lipids

are in a fluid state for any experiment carried out at room temperature. This represents

an important criterion both for the successful GUV formation and regarding the role of

fluidity in remodelling processes which will be investigated in this thesis. As seen from their

chemical structure shown in Figure 2.7, both these lipids share the same polar headgroup

(phosphatidylcholine), while they differ in fatty acid chains length and unsaturations.

All the lipids used in this thesis were purchased from Avanti Polar Lipids and were re-

ceived dissolved in chloroform at a concentration of 10 mg/mL. Such stock solutions were

stored at -25◦C and used during up to six months for experiments. Note that unless oth-

erwise stated, all of the lipid preparations contain 1% of modified lipids with a fluorescent

molecule (nitrobenzodiazole, or NBD) attached to the head in order to obtain fluorescent
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assisted GUV formation. A volume of 200 µL of the prepared PVA gel is uniformly spread

at the bottom of a cylindrical well of the PTFE plate and dried for 45 minutes at 80◦C

in an oven. In the case of POPC/POPC-NBD vesicles, 5 µL of a 99:1 (molar) mixture

of POPC (1-Palmitoyl-2-oleoylphosphatidylcholine) and POPC-NBD (POPC fluorescently

labelled with Nitrobenzoxadiazole) lipids in chloroform (1 g/L) are spread on the PVA gel

and vacuum dried in a desiccator for 15 minutes. This first solvent evaporation stage is

represented in (1) (Figure 2.8). The lipids under solvent evaporation spontaneously form

stacks of lipid layers supported by the dried PVA gel film as sketched in (2).

This lipid system obtained is then hydrated with 200 µL of sucrose (150 mM) and left

undisturbed and sealed (in order to limit water evaporation leading to sucrose concentra-

tion increase) for 2-3 hours. During this time, vesicles are allowed to grow as shown in (3),

with the PVA acting as a water sink enhancing the hydration rate of the lipid stacks and

therefore optimizing the vesicle growth rate and size distribution. The vesicle suspension is

then collected and sedimented in 1 mL of glucose (150 mM) solution. The slight density

mismatch between the sucrose solution inside the vesicle and the sucrose/glucose solution in

the aqueous medium allows the vesicles to sediment both in the collecting tube and at the

bottom of the observation cell without strongly deforming the vesicle.

In Figure 2.9 we show a typical epifluorescence microscopy image of a GUV prepared with

Figure 2.9: Representative epifluorescence microscopy image of a POPC GUV containing
1% NBD-labelled POPC lipids prepared with the PVA gel swelling method in isotonic con-
ditions. The scale bar is 5 µm.
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the course of time, the evaporation of water will drive the osmotic imbalance and slowly de-

flate the vesicles. This method gives the opportunity to visually follow under the microscope

the evolution of the vesicle and the appearence of large thermal fluctuations as a signature

of low tension vesicles. After ∼ 1 hour, the sample is sealed to stop the evaporation and

experiments can be performed. One can calculate that given the geometry of our sample,

and considering reasonable values for the relative humidity, air and sample temperature,

etc. the evaporation rate of water is of the order of ∼ 5 µL h−1. This corresponds for a 5%

concentration increase per hour for a sample with initial volume V ≈ 180 µL.

2.3.4 Internal structures in floppy vesicles

We showed previously that osmotic deflation induces an increase of the surface-to-volume

ratio and excess membrane area that can lead to larger amplitude fluctuations of the large

wavelength membrane fluctuation modes. However, when looking closely at the vesicles

in fluorescence microscopy, it appears immediately that in fact only a small proportion of

vesicles behave as shown in Figure 2.10 (left). Indeed, most vesicles show a large variety of

structures such as buds, tubes of various sizes and shapes, as shown in the epifluorescence

microscopy image in Figure 2.11 (left). Note that most of these structures are inward struc-

tures. On the right (Figure 2.11 (right)), we show the variability in the apparent curvature

of the structures, going from no structure (top) to highly curved tubular structures with

curvature radii close to the resolution limit of the optical microscope (Rt < 1 µm bottom).

These observations can be put in perspective with recent works which consider that these

structures are a direct consequence of the existence of a membrane spontaneous curvature

m ̸= 0 [12, 19, 21]. Indeed, it may seem intuitive that when reducing the volume enclosed by

the vesicle, the tension of the membrane becomes small enough that the membrane would

preferentially form structures with mean curvature M closer to m to reduce the bending

energy of the system. Following this reasoning, assuming the spontaneous curvature is ho-

mogeneous, a vesicle with m > 0 would form outward-pointing structures, while vesicles with

m < 0 would form inward pointing structures with M < 0. In our system, the vast majority

of structures pointing inwards with M < 0 can then be interpreted as the signature of a

negative spontaneous curvature m < 0. Furthermore, the curvature of the formed structures

in a same batch of deflated lipids show a large variability, going from no structures (top in

Figure 2.11 (right)), to strongly curved inward tubes with curvature radii < 1 µm (bottom),

with all the intermediate structures with radii of the order of few microns (middle). In
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long chained polymer is used to avoid the transfer of polymers on the fabricated GUVs upon

swelling, and no trace of polymers can be effectively seen by fluorescent labelling of the gel

[102]. However, it could be suspected that a very tiny fraction of polymer are adsorbed on

the bottom leaflet of the supported lipid stacks during swelling or in solution which results

in PVA enclosed in the vesicles. The coupling between an adsorbed polymer and membrane

configurations is not trivial and depending on the flexibility and degree of adsorption of the

polymer might lead to a local spontaneous curvature of both signs [105, 106].

2.4 Colloidal particles

2.4.1 Isotropic particles

The particles used in this work are spherical non-porous Silica (SiO2), Melamine formalde-

hyde (MF) and Polystyrene (PS) particles, all purchased from microParticles GmbH. Partcles

with different radii for each material with 0.49 µm < RP < 2.5 µm were used throughout

the thesis. The manufacturer guarantees high size monodispersity (coefficient of variation

CV < 5%) and provides the following informations:

Material Density [g.cm−3] Refractive index Hydrophilicity

Silica 1.85 1.42 Hydrophilic

MF 1.51 1.68 Hydrophilic

PS 1.05 1.48 Hydrophobic

Zeta potential of the Silica and Melamine formaldehyde particles was measured using

Malvern Zetasizer Nano ZS. The zeta potential of Silica particles was measured to be

ZSi = −75 ± 5 mV while the one for MF reads ZMF = 25 ± 6 mV. Measurements of Zeta

potential for Polystyrene particles in water in the literature agree on −60 < ZPS < −40 mV

[107, 108, 109].

Diluted particle solutions were prepared from the highly concentrated mother dispersion

(5% (w/v) aqueous suspension) by performing a tenfold dilution in a 0.5 mL Eppendorf tube.

The particles were subsequently thoroughly cleaned by performing cycles of centrifugation,

removal of the supernatant, and redispersion in fresh MilliQ water. This cleaning procedure

ensured the removal of potential stabilizing agents. The clean colloidal aqueous dispersions

were then stored at 4°C until use. The cleaning procedure was repeated if the storage time

exceeded 3 days.
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the imaging plane is just a dark disk, from which no information on the in-plane orientation

can be deduced.

Figure 2.13: Bright field microscopy image of three Cu@SiO2 Janus particles with RP =
1.5 µm in 100 mM glucose aqueous solution under 2 mW blue light irradiation before image
processing.

2.5 Tracking algorithms

The accuracy of physical quantities extracted from the dynamics of microparticles largely

depends on the precision of the position and orientation measurements. Various methods

exist for accurately tracking the 3D motion of colloids, such as interferometry [111, 112] or

total internal reflection microscopy [113]. However, these methods are often highly sensitive

to nearby objects, and therefore inappropriate to study the motion upon interaction with

another object, and do not provide direct visualization of the sample. In contrast, opti-

cal bright field microscopy acquisitions enable direct visualization of particle positions and

interacting objects, making it a powerful tool. Recent advancements in camera resolution

and acquisition rates have allowed the observation of phenomena occurring at very short

timescales, which was previously unachievable and led to the preference for other techniques

in particle tracking. With these acquisition issues resolved, the accuracy of measurements

depends on post-acquisition image processing, particularly the tracking.

All the image processing and tracking routines were performed on optical microscopy

(bright field if not otherwise stated) acquisitions collected by a Hamamatsu Orca Flash-4

CMOS camera with a x100 Nikon Oil objective mounted on the optical tweezers setup, or
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and robotics. The algorithm comprises two main components: feature detection and feature

tracking. For our system, the feature detection algorithm struggles with detecting particles

in our bright field microscopy acquisitions. In such cases, the user can manually input the

center of mass coordinates of the object to be tracked. Subsequent frames are then ana-

lyzed using a combination of a Kalman Filter [114] and optical flow techniques, specifically

the Lucas-Kanade method, which calculates the motion of the tracked feature based on the

spatial intensity gradient of the image. Briefly, the Lucas-Kanade method determines the

optical flow vectors by solving the optical flow equations using a least squares approach [115].

The feature tracking interface in Blender allows to visualize the evolution of the tracking

in real time and includes a refinement tool, where features are reassessed and adjusted to

minimize drift over long sequences. This ensures control, precision and reliability in tracking

particles in microscopy acquisitions, even for particles with changing aspect (e.g. due to

oscillations around focus) over the course of time.

2.5.2 Tracking error

There might be an error on the tracked position arising from the tracker, especially for

noisy acquisitions due to fast acquisition rate. As a result, the particle position (in one

dimension) extracted from tracking x(tn) at time tn differs from the real position xr(tn) such

that [116, 117, 118]

x(tn) = xr(tn) + δ(tn), (2.9)

where δ(tn) is a tracking error, which can be as a first approximation modelled as an

uncorrelated (white) noise, such that ⟨δ(t)⟩ = 0 and ⟨δ(ti)δ(tj)⟩ = δijσ
2
0, where brackets

stand for time average. It follows that if we propagate the position error, we have for the

MSD:

⟨

(x(t+∆t)− x(t))2
⟩

=
⟨

(x(t+∆t) + δ(t+∆t)− x(t)− δ(t))2
⟩

(2.10)

=
⟨

(xr(t+∆t)− xr(t) + δ(t+∆t)− δ(t))2
⟩

(2.11)

=
⟨

(xr(t+∆t)− xr(t))
2
⟩

+
⟨

δ(t+∆t)− δ(t))2
⟩

(2.12)

=
⟨

(xr(t+∆t)− xr(t))
2
⟩

+ 2σ2
0. (2.13)

This means that tracking errors (or any uncorrelated error on the position determination)
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ticles [71, 86, 119]. An example for the extraction of φ of Janus particle (Cu@SiO2) from

bright field microscopy acquisitions is depicted in Figure 2.15 and will be exposed in the

following. Using the image analysis open source software ImageJ (https://imagej.net/), one

can threshold the grey scale bright field microscopy image in order to have a binary image

with only the copper cap visible (which has lower pixel intensity than the background and

the bare hemisphere of the Cu-SiO2 Janus). Doing so, the projection of the copper cap in

the imaging plane is isolated and its geometrical parameters can be extracted. In particular,

fitting an ellipse to the half-moon shaped cap projection allows to determine the angle be-

tween the long axis of the ellipse and a fixed axis on the image. An ImageJ routine allows to

repeat this for each frame of a movie, providing an orientation trajectory. The full ImageJ

macro code allowing to perform the described operations is given in Appendix 8.2. The

associated tracking error is low provided that the particle out-of-plane orientation does not

significantly deviates from θ = π/2, where θ is the angle between the substrate normal and

the normal of the plane containing the Janus boundaries [119].

Out-of-plane orientation

The out-of-plane orientation of the particle can also be estimated from the darker area

corresponding to the projection of the Cu metallic cap of Janus particles. Indeed, the

projected area of the Cu cap Acu should be related to the out-of-plane orientation of the

particle θ as

ACu =
1

2
π(1 + cos θ)R2

P , (2.14)

such that ACu is maximal for θ = 0 with ACu = πR2
P , when the particle points downwards

and the measured projected area is the disk corresponding to the particle projection. ACu =

πR2
P/2 (half moon) when θ = π/2. ACu = 0 when θ = π. Note however that this method

is valid for fluorescence microscopy experiments. In transmission bright field experiments,

it is not possible to discriminate if the particle is pointing upward or downward, since the

projected area appears to be the same if the particle has an out-of-plane orientation θ or

π − θ.
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Chapter 3

Optically driven microparticle

interaction with lipid vesicles

3.1 Introduction

Recent approaches using generic physical forces to trigger the wrapping of a passive particle

by a giant vesicle rely on depletants to generate effective entropic attractive forces between

the membrane and particle surface [77, 79, 80]. In the limit of negligible membrane tensions,

Spanke et al. have shown that spontaneous particle wrapping by a lipid vesicle can occur

above a given depletant concentration (i.e. adhesion) [77]. In the same work, optical tweez-

ers were used as an external energy input to overcome the energy barrier separating a non

wrapping and a stable full wrapping state when the adhesion was insufficient for spontaneous

adhesion-driven wrapping to occur. The existence of this unexpectedly robust so-called acti-

vated wrapping regime [77] for vanishing membrane tensions was attributed to the membrane

finite mean curvature initially bulging towards the particle [83, 82]. However, while both ex-

perimental and theoretical efforts allowed to establish laws for the wrapping/non-wrapping

phase diagram boundaries as a function of various physical parameters [82, 20], experimental

investigations on the magnitude of the energy barrier height separating two stable wrapping

states are very limited. Other energy barriers, such as contributions associated to the shape

energy of the unbound (not in contact with the particle) membrane surface area during the

wrapping process may exist, preventing spontaneous particle wrapping by the membrane

[81, 120, 20].

Two important lengthscales allow to describe the system, namely the bendocapillary

length λσ =
√

κb/σ capturing the competition between membrane bending and tension,
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and the adhesion length λw =
√

2κb/w describing the competition between bending and

adhesion. Experiments reported in Ref. [77] were carried out in a regime governed by the

membrane bending, where the particle radius RP < λσ. The energies associated to the

membrane tension σ were therefore disregarded and it was concluded that it plays no role

in the wrapping behavior. In a regime governed by the membrane tension, RP > λσ with

σ ∼ 1 µN m−1 (negligible bending), fully reversible wrapping of particles by pushing them

across a free-standing membrane using optical forces was also observed [121]. Alternatively,

optical tweezers were used to force the uptake of a particle [90, 122]. However, the poor

optical imaging resolution did not allow to image the local membrane deformations. Here,

we investigate a regime where vesicles possess low membrane tensions with σ ∼ 10 nN m−1

and a typical bending rigidity κb ≈ 10−19 J, yielding a bendocapillary length in the range

1 µm < λσ < 3 µm. Hence, membrane deformations induced by particles with radii RP of

the order of a micron lay in a crossover regime, where both tension and bending may sig-

nificantly contribute to the total energy. In this regime, signature of membrane properties

such as spontaneous curvature, can be evidenced and play a crucial role in the forced uptake

process, in particular due to its coupling to the membrane tension through the spontaneous

tension σ̃ = 2κm2.

In the following, I report on experimental investigations on the ability for membranes with

low tension to stably wrap a spherical particle in the limit of vanishing particle-membrane

adhesion if an external force is provided. We combine force measurements with fluorescence

and bright field microscopy to relate the measured forces to the deformation and shape

transitions of the membrane induced by the particle. In a first part, we achieve optically

driven particle engulfment of non-adhesive particles and describe the influence of relevant

physical parameters on the outcome and the measured force profiles. The existence of a stable

full wrapping state even for non-adhesive particles owing to the stability of the membrane

neck nucleated upon engulfment will be investigated in a second part by coupling the optical

tweezers to a micropipette suction experiment. Finally, other phenomena occurring upon

deformation of a lipid membrane by an optically trapped particle will be investigated thereby

providing additional qualitative insights on the particle-membrane interactions.

3.2 Optically driven particle endocytosis

The encounter between the trapped particle and the vesicle is achieved by imposing a relative

motion between the two objects. While the trapped particle position in space is determined

by the focused laser beam waist position which remains motionless, the position of the sur-
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driven neck closure dynamics, which also implies that the latter is independent of the particle-

membrane interaction and solely dictated by the shape energy of the free membrane segment.

Such instability is analogous to first order shape transitions reported in tube pulling assays

[123, 124] and reminiscent of shape instabilities reported for deflated vesicles in elongational

flows [125, 126, 127]. The geometry can also be seen as a lipid membrane spanning between

two parallel axisymmetric rings. Just like for soap films, the shape energy of the membrane

leads to two different stable shapes in this case: a catenoid-like shape (for short distances

between the two rings) and a small radius cylindrical nanotube (for large distances) [128].

However, it was shown for a suspended membrane between two axisymmetric rings that the

transition between these two stable shapes take place in less than a millisecond and is fully

reversible [128]. This is not what we observe in the vast majority of cases (see e.g. 3.2) where

reversing the motion direction does not lead to reopening of the membrane and release of

the particle.

Typical force profiles upon engulfment

Figure 3.3 shows a force profile associated to the forced penetration performed at constant

speed. The force is plotted as a function of the time of the experiment, which can be converted

into a length (proportional to the penetration depth d) as the experiments are performed at

constant speed. The profiles can be decomposed in distinct steps. First, the force oscillates

around zero when the particle approaches the GUV. Indeed, the Stokes friction before contact

Fv = 6πηRPvrel ≈ 0.01 pN can not be resolved and is therefore negligible in our experiments

[121]. The influence of the vrel on the force profiles acquired is discussed in Appendix 8.3.

Around t = 3 s, the particle touches the GUV and the force grows linearly in time reaching a

maximum value FM corresponding to the end of the elastic membrane deformation regime.

The sharp drop of the force after the maximum corresponds to the formation of the neck

and complete wrapping of the particle. If the optical trap is released when the force drops

down to zero, the particle remains stably wrapped by the membrane.

In our experiments, continuing the particle entry inside the GUV leads to the formation

of a membrane tube with associated plateau force [129, 130]:

Ftube = fin = 2π
√
2κbσ + 4πκbm (3.1)

(from t ≈ 6 s to the end), where fin stands for the force needed to pull an inward tube

and m a membrane spontaneous curvature. Note that m can be positive or negative, which

dictates the contribution of the second term of the right hand side in Eq. 3.1. We focus
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Figure 3.6: (left) Force profiles for 4 successively engulfed RP = 2.13 µm in a floppy POPC
vesicle. First, second , third and fourth particle corresponds to the black, orange, green and
blue curves, respectively. (middle) Energy profiles evaluated from the integration of the force
profiles, which define the uptake energy Eup and penetration depth dup. (right) Eup vs σd2up
for the four successively penetrated particles. σ is evaluated from the plateau force Ftube of
the force profiles while dup and Eup can both be extracted from the associated energy curves.
The dashed line stands for Eup = σd2up.

bigger particles with RP = 2.13 µm. Doing so, each particle being successively engulfed

consumes more membrane area, and the smaller curvature radii of the particle minimizes

the bending contribution. Figure 3.6 shows the experimental force profiles acquired upon

successive optically forced engulfment of particles. Again, the results show that FM grows

for each successively engulfed particles. Also, the plateau force is constant for the two first

penetrated particles and then grows with successive engulfment, which confirms our previous

observations and supports the hypothesis of membrane area reservoirs being consumed lead-

ing to the absence of tension increase. An additional feature we can clearly see here is the

fact that the more tense the vesicles, the sharper the force drop is. This indicates that the

dynamics of the instability of the unbound membrane segment depends on the membrane

tension.

This time, we plot the force as a function of displacement, which directly translates into

penetration depth (by taking initial contact point to be d = 0). This allows to extract from

the force profiles the energy Eup provided by the optical trap to induce full wrapping of the

particle by the membrane. Indeed, we have:

Eup =

∫ dup

0

F (d) dd, (3.3)

with the critical penetration depth at which neck closure occurs dup. Integrating the
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force profiles F (d) therefore directly yield Eup which lays in the range 1000-6000 kBT for

this set of experiments, see Figure 3.6 (middle), and agrees with previous measurements

[90, 136]. Surprisingly, the magnitude of Eup is not monotonic for successive particles, as the

3rd penetrated particle required more energy than the 4th. FM however remains monotonic

as previously shown for smaller particles. We can plot Eup as a function of σdup (Figure

3.6 (right), where σ is the tension extracted from Ftube), which corresponds to the energy

associated to the tension on the typical lengthscale dup over which the membrane is deformed

before the neck formation, therefore also accounting for the deformation of the unbound

membrane segment. The plot shows that for each penetration the results lay close to the

line Eup = σd2up, meaning that the tension represents the main contribution to describe the

energy of uptake Eup.

3.2.3 Modelling of the force and energy profiles

We showed that even for low tension vesicles, membrane area consumption (and associated

vesicle volume increase) upon successive entry can lead to large tension increase which trans-

lates in higher force needed to trigger engulfment. In order to evidence other contributions

to the experimental force profiles obtained, we have to consider the energy landscape models

composed of bending, tension and adhesion contributions, in the limit Rv ≫ RP [81]. In

these models only the membrane area bound to the particle contributes to the energy land-

scape, under the assumption that the unbound membrane close to the particle can adopt

vanishing energy shapes (we already have evidences that it might not be the case in our

system). The energies expressed with the parameters of our system are [81]:

Eb = 4πκb (1 +mRP ) (1− cosα), (3.4)

Eσ = σπR2
P (1− cosα)2 , (3.5)

Ew = w2πR2
P (1− cosα) . (3.6)

We calculate the force contribution from the energy by taking the derivative of the

energy with respect to displacement of the contact line along the particle s = RPα. Hence,

the force is F = −dE/ (RPdα). The modulii of the force contributions acting on the contact

line between the bound and unbound membrane regions then take the form :
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Fb =
κb4π sinα

RP

+ 4πκbm, (3.7)

Fσ = 2πRPσ sinα(1− cosα) , (3.8)

Fw = 2πRPw sinα . (3.9)

We can postulate that the maximum force recorded can be found by summing of the

contributions in Equation (3.4 - 3.6) at their maximum (around π/2).

3.2.4 Particle size dependence

To investigate the bending contribution to the force profile, we performed similar wrap-

ping experiments on multiple vesicles with a distribution of tensions around σ = 10 nN m−1

(inferred from tube plateau force) using three different Silica particle sizes RP = 0.75 µm,

RP = 1.15 µm and RP = 2.13 µm. The results are shown in Figure 3.7. As seen from Equa-

tion (3.7), the bending contribution to the force acting on the entering particle is inversely

proportional to the particle radius RP , and was plot for α = π/2 in Figure 3.7 for vanishing

spontaneous curvature (solid black line) and for m = −0.1 µm−1 and m = −0.5 µm−1 (from

top to bottom line). As the vertical dispersion of FM for individual measurements in Fig 3.7

stands for the dispersion in the membrane tensions of the penetrated GUVs, it appears that

the averages as well as lowest measured values for the two smallest sizes follow a ∝ 1/RP

dependency. Here we have an additional signature of a negative spontaneous curvature in

the fact that FM is systematically smaller than the bending contribution with m = 0 (solid

black line in Figure 3.7(left)). For the largest particle radius RP = 2.15 µm however, the

results do not seem to follow the trend if we only take into account the bending cost. In-

deed, considering that the membrane area needed to wrap the particle scales with ∝ R2
P ,

the tension contribution (Fσ ∝ RP ) when using large particles can no longer be disregarded.

Hence, tension contributions ultimately play a role during the penetration of the particle

resulting in higher FM .

In Figure 3.7 (right), we plot our results and the ones reported by Dols-Perez et al.

[121] operated in a tension-dominated regime, RP > λσ where FM scales linearly with RP ,

FM ∝ RP (Equation 3.5). The dashed red lines in both panels of Figure 3.7 correspond to

the tension contribution to the maximum force (Equation 3.5 ) for σ = 30 nN m−1, while

the plain red line corresponds to a higher tension reported by Dols-Perez et al [121]. For

vanishing adhesion, FM is the sum of a bending contribution inversely proportional to RP
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Figure 3.8: (left) Example of force profiles F vs d upon optically forced wrapping of RP =
1.2 µm Polystyrene (red), RP = 1.2 µm Melamine Formaldehyde (orange) and RP = 1.15 µm
Silica (blue) (right) Eup vs σd2up. Each point corresponds to an experiment in which Eup and
dup was extracted from the experimental E vs d curve and σ from the plateau force of the
associated force profile. The black dashed line corresponds to Eup = σd2up. The grey line
accounts for the bending contribution and stands for Eup = σd2up + 8πκb, while the grey
shaded area Eup = σd2up + 8πκb ± w4πR2

P where RP = 1.2 µm and w = 2× 10−7 N.m−1.

the particle, which points to a similar ultra-weak particle-membrane affinity for all particle

types.

In Figure 3.8 (right) we show that the uptake energy Eup for different materials are all

close to the line Eup = σd2up + 8πκb meaning that considering only bending and tension is

enough to interpret the data (spontaneous curvature here would bring a small additional

offset to this line). The fact that a point is above Eup = σd2up +8πκb could be interpreted as

a small additional cost due to unfavorable particle-membrane surface interactions (w > 0)

while points below could indicate favorable particle-membrane surface interaction (w < 0).

Following this reasoning, Figure 3.8(right) suggests that w < 0 for Silica, while we tend

to have w > 0 for PS and MF, while the grey area containing all the points indicate that

|w| < 2× 10−7 N.m−1 in all cases.

Reasoning in terms of force knowing that FM = Fb,max+Fσ,max+Fw,max, we can evaluate

w to be (FM − Fb − Fσ) /2πRP , which is plotted as a function of σ for the different particle

types in Figure 3.9. As expected, w remains weak (< 3× 10−7 N.m−1) showing again both

signs, and that there is no clear correlation between the membrane tension and evaluated
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repulsive particle membrane interaction would in fact only increase the particle-membrane

distance during the forced deformation and the particle would remain stably wrapped as

long as the energy costs of bending, tension and repulsive particle-membrane interaction in

the fully wrapped state is lower than the energy needed to open the neck. We conclude that

this stability arises from the high energy cost associated to the opening of the neck formed

upon wrapping. The next section will be dedicated to evaluating the energy associated to

the neck opening.

3.3 Membrane neck stability

In the optically driven microparticle engulfment experiments, we bring the particle from

a non-wrapping state to a stable full-wrapping state in the absence of favorable particle-

membrane interactions. If a very weakly favorable or unfavorable particle-membrane affinity

can exist, it is negligible compared to the energetic costs needed to bend and work against

the tension σ such that | wAb |≪ σAb + 8πκb(1 +mRP ), where Ab = 4πR2
P for the bound

membrane segment at full engulfment (α = π for Equations 3.4 - 3.6).

The stability of the full wrapping state can therefore not be explained by the interplay

between favorable particle-membrane interactions and energetic costs to deform the bound

membrane segment, as it is usually the case for adhesion-driven engulfment [77, 79]. The

stability should therefore be provided by the shape transitions experienced by the unbound

membrane segments. We showed in Section 3.2 that the collapsing of the unbound membrane

segment into a neck dramatically changes the energy landscape, as the energy barrier to re-

open the neck in order to bring the particle from the fully wrapped state to the non wrapping

state is much higher than when doing the opposite. This leads to an irreversibility of the

process, or at least introduces a hysteresis. In the following, we report on experiments taking

advantage of a micropipette to put under tension a vesicle in which a particle was previously

engulfed. Doing so, we probe the reversibility of the process and quantify the energy required

to open the neck formed upon particle wrapping. We then confront our results to existing

models of membrane necks stability.

3.3.1 Neck opening by applying stress with a micropipette

A micropipette can serve as a potent micromanipulation instrument for exerting precise

stress on individual vesicles, unlike the indiscriminate nature of osmotic stresses. The fab-

rication and operation principles are described in Section 2.2. Here, we apply a suction
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from geometrical considerations that narrow necks in the absence of spontaneous curvature,

although being highly curved along the profile, are not penalized by large bending energy

costs as the mean curvature is reduced to vanishing values due to the opposite sign curvature

along the parallels [81, 139, 13].

Figure 3.12: (left) Neck opening statistics upon putting POPC vesicles with an engulfed
RP = 1.15 µm Silica particle under tension over N = 18. No opening stands for the cases
when no opening of the neck was observed in the tension range accessible (σ < 10−4 N/m),
while Opening accounts for the cases where an opening was reported. (right) Average value
of the critical tension σc at which neck opening occurred (for N = 5 experiments).

Finally, if the neck shape has principal curvatures radii of the order of the bilayer thick-

ness, one could expect rearrangements of the lipid bilayer at the points of highest curvature.

For example, hemifusion of the membrane could be expected. However, such rearrangements

do not happen spontaneously and energy should be provided for them to take place. It was

often proposed that the particle-membrane adhesion can drive the fusion processes and even

lead to fission between the bud containing the particle and the mother vesicle. Despite the

absence of strong adhesion or constriction forces provided by proteins such as dynamin in

our system, it was shown that constriction forces arising from spontaneous curvature alone

be large enough to induce neck fission [13].

While the mechanisms underlying the stability of the fully wrapped state for optically

forced wrapping (in absence of strong adhesion) were never investigated experimentally, we

will try in the next section to link the critical tension for opening σc to an energy barrier for

neck opening.
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3.3.2 Analogy with pore opening and energy quantification

As a first approximation, we will model the membrane neck as if it was a pore. Indeed, if

we forget about the membrane bud and consider that the energetic cost associated to neck

opening is proportional to the radius of the neck as seen from the top (see Figure 3.13), one

gets an expression for the neck energy:

Eneck = γl2πr, (3.10)

Figure 3.13: (left) Schematics of neck opening mechanism and analogy with pore opening.
The top panel shows a side view of the neck profile with eventual membrane topologies at
the neck. The bottom panel shows a top view of the system and illustrates the analogy with
a pore where the membrane neck has a radius r and a line tension γl associated. (right)
Graph of the energy G versus neck radius r in analogy with a pore. The tension contribution
−σ4πr2 is kept constant with σc = 34 µN/m the mean value of the experimentally measured
critical tension.

where r is the neck opening radius. γl = Eneck/2πr therefore captures all the energy

contributions resisting the opening of the neck under the assumption that the latter are linear

with r. Note that this is a strong assumption as the energy of the neck most probably depends

on its full shape with associated mean (and eventually Gaussian) curvatures and eventually

other contributions arising from membrane partial fusion which might result nonlinear energy

dependence on r. The neck energy competes with the membrane tension energy, for which

an opening of the neck to a radius r would provide a negative contribution to the overall

energy as it reduces the membrane area by πr2. The associated energy G(r) of the system
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therefore reads:

G(r) = −σπr2 + γl2πr (3.11)

with σ the membrane tension. In the low tension regime, the first term in Equation 3.13

is negligible and G is linear with r. The only stable state is r = 0. However, when we apply

a suction pressure with the micropipette and induce an increase of membrane tension, the

first term starts to dominate for large r due to its ∝ r2 dependency. For a membrane neck

initially close to r = 0 (after forced wrapping), there is now an energy barrier separating the

stable state r = 0 and r = ∞, as seen in Figure 3.13.

When the critical tension σc is reached, this barrier should be comparable to thermal

energy as the barrier crossing happens without additional energy input. By fixing σc to the

experimentally measured values, we can have an idea of the line tension γl characterizing

the neck leading to an energy barrier Eb that can be overcome by thermal energy. Doing so,

we can estimate γl ∼ 1 pN (Figure 3.13). In the next section, we will focus on confronting

these results to the currently established theory of membrane necks stability.

3.3.3 Comparison with theory of membrane necks stability

In the framework of spontaneous curvature elasticity theory developed in the past decades,

stability relations of membrane neck in presence or absence of an adhesive particle in the

membrane bud were derived [13, 82, 140]. The simplest stability criterion, derived consider-

ing solely bending energy contributions, for an exterior neck (corresponding to an inward-

pointing bud, as in our case) in absence of adhesive particle in the bud reads [13]:

m ≤Mne =
1

2

(

1

Rl

− 1

Rs

)

(3.12)

where m is the membrane spontaneous curvature and Mne the neck mean curvature

which only depends on the curvature radii of the adjacent membrane segments Rl of the

mother vesicle and Rs of the opposite curvature membrane bud. Considering the case where

Rs = RP = 1.15 µm and the size dispersion of our vesicles 7 µm < Rl < 20 µm yields

−3.6 × 105 m−1 > Mne > −4.1 × 105 m−1, which in turn implies |m| > 3.6 × 105 m−1 as

a lower bound for the spontaneous curvature absolute value in our system for it to be able

to stabilize the formed neck. These values are consistent with spontaneous curvature values

obtained previously in Section 3.2.
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In fact, these stability relations can be derived by parameterizing the shape of the vesicle-

bud complex as two hemispheres connected by two unduloid-shaped segments forming a neck

of radius r. It was shown that the bending energy of such a shape has the form [13]:

Gbe = Gbe(0)− 8πκb (m−Mne) r, (3.13)

where Gbe(0) is the energy associated to the shape far from the neck. The stability

relations are simply obtained from the fact that Gbe must increase with increasing r, imposing

Mne ≥ m (i.e. Equation 3.12). Furthermore, the linearity of the bending contributions to

the neck energy Gbe with the neck radius r legitimates our approach of treating Eneck as a

line tension energy. In the absence of other contributions than bending, by identification of

Equation 3.10 with Equation 3.13, we have:

γl = 4κb(Mne −m) (3.14)

Following this model, in order to have γl ∼ 1 pN as estimated from the pore analogy,

(Mne − m) should be of the order of 10−6 m−1. Using the experimental bound Mne =

−3.6 × 105 m−1, this yields m ≈ 6 × 10−5 m−1, which is in the expected range of m. The

neck opening tension measured σc therefore suggest that a stabilization by spontaneous

curvature is possible as it agrees with values of m inferred from force measurements and

from the structures observed optical microscopy. However, for the cases when a tension of

σ ∼ 0.1mN m−1 was not sufficient to trigger the opening of the neck, it either means that

the membranes in those cases possessed much larger spontaneous curvature absolute values,

or that other mechanisms than spontaneous curvature-induced constriction forces were at

play. In particular, additional costs for opening are to be expected if a rearrangement of the

lipids occurred at the neck, and a stalk or partial fusion of the lipids was initiated [141].

3.4 Particle induced budding

When performing optically induced engulfment experiments in fluorescence microscopy, we

noticed, in some rare cases, that deformation of the membrane by the particle would cause

the nucleation of membrane buds inside the vesicle. The snapshots in Figure 3.14 shows an

example of such dynamics where an optically trapped RP = 2.13 µm Silica colloid is brought

in contact with a floppy GUV. In a few seconds, a necklace of ≈ 10 membrane buds is formed.

One striking feature in this process is the very low size variability of the nucleated buds
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particle in proximity provides energy in two ways, reducing the barrier height and thereby

accelerating the nucleation dynamics. Firstly, the fact that the optically trapped particle

locally heats the surrounding fluid and the membrane. A temperature increase ∆T ≈ 10◦ C

was measured in the vicinity of Polystyrene microparticles in water for a 980 nm trapping

wavelength laser at 100 mW power output [142]. Such temperature increase will only have

a little impact on magnitude of thermal energy, but might help overcoming small energy

barriers. Secondly, and most importantly, the fact that the optical force pushes the particle

against the membrane, locally bending the membrane such that the local mean curvature

adopts M = −1/RP . Doing so, the optical force provides part of the energy necessary for

the buds to be nucleated. Note that the fact that fluid is able to move from the exterior

solution towards the buds is again a signature of a large water gap between the particle

surface and the lipid membrane.

3.5 Conclusion

In this chapter, we have performed force-driven entry of spherical microparticles of various

compositions into giant unilamellar vesicles by means of optical tweezers in a regime of weak

adhesion where the particle size compares to the bendocapillary length of the membrane.

Investigations on the driven wrapping dynamics using fluorescence microscopy and force

measurements upon wrapping allowed to evidence the existence of an instability in the shape

of the unbound membrane segment leading to stable wrapping. Our experiments point to the

role of membrane excess area stored in the vesicle area reservoirs stabilized by spontaneous

membrane curvature. These structures appear to contribute as a shape-independent term

to the membrane tension, analogously to the interfacial tension of liquid interfaces and in

agreement with recent theoretical predictions [20], until all of the accessible area reservoir is

consumed. Varying the particle size, we show that a force minimum should exist for a particle

size comparable to the lengthscale emerging from properties of the membrane, namely the

bendocapillary length. By means of a micropipette, we could probe the degree of reversibility

of the wrapping process in the case of optically driven wrapping and quantify the membrane

tension necessary for the neck to re-open. We showed that there is a large variability in

the degree of reversibility in our system. This can be imputed to variability in spontaneous

curvature or to other energy barriers due to lipids reorganization at the membrane neck.
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Chapter 4

Active Janus colloid autonomous

interaction with floppy vesicles

4.1 Introduction

Catalytic microswimmers are micron-sized objects, that can self-propel and perform a variety

of tasks on the micro-scale including drug delivery and environmental remediation. They

can achieve self-propulsion through chemical reactions that create concentration gradients

that induce fluid flows in the surrounding solution. Efficient propulsion of the microswimmer

requires a high reaction rate, which is usually achieved by the addition of highly reactive

compounds such as hydrogen peroxide (H2O2) [143] or hydrazine (N2H4) [144], which are

decomposed by the microswimmer. However, these toxic compounds limit potential appli-

cations e.g. in biological systems. Therefore, several works have focused on extending the

range of propulsion reactions for catalytic microswimmers, including galvanic exchange re-

actions [145], photodeposition [146], the degradation of organic pollutants [147, 148] or the

oxidation of amines to imines [149]. One very promising approach for powering of catalytic

microswimmers in biological media is the use of a fuel that is also used by nature - glu-

cose. Wang et al. have shown, that Cu2O microspheres can move in aqueous solutions of

glucose under irradiation with visible light. The persistent motion of the microparticles is

due to the photocatalytic oxidation of glucose to formic acid and the corresponding shorter

monosaccharides arabinose, erythrose and glyceraldehyde [150]. In their work, Wang et al.

used symmetrical spherical particles, and the symmetry breaking necessary for propulsion

was introduced by shining light on one side of the particle. Due to self-shadowing effects,

asymmetric reaction rates would indeed result in a directed motion away from the light

source.
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Here, we introduce Cu@SiO2 Janus particles that can move in an aqueous glucose solution

under visible light irradiation. The Cu is converted to photocatalytic copper oxides, when

the particles are dispersed in water. Due to their asymmetric Janus structure, these particles

have an intrinsic ability to move in any direction, and they are not biased by the direction

of the light source. Hence, they can perform autonomous active motion and can show com-

plex interactions in confinement or when close to interfaces. In particular, interactions with

soft interfaces such as phospholipid membranes of cells represent a situation of confinement

encountered in many processes. It was found that Janus swimmers are able to deform giant

lipid vesicles when enclosed inside them [89], a response that has also been confirmed for

biological active matter [151] and by theoretical considerations [152, 153]. Freely swimming

Janus particles however, showed interactions that resemble the generic interactions of active

matter with obstacles [154, 69, 155]. For pusher type swimmers, persistent orbital motion

of Janus swimmers around giant vesicles was reported [71], and active transportation of the

vesicles by a single particle could be achieved after applying strong forces [86]. To the best of

our knowledge, no other behavior was reported upon interaction of freely swimming active

Janus particles with cell-like compartments. While in previous experiments the Janus par-

ticles were usually made from Pt@SiO2, which swim away from the metal cap and generally

are considered to be pushers [63], we use a new combination of Cu@SiO2 particles with glu-

cose fuel. As other copper Janus particles [92, 65, 66], these microswimmers move towards

the catalyst cap. This different swimming mode enables different types of interactions with

vesicles, and may allow to observe endocytic-like behaviors.

4.2 Glucose fuelled Cu@SiO2 Janus colloid self-propulsion

Cu@SiO2 Janus particles were fabricated by thermal deposition of a 30 nm metallic Cu layer

on a monolayer of commercial SiO2 particles of radius RP ≈ 1.5 µm, covering one hemisphere.

These particles can self-propel catalytically when immersed in H2O2 and swim towards the

metal cap [65], which can be interpreted as a puller type swimming mode because of the

strongest slip of the velocity being on the front face [156] (see Section 1.2.2). Here, we

observe self-propelled motion in a fuel different from H2O2. When immersed in a glucose

aqueous solution at physiological concentration (25-100 mM), under homogeneous light irra-

diation provided by standard microscope illumination conditions, these particles show active

propulsion as shown in Figure 4.2. The sedimented particles navigate in a two dimensional

plane close to the glass substrate, which allows to image them with bright field microscopy

and track their center of mass with image treatment techniques (see 2.5.1). During some
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Figure 4.1: Bright field microscopy snapshot and trajectory (green) of a Cu@SiO2 Janus
swimmer in a 100 mM glucose solution. Inset sketches the active motion mechanism and
most probable fluid flow in the swimmer frame (puller). The scale bar is 5 µm.

segments of the trajectory, the plane defined by the Janus boundary is orthogonal to the

imaging plane. The hemisphere of the particle coated with the Cu layer appears darker than

the bare hemisphere and allows to track the in-plane orientation of the particle (see 2.15).

The dynamics of these swimmers, which appear very different from the Pt@SiO2 pusher

particles, will be studied in greater details in Section 6.1. Here, in order to evidence the out-

of-equilibrium nature of Cu@SiO2 particle dynamics in glucose and quantify the projected

active velocity, we plot the center of mass 2-dimensional mean squared displacement (MSD =

⟨(x(t+∆t)− x(t))2⟩+ ⟨(y(t+∆t)− y(t))2⟩) for single particles. The most standard model

of the MSD of an active Brownian particle with persistent velocity, on timescales shorter

than the rotational diffusion time (τro,b = 1/Dro,b = 8πηR3
P/kBT = 21 s), reads [143]:

MSD (∆t) = 4Dt∆t+ V 2∆t2, (4.1)

where ∆t is the time lag, Dt the transnational diffusion coefficient of the spherical par-

ticle (in the bulk Dt,b = kBT/6πηRP ) and V an average projected speed on the plane of

observation. The MSD of Cu@SiO2 particles in glucose, shown for representative cases in

Figure 4.2 (left), clearly displays a linear (diffusive) regime followed by a quadratic (ballistic)

regime at longer times. The crossover between those two regimes occurs at a characteristic

timescale τc = 4Dt/V
2 where the passive and active contributions are comparable. Fitting

MSD data with Equation (4.1) allows to extract both the translational diffusion coefficient

and the projected active velocity for single trajectories (fits are plain white lines in the inset

of Figure 4.2 (left)). We can show that an increase of the glucose concentration results in

an increase of the average projected velocity, see Figure 4.2 (right). Similarly, illuminating
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4.3 Particle-vesicle encounter and engulfment phenom-

enon

In this section, we describe the phenomenon observed when an active Cu@SiO2 particle

in a glucose solution spontaneously interacts with a giant unilamellar vesicle (GUV). This

phenomenon can be described as composed of two steps: (i) the hydrodynamic capture, and

(ii) the particle being wrapped by the vesicle membrane. Note that the particle activity

depends on exposure to visible light and physiological glucose concentrations. Hence, we

got rid of the limitations of using H2O2 as a fuel, which is not biocompatible and generally

harmful for cells [158, 159]. In all experiments, we used GUVs made of phospholipids in

the low-tension membrane regime (σ ∼ 10−8 N.m−1), which are pertinent systems to study

endocytic-like phenomena [160, 161] in the absence of receptor-mediated interaction or large

external forces [90, 77, 162]. Figure 4.3 (left) illustrates a typical result obtained few minutes

after the spontaneous interaction between active particles and GUVs. Some active particles

are already engulfed by GUVs and for one isolated particle we could track its active trajectory

before and after encountering a GUV. The impact of the activity on the encounter rate is

evident as it allows the particles to explore larger areas in a given time with respect to passive

Brownian particles. The impact of far-field hydrodynamic interactions on the encounter

rate is hard to evidence, because directional changes can be due either to hydrodynamic

interaction or Brownian rotational diffusion. Still, even in diluted situations this kind of

event happens at a high rate and after few minutes, most of the active particles in the

Figure 4.3: (left) Bright field microscopy snapshot with the backward in time trajectory of
a particle in contact with a POPC GUV. The particles at the periphery or inside GUVs were
already in contact with the GUV before the start of the acquisition. The scale bar is 20 µm.
(right) 3D visualization of the configuration during hydrodynamic docking.
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Figure 4.6: (left) Sketch defining the angles φ, β the distance L and the out-of-plane angle
θ. (right) Fluorescence microscopy image of a particle in the capture phase, deforming the
GUV. Scale bar is 10 µm.

After the hydrodynamic capture, which can last several tens of seconds, a transition occurs

and a sudden radial displacement of the particle towards the projected GUV center of mass

is observed at the time t3 in Figure 4.4 (left). At time t4, the particle appears completely

dark, evidencing a change of orientation and the trajectory shows a more confined diffusion

than previously. Using confocal microscopy, we can show that at this final stage, the particle

is inside the GUV volume while being fully wrapped by the lipid membrane (Figure 4.4

(right)), and remains in this stable state indefinitely. Figure 4.5 shows the wrapping process

dynamics in fluorescence microscopy with the particle becoming fluorescent as a result of

full wrapping by the fluorescently labelled lipid membrane. Note that in our experimental

conditions, the wrapped particle is connected to the mother vesicle with a small neck or tube,

as demonstrated in Section 3.2. Particle engulfment occurs only for floppy GUVs showing

low tensions (σ < 10−7 N.m−1) and as shown in Figure 4.4, it occurs at the GUV periphery

in the wedge defined by the bottom wall and the lipid membrane. In the next sections, we

will describe quantitatively the two different steps of the phenomenon introduced here.
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4.4 Active particle hydrodynamic docking at the vesi-

cle periphery

In order to elucidate on the mechanism responsible for capture of the particle at the GUV

periphery, we quantify here the particle motion focusing our attention on the rotational

dynamics. During the capture phase, the Cu cap of the particle is indeed systematically

facing the GUV membrane. A top view of the situation is sketched in Figure 4.6 (left),

together with the definition of the particle orientation angle φ in the observation plane.

The azimuthal angle of the particle radial position β and the distance between the particle

and GUV projected centers L are also defined. An additional particle angle θ for the out-

of-plane orientation can be defined as sketched in the inset of Figure 3A (θ = 0 when the

Janus boundary is parallel to the observation plane and the Cu hemisphere points towards

the substrate). A component of the active propulsion force is oriented towards the lipid

membrane and promotes the deformation of the latter. This orientation can be observed in

bright field microscopy as in Figure 4.4 (left) and deformation of the vesicle can be confirmed

using fluorescence microscopy as shown in Figure 4.6 (right).

Figure 4.7: (top left) Red curve shows the temporal evolution of the angular difference
φ − β for a particle in contact with a GUV before being wrapped. The blue curve shows
the evolution of the angle φ with respect to φ0 = φ(t = 0) for a particle far from a GUV.
(bottom left) Evolution of the distance L over time for a particle in contact with the GUV
at t = 0. (right) Log-log graph of the mean squared angular displacement for φ during the
capture phase, before the full wrapping transition. At short times (inset), we can fit the
diffusion coefficient Dr while the plateau at long times evidences the angular confinement of
the particle during this phase.
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The time evolution of the angular difference φ−β, plotted in Figure 4.7 (top left), shows

a zero mean value ⟨φ−β⟩ ≈ 0, and a clear orientational confinement of the particle with the

Cu cap facing towards the GUV projected center. The confinement effect is apparent when

comparing φ− β to the time evolution of the orientation φ− φ0 (where φ0 = φ(t = 0) is a

reference angle) of an active particle far from the GUV, also shown in Figure 4.7 (top left).

Here, the in-plane particle orientation during capture ⟨φ− β⟩ ≈ 0 is very different from the

one observed for pusher type swimmers, which align as ⟨φ − β⟩ ≈ π/2 performing orbital

motion around GUVs, as seen in Figure 4.8, or solid spherical obstacles [71, 69, 74, 58].

These results point to a self-propulsion mechanism of Cu@SiO2colloids in glucose generating

puller-type swimmer flow-fields, as it is in H2O2 with the Cu cap forward [65]. Far-field

hydrodynamics models indeed predict that puller type swimmers encountering a spherical

obstacle should be trapped by the interface and remain motionless even for reasonably low

dipole strengths and small obstacles [73]. Hence, the capture observed in our experiments

can be attributed to the far-field hydrodynamic attraction expected for puller active particles

close to obstacles. The additional complexity arising from the softness and fluidity of the

GUV membrane does not seem to modify the attractive nature of those interactions.

The particle orientation is however not frozen and φ − β show significant fluctuations,

which indicates rotational diffusion at short times while experiencing an effective restoring

torque at long times. Hence, we calculated the mean squared angular displacement (MSAD)

of φ − β, which we plot in Figure 4.7 (right). At short times, the slope of the MSAD al-

lows to extract the in-plane rotational friction ζϕ experienced by the particle during the

capture phase. The fit yields ζϕ = 7.3 × 10−20 N.s.m (plain red line in the inset) which is

close to the theoretical value expected for the rotational friction experienced by a spherical

RP = 1.5 µmm particle in the bulk ζro,b = 8πηR3
P = 8.5× 10−20 N.s.m. Hence, no additional

dissipations due to the GUV membrane are experienced by the particle during the capture,

that points to a large water gap (> 100 nm) between the membrane and the particle surface,

[119] which does not permit adhesive surface interactions to play a role and agrees with a

far-field hydrodynamic interaction.

The magnitude of the MSAD(φ− β) plateau at long times, plotted in Figure 4.7 (right),

provides an angular range φ∗ =
√

⟨(φ− β)2⟩sat ≈ 0.47 rad, which describes the competition

between the Brownian diffusion that tends to randomize the particle orientation and an ef-

fective restoring torque tending to align the particle towards φ−β = 0. As described before,

the origin of this restoring torque can be purely hydrodynamic. In this first stage of the

interaction between the active colloid and the GUV characterized by far-field hydrodynamic
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The transition to full wrapping is evidenced by an abrupt variation of the distance L in

Figure 4.7 (bottom left) at the end of the capture phase. The approaching of the particle is

however not always a direct effect of the transition to full wrapping. It happens that the

particle first moves towards the GUV projected center of mass and remains confined between

the GUV and the substrate before undergoing the full wrapping transition. It can also be

seen in Figure 4.7 (top left) that after the transition (represented by the vertical dashed line),

the in-plane orientation φ can not be precisely measured and show large variations as a result

of the out-of-plane reorientation of the particle, which does not allow to image the Janus

boundary. During the capture step, there is a dynamics associated with the drainage of the

water film such that the particle-membrane distance is not the equilibrium one. Indeed,

the particle-membrane surface interaction potential, in the case of non-specific adhesion,

is minimal at separation distances in the range 20-100 nm [163, 164] while the basin of

attraction associated to the hydrodynamic capture is of the order of the swimmer body size

(few micrometers here) [73]. The characteristic time τd associated to the drainage of the

water film can be estimated from Reynolds law [165] and yields τd ≈ 101 s with the active

propulsion as driving force. To investigate the dynamics towards the wrapping transition,

measurements on the membrane profile upon wrapping and the driving forces of the process

will be discussed in the following section.

4.5 Wrapping transition dynamics

The dynamics of the GUV wrapping the active particle can be followed using fluorescence

microscopy. In most cases, the transition to full wrapping takes place at the periphery of the

vesicle in Figure 4.4. In some rare cases for GUVs of small sizes (7-10 µm radii), the particle

can slowly crawl underneath the vesicle and reach the GUV projected center, as depicted in

Figure 4.9. In this case, one can take advantage of the geometry to monitor the evolution of

the projected GUV area and particle fluorescence during the wrapping dynamics. In Figure

4.9 (left), one can see fluorescence microscopy snapshots of an active particle that came in

contact with a relatively small GUV, and during the capture phase reaches the center of

the circular projected GUV area. At time τ1 = 19.72 s after the start of the acquisition,

the particle is not wrapped yet and the situation corresponds to the one depicted on the

top panel of Figure 4.9 (right). At time τ4 = 22.08 s, the particle is fully wrapped and

the situation corresponds to the situation of the lower panel in Figure 4.9 (right), while

intermediate times correspond to the dynamics of full wrapping transition (τ2 = 21.12 s and

τ3 = 21.16 s). In Figure 4.10 (left), we show representative intensity profiles passing through
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the projected GUV center of fluorescence microscopy images from Figure 4.9 (left). The

two external peaks correspond to the bright circle coming from the GUV projection in the

imaging plane. Such profiles allow to follow the evolution of an apparent projected radius

Rv,app(t) during the full wrapping transition from the distance between these two peaks.

Figure 4.9: (left) Snapshots of a fluorescence microscopy acquisition showing the partial
wrapping to full wrapping transition in the case of a GUV sitting on top of the particle
(see schematics on the right). The outer ring is the membrane and the inside smaller ring
becoming a disk is the partially wrapped particle becoming fully wrapped as seen from below.
1. 44 seconds separate τ1 and τ2. Scale bar is 5 µm in length. (right) Sketch illustrating the
situation on the left.

Plotting the evolution of Rv,app during the transition (from τ1 to τ4) in Figure 4.10 (right)

shows a decrease of more than a micron, which is a signature of the full wrapping transition.

Indeed, fully enveloping the particle with membrane requires pulling more membrane surface

area to the wrapping site resulting in a decrease of the apparent vesicle projected radius (as

depicted on the sketch in Figure 4.9 (right)) as the GUV sphericity increases. Conversely,

the fluorescence signal measured from the region corresponding to the particle projected area

(quantified by the so-called pixel integrated density in Figure 4.10 (right)) increases follow-

ing the same dynamics, confirming the full wrapping of the particle. During this transition,

the contact line advances from the equator of particle (the Janus boundary) to its pole. We

show here that this transition occurs in a time tin ≈ 2 s, resulting in a contact line velocity

vc = πRP/2tin = 1.17 µm.s−1. This is comparable to contact line velocities measured in the

system of Spanke et al. [166], where wrapping was triggered by depletion attraction with
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Figure 4.10: (left) Intensity profiles along a line passing through the projected GUV center
and corresponding to the times τ1 and τ4 showing how Rv,app is extracted. (right) Temporal
evolution during the wrapping transition of Rv,app and the integrated pixel density in the
region of the acquisition bounded by the particle contour. This reflects the increase of
fluorescence signal collected from this region corresponding to the presence of lipids due to
full wrapping.

adhesion energy densities of the order of 10−6 N.m−1 for similar particle size (RP = 1 µm).

In order to evaluate the adhesion energy densities in our system, we performed adhe-

sion experiments of GUVs on planar SiO2 and Cu surfaces [167, 168, 165]. We are able to

thermally deposit a nanometric Cu layer on glass slides over several cm2 surface area using

the same technique employed to deposit the cap on the SiO2 particles. Figure 4.11 (left)

illustrates the performed experiment to determine w and defines the contact radius of cur-

Figure 4.11: (left) Sketch of the experiment and definition of the contact curvature radius
Rco. (middle) Representative transverse views (xz plane) from a confocal microscopy acqui-
sitions of osmotically deflated POPC GUVs sedimented on a Copper coated glass substrate
and (right) on a bare glass substrate. Scale bars are 10 µm in length.
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vature Rco which will be of interest here. Using a confocal microscope, we can extract the

full 3-dimensional shape of the adhesive vesicles. If we compare typical side view profiles

(x-z plane) acquired with confocal microscopy of an initially floppy vesicle on Cu (Figure

4.11 (middle)) or on SiO2 glass (Figure 4.11 (right)), it is clear that the interaction with

the bottom substrate is very different leading to different vesicle shapes. The shape of the

unbound part of the membrane is very close to a spherical cap (expected in the limit of

high adhesion [165]) in the case of Cu substrate, while the shape is more elongated and the

membrane appears more fluctuating for SiO2. Indeed, the bending energy that tends to

maximize the membrane curvature radius over the whole surface area is in competition with

the adhesion energy that tends to maximize the membrane area in contact with the surface.

The curvature radius at contact therefore reads [167]:

Rco =

√

κb

2w
, (4.2)

with κb the bending modulus of the membrane. For a deflated GUV on a Cu covered glass

slide, the resolution of the profile acquired with confocal microscopy does not allow to fit

a circle to extract a curvature. The fact that the curvature is beyond the limit set by our

resolution allows however to set a lower bound for the curvature which yields a lower bound

for the adhesion energy density w. If one takes Rco,Cu ≤ 0.5 µm as the resolution-limited

higher bound of measurable curvature radius, we get wCu ≥ 2× 10−7 N.m−1 as a bounding

value for the adhesion energy density. For the case of the bare glass substrate, however, the

situation is different and one can always define a radius of contact curvature using confocal

images and ImageJ analysis techniques [169]. The average fitted radius on N = 5 different

GUVS is ⟨Rco,SiO2
⟩ = 7.5± 0.6 µm yielding wSiO2

= 8.8± 1.3 × 10−10 N.m−1.

Hence, the associated adhesion energy density wCu is several orders of magnitude larger

than wSiO2
in this geometry. This attractive interaction potential between a POPC lipid

bilayer and a Cu surface results from many contributions including electrostatic double-layer,

van der Waals, hydration, hydrophobic and steric repulsion [170]. Electrostatic attraction

alone between the slightly positively charged Cu (zeta potential ZCu ≈ +14 mV [65, 66]) and

the zwitterionic POPC (reported to show slightly negative zeta potential ZPOPC ≈ −7 mV

[171]) could hardly explain the measured adhesion. Other short range chemical interactions

could play a role. For example, it was shown that Cu2+ ions can bind to PC and PE lipid

headgroups [172, 173] and induce structural changes on the membrane. It is not obvious

however how to quantify these effects in terms of an effective adhesion.
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4.6 Theoretical modelling of the wrapping energy land-

scape

In the previous sections, we showed that active Cu@SiO2 Janus particles are able to de-

form GUV membranes until reaching a stable complete engulfment. We also measured the

equilibrium adhesion energy densities and the characteristic capture time. By using these

experimental values, in this section, we model the driving energies and costs associated to

the particle engulfment, in order to understand its stability. We will also try to gain insights

on the dynamics of the phenomenon, in particular the duration of the capture time tc before

the wrapping transition.

The system considered in this model is composed of a particle and a fluid membrane with

bending rigidity κb, tension σ and particle-membrane adhesive energy per unit area w. If

one assumes a flat membrane and negligible volume conservation constraints, the free energy

of the system can be described with the following Helfrich-Canham Hamiltonian [174]:

Etot =

∫

Atot

κb

2
(2M −m)2 dA−

∫

Ab

w dA+ σ∆A− fh, (4.3)

with M the membrane mean curvature, m a spontaneous membrane curvature, ∆A the

membrane excess area pulled to the wrapping site, Ab the membrane area bound to the

particle, f the propulsion force and h penetration depth. Note that the Helfrich Hamil-

tonian usually contains a Gaussian curvature term, which will be ignored in the following

due to the absence of topology change [81]. The energetic cost associated to the mem-

brane area detached from the glass substrate upon wrapping is disregarded, as it is expected

to be small compared to other contributions (< wSiO2
∆A ≈ 10−9 × 10−10 ≈ 20 kBT for

wSiO2
= 8.8 ± 1.3 × 10−10 N.m−1 as measured in the previous section and assuming the

largest possible area difference ∆A ∼ 100 µm2 in Figure 4.9).

4.6.1 Local membrane deformations

Let us first consider that the adhesion, bending and tension contributions of the membrane

segment bound to the particle dictate the wrapping angle α defined in the inset of Figure

4.12 (left). Thus, we ignore at the moment the contribution of the free segment (the vesicle

area that is not bound to the particle). This simplification is expected to apply to infinite

planar membranes with vanishing spontaneous curvature [81, 138], and has been used to
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explain the experimental wrapping phase diagram of isotropic particles adhering to floppy

vesicles with small spontaneous curvature |m| ≤ 4× 104 m−1 [77]. In the case of a spherical

particle with radius RP , the energies associated with tension and bending for the bound

membrane area Ab = 2πR2
P (1 − cosα) are: Eσ = πσR2

P (1 − cosα)2 and Eb = 4πκb(1 +

mRP )(1 − cosα) respectively, where m is a membrane spontaneous curvature. These two

contributions can be calculated in our system using a standard value of the bending rigidity

κb = 27.3 ± 5.1 kBT ≈ 10−19 J for POPC vesicles in glucose/sucrose solutions [103] and a

tension σ = 10−8 N/m as a representative value accounting for the tension distribution from

previous the force measurements on floppy vesicles prepared with the same protocol, see

Section 3.2. The two negative (energetically favorable) contributions to the free energy of

the system can also be estimated. The work done by the propulsion force f can be expressed

as a function of α as Ef = −fRP (1−cosα). Here, an upper bound of the active force f

in our system can be calculated by taking it to be equal to the translational friction force

when the particle is far from a GUV at the highest measured projected velocity V . We then

have f = ζtr,bV = 6πηRPV ≈ 0.1 pN. Considering the Janus geometry of the particle, the

Figure 4.12: (left) Energy associated to the membrane segment bound to the particle Ebo

as a function of wrapping angle. Plain line stands for spontaneous curvature m = 0 and
dashed line to m = −105 µm−1. Insets show the adhesion energy between the membrane
and the particle as a function of wrapping angle considering the particle is wrapped with the
copper facing towards the membrane. Definition of the wrapping angle α is also recalled on
the inset sketch. (right) Illustration of the expected shape of the total energy (Ebo + Efree)
as a function of wrapping angle α and definition of the energy barrier Eb between the partial
and full wrapping states with associated hopping rate Γ.
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adhesion energy density w is not constant throughout the wrapping process. Indeed, the

adhesion energy density of Cu wCu and SiO2 wSiO2
with the membrane are very different, as

shown in the previous section. The adhesion energy then reads:

Ead =







2πR2
P (1− cosα)wCu α < π/2

2πR2
PwCu + 2R2

P

(

sin
(

α− π
2

))

wSi α ≥ π/2
(4.4)

if one considers that the wrapping occurs with the Cu cap facing the membrane first, as

in experiments. Taking wCu = 0.2 µN m−1 the lower bound inferred from confocal microscopy

acquisitions and wSiO2
= 0.88 nN.m−1 allows to have a full description of the wrapping en-

ergy landscape for the bound membrane segment. In Figure 4.12 (left) we plot the sum

of the contributions for the bound membrane segment together with the active force and

adhesion contributions Ebo = Eb + Eσ + Ef + Ead as a function of wrapping angle α de-

fined in the sketch. Inset shows the evolution of Ead alone when taking into account the

Janus geometry (Equation (8.3)). It appears clearly that using values of wCu inferred from

experiments, the adhesion is what drives the wrapping and not the active force as it is much

weaker, |Ead| > |Ef |. However, due to the Janus geometry and the difference in the Cu and

SiO2 affinities with the membrane, the only minimum is predicted at α = π/2 as shown by

the Ebo vs α curves in Figure 4.12 (left). Note that the evolution of Ebo(α) is qualitatively

the same in the presence of a negative spontaneous curvature m = −105 m−1 expected in

our system due to the inner sucrose/outer glucose solution asymmetry across the membrane

[162, 175]. In other terms, when considering only the bound membrane segment, a stable

partial wrapping up to the equator is predicted due to the anisotropy in particle adhesive

properties (wCu ≫ wSiO2
), and the full wrapping state α = π appears highly unstable and

energetically costly. This is not consistent with our observations at long times, showing that

particles can undergo a transition to full wrapping (α = π, see Figure 4.4 and 4.9). The

minimum at α = π/2 may however describe the transitory state observed experimentally

in Figure 4.6. Hence, the assumption that the energy associated to the shape of the free

membrane segment Efree is negligible does not hold for our system.

In Figure 4.12 (right), we sketch the shape of the total energy profile for a Janus particle

Etot(α) = Ebo(α) + Efree(α) which would be consistent with our experimental observations,

with a global minimum at α = π. The shapes adopted by the unbound (free) membrane

segment for 0 < α < π might be costly in regards to both tension and bending in the pres-

ence of a spontaneous curvature[81]. However, when α = π (full wrapping), a narrow neck

is formed behind the particle and the rest of the vesicle adopts a shape with M ≈ 1/Rv.
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Narrow necks are highly curved shapes, but the principal curvatures being of opposite signs

lead to vanishing mean curvatures and in turn low bending energies, which could explain the

lower energy for the state α = π from the unbound membrane segment standpoint [81, 176].

This is however only rigorously true if m = 0, but we showed in Section 3.3 that the neck

structure formed upon wrapping is very stable. This gives rise to an energy barrier Eb that

separates the metastable partial wrapping state and the stable full wrapping state. Theoret-

ical and numerical works considering isotropic adhesive particles and the full vesicle shape

already reported the existence of bistable regimes, where an energy barrier separates the

free/partially engulfed and the completely engulfed states which are therefore (meta)stable

[82, 177, 20]. Taking into account the presence of a negative spontaneous curvature, the

calculations performed in Ref. [82] indeed predict a bistable regime in our range of particle

and vesicle sizes, and considering the particle to be isotropic with w = wCu ∼ 10−7 N.m−1.

Furthermore, more recent results carefully considering contributions from a constant-tension

reservoir or spontaneous tension predict bistability for negative spontaneous curvatures for

a broad range of adhesion strength [20]. Even if these models consider vesicle shapes simpler

than the ones observed in our systems and do not account for the Janus particle geometry,

they allow to rationalize the stability of the fully wrapped state from contributions of the

unbound membrane segment.

4.6.2 Energy barrier calculation

While calculation of the full energy associated to both the particle-membrane interaction

and the full membrane shape is impossible with our experimental data (the full membrane

shape can not be determined), we could try estimate the energy barrier Eb separating the

partial wrapping state and the full wrapping state. Indeed, for cases when the capture time

is large compared to the fast local relaxation processes in the potential well (∼ 1 s ) around

α = π/2 (such as for the cases in Figure 4.12C), we can use the Kramers theory of escape

over an energy barrier. The latter links a hopping rate Γ, i.e. the inverse average time spent

by the particle in the metastable state before hopping ⟨thop⟩, to Eb such as [178, 76]:

Γ =
1

⟨thop⟩
=

kDα

2πkBT
exp

(

− Eb

kBT

)

(4.5)

where Dα characterizes the dynamics of the fluctuations of the wrapping angle α in the

potential well of stiffness k (in the harmonic approximation) around the minimum α = π/2.

Note that Dα has the dimension of a rotational diffusion coefficient (without being one) and

k is an energy. Extracting k and Dα in our system would imply being able to resolve the

98



Chapter 4. Active Janus colloid autonomous interaction with floppy vesicles

Figure 4.13: (top left) Temporal evolution of L(t)/L0 extracted from image analysis (where
L0 is the average distance during the capture step) for three wrapping experiments with
t−tc = 0 taken as the moment the full wrapping transition occurred. (bottom left) Diffusivity
Dα and stiffness kα extraction by converting position fluctuations into degree of wrapping
fluctuations through Eq. 4.7. (right) Height of the energy barrier Eb as a function of the
inverse hopping rate 1/Γ = thop using the Kramers theory [178, 76] of escape over an energy
barrier using stiffness and diffusivity deduced from the two bottom left panels. Vertical
dashed line stands for average tc from (top left).

fluctuations of α in the partial wrapping state, which is not possible with our setup. One

quantity that we can measure however is the distance L between the particle and the GUV

projected center of mass, see Figure 4.13. We can impute the fluctuations of L to fluctuations

of α as:

∆L = RP

(

sin
(π

2
− α

)

− sin
(π

2
− (α +∆α)

))

(4.6)

Which in the small angle approximation sin(x) ≈ x (as α ≈ π/2 in the half wrapped

state and ∆α ≪ 1), yields:

∆L = −RP∆α (4.7)

Hence, we can plot the distribution of α (see Figure 4.13 (bottom left)) inferred from L and

translate it in an effective potential ∆U(α), which we can fit assuming it is quadratic around
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α = π/2 to extract the stiffness k. The average stiffness of the quadratic trapping potential

using our data is k = 38 ± 4 kBT . Diffusivity Dα can be inferred from a linear fit at short

times of the mean squared angular displacement curves of α as a function of lag time (see

Figure 4.13 (bottom left)) . The mean diffusivity Dα measured here is Dα = 0.021 ± 0.002

rad2.s−1 (Supplementary Information). We can plot Eb as a function of thop (Figure 4.12

(right)) by reversing Equation 4.5 and by plugging in the calculated k and Dα. This allows

to visualize the expected magnitude of Eb for hopping times few tens of seconds long which

is what we observe in experiments as a lower bound. Note that tc can be larger than thop as

it might take some time for the water gap between the particle and the membrane to drain

and the adhesion measured in equilibrium to be effective. Still, tc provides an upper bound

for thop and this reasoning allows to estimate that the full energy profile considering the full

(bound and free) membrane shape leads to an energy barrier Eb ≈ 2 kBT , see Figure 4.13

(right).

4.7 Conclusion

To conclude, we designed a system that autonomously reproduces endocytosis and the wrap-

ping of artificial active swimmers by giant vesicles, only by providing visible light and physi-

ological glucose concentrations. We showed that the velocity of the active particle is not the

quantity to maximize in order to observe engulfment by cell-like compartments. In fact, our

results evidence the key role of long contact times between the swimmer and the wrapping

host. Long contact times during which an active propulsion force component of the particle

is directed towards the membrane indeed allow the liquid film between the two objects to

drain and physicochemical interactions to be triggered leading to adhesion between the two

surfaces. Additionally, time is needed for the system to overcome energy barriers separating

two wrapping states. It is therefore crucial that far-field interactions, such as the long-range

hydrodynamic attraction between the puller swimmer and the soft obstacle here, prevent the

particle to swim away from the vesicle membrane. To generalize, for future investigations we

can predict that bigger particles sizes would facilitate the hydrodynamic docking of the parti-

cle at the vesicle periphery, due to reduced magnitude of the orientational and translational

Brownian noise. However, the associated increase in tension cost will lead to a higher energy

barrier [179] and therefore increase the average hopping time over the barrier. This leads to

a more effective but slower overall process. For tenser membranes, this energy barrier could

be lowered by increasing the adhesion of the particle via designing Janus colloids with both

faces showing w ≥ σ. Increasing the membrane negative spontaneous curvature m could also

facilitate the full wrapping transition. However, one must bare in mind that spontaneous
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curvature gives rise to a spontaneous tension σ̃ = 2κbm
2, which might be significant for large

values of m. For smaller particle sizes, the decrease of the tension energetic cost is followed

by an increase of the bending energy cost, leading to a similar barrier height. The enhanced

translational and rotational diffusion would however prevent the slow processes to occur as

the particle is more likely to diffuse away or reorient before adhesion is triggered. Note

that from Reynold’s law of drainage, we expect the duration of the film drainage step to be

larger for larger spherical particles. However, non-spherical particle shapes could minimize

the drainage time to trigger adhesion faster.
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Chapter 5

Translational and rotational diffusion

of engulfed and confined particles

5.1 Introduction

In the previous chapters, I demonstrated that driven microparticles can induce shape re-

modelling of floppy vesicles until reaching stable particle wrapping by lipid membranes.

Regardless of the engulfment pathway, no change of topology was observed, and the fully

wrapped particles remained connected to the mother vesicle. In the first part of this chapter,

I report on the diffusion of the microparticles in the fully engulfed state. Translational and

rotational dynamics of optically and autonomously engulfed particles were studied in order

to evaluate the dissipation in this particular situation. In a second part, I report on the role

played by membrane tension on the particle translational diffusion to elucidate on the main

dissipative mechanisms at stake. Finally, I describe how optical tweezers can be used to

force the interaction of a particle with a tense vesicle membrane, allowing to infer membrane

properties from the resulting particle energy landscape.

5.2 Thermal dynamics of free and engulfed particles

5.2.1 Isotropic particles

After a particle was stably engulfed by optical tweezers, as described in Chapter 3, the

wrapped particle remains connected to the mother vesicle by a membrane segment which

can be a neck or a tube. In order to gain insight on the properties of this structure by

analyzing its effect on the particle dynamics, we performed a set of experiments in which we
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Figure 5.1: Representative trajectories in the xy plane of length N = 10 000 points acquired
at 996 frames per second for a (left) Free (not wrapped) and (right) Wrapped particle with
radius RP = 1.15 µm. Both trajectories resemble standard free Brownian trajectories with
no apparent spatial confinement.

track the motion of SiO2 particles at acquisition frequency close to 1 kHz (996 fps) in the

free and wrapped situation. The so-called free case refers to the situation where a particle

diffuses close to the substrate in the absence of a lipid membrane in proximity, whereas the

wrapped case refers to the situation where the particle was previously fully wrapped in a lipid

vesicle with optical tweezers. Representative trajectories are shown in Figure 5.1, with a to-

tal duration of the trajectory of 10 s. Both free and wrapped particle trajectories resemble

standard Brownian trajectories on the timescales at stake, and no clear sign of anomalous

diffusion or elasticity in the system can be observed.

We plot the experimental two-dimensional mean squared displacement curves associated

to several wrapped and free trajectories (N > 5 for each case) in Figure 5.2. It appears that

for all particle sizes, the MSD shows a purely diffusive behavior for ∆t < 1 s. This con-

firms that the presence of a neck or tube does not introduce any elasticity at the considered

timescales and agrees with the picture of a neck diffusing in the fluid lipid bilayer which only

contributes as an additional dissipation of the thermal energy. Indeed, the diffusion appears

systematically slowed down for the wrapped particle cases comparatively to the free cases,

for all particle sizes.

We quantify this slowing down of the diffusion by extracting the average translational

diffusion coefficient Dt(RP ) from linear fits of the MSDs and plot it as a function of par-
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K1 and K0 are first and zero order modified Bessel functions of the second kind. Assuming

that the wrapped particle-neck complex diffuses as a single solid object, we can sum the drag

exerted disk inclusion with the modified Stokes drag from Eq. 5.1, which yields:

ζt,wr

ζt,b
=
f(hP )6πηRw + ζES

6πηRP

=
Rw

RP

f(hP , RP ) +
2

3

ηm

ηRP

χ(ϵ) (5.3)

Here, the second term of the right hand side is proportional to the ratio of lengthscales

ηm/ηRP which is the Boussinesq number describing the relative importance of membrane vis-

cosity contributions as compared to bulk, and introduces a ∝ 1/RP dependency. This could

explain the larger measured drag for the smallest particle radius and the non-monotonic

dependence with RP . Indeed, we showed that the first term on the right hand side increases

monotonically with RP due to the increase of f(h,RP ) as the particle comes close to the

substrate for larger particle size.

In Figure 5.5 (left), we plot the difference ζt,wr − ζt,fr of the experimentally measured

drags as a function of RP . Doing so, we expect to isolate the contribution associated to

the diffusion of the equivalent inclusion in the membrane ζt,wr − ζt,fr = ζES, if one assumes

that the height hP is approximately the same in the wrapped and free cases. It appears

that the difference is almost constant with a small increase with increasing radius, and

4πηm < ζt,wr − ζt,fr < 8πηm for our range of particles and using a typical value for the

membrane viscosity ηm = 2× 10−9 Pa.s.m. In other terms, our data seem to agree with an

almost constant contribution of the prediction from Evans Sackmann given by Eq. 5.2, with

1 < χ(ϵ) < 2. Note that in our system, while we do not know the radius of the equivalent

disk that has to diffuse within the membrane an nor do we know the membrane distance

hm, we can easily estimate η and ηm as they are tabulated properties of the bulk fluid and

membrane, respectively. Hence, we plot χ(an) for reasonable values of hm in Figure 5.5

(right) and see that 1 < χ(an) < 2 implies 70 nm < an < 700 nm.

To summarize, the experimental drag measurements on engulfed and free particles close

to a solid substrate allowed to evidence that the coupling of the wrapped particle motion

with the connecting structure translating within the membrane brings additional dissipation.

This additional drag is of the order of ∼ 10−8 Pa.s.m and is almost constant for the range of

particle radii probed (a small monotonic increase with RP is measured but lays within the

errorbars). The magnitude of this contribution is consistent with theoretical predictions of

Evans and Sackmann [182] considering a typical membrane viscosity ηm = 2× 10−9 Pa.s.m

if the radius of the structure equivalent disk radius embedded in the 2D membrane is of the
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order 70 nm < an < 700 nm. Such values for the equivalent disk radius are realistic, despite

being larger than the expected radius of the membrane neck considered so far (e.g. in Section

3.3.3 where we had the neck radius r ≈ 10 nm). In fact, other dissipative contributions could

exist which could lead to the overestimation of the equivalent radius in this simple model

of a particle coupled to a disk inclusion in a membrane, and we will investigate on these

contributions in the following sections.

5.2.2 Janus particles

For isotropic particles engulfed by optical tweezers, the structure nucleated between the

wrapped particle and the mother vesicle depends on the point at which the relative motion

between the optically trapped particle and the vesicle is stopped, as shown in fluorescence

micropscopy. It is however sure that in most cases, a tube is nucleated once the parti-

cle is further penetrated in the intravesicular space. How these structures behave once

the trapping laser is switched off and the particle sediments at the bottom at the vesicle

(before recording of the experiments started) is hard to determine. On the other hand,

the autonomous engulfment of the active Cu@SiO2 Janus particles being driven by a weak

propulsion force comparatively to the force generated by the optical, it is highly unlikely

that a tube is nucleated once the particle is fully wrapped by the membrane. Furthermore,

Figure 5.6: (left) Mean squared displacement curves (1D) for engulfed Janus Cu@SiO2

particles computed from N = 20000 points long trajectories acquired at 980 fps (≈ 20 s).
Inset shows the behavior at short timescales at which the diffusion coefficient is fitted. The
plain black line is the prediction from Stokes’ law. (right) Corresponding in-plane mean
squared angular displacement curves for the same trajectories as on the left. The plain black
line is the prediction from Stokes’ law. Inset shows the behavior at short timescales.
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eration (2 s and 0.05 s for the insets) as seen by the linearity of the MSD and MSAD with

∆t. Just like for isotropic particles, the translational diffusion on short timescales is severely

slowed down for all the cases. For the rotational degree of freedom, the reduction of the

diffusion coefficient however is less pronounced.

We plot in Figure 5.7 (left) the reduced rotational drag ζϕ/ζr,b as a function of reduced

translational drag ζt/ζt,b extracted from data of Figure 5.6 for Janus particles with radius

RP = 1.5 µm. This representation allows to visualize the absence of strong correlation

between the rotational and translational drag increase for wrapped particles. For the trans-

lation, we recover the reduced drag ζt/ζt,b ≈ 1.8 for free particles near the glass substrate

and ζt/ζt,b ≈ 3 on average for wrapped Janus particles. This is in accordance with the mea-

surements for isotropic particles and therefore underlines the independence of the driving

mechanism on the translational drag acting on the particle in the final wrapping state.

The measured in-plane rotational drag values are closer to the bulk predictions, with

1 ≤ ζϕ/ζr,b < 2 (Figure 5.7). Indeed, the influence of the presence of a solid (or fluid) inter-

face on this mode of motion about an axis normal to the interface is expected to be weak

[183]. The other source of dissipation for the rotation would be the one associated to shear

stresses that act on the membrane, the water gap between the particle and the membrane,

and also on the bulk water on the other side of the membrane. To the best of our knowledge,

no models exist in the literature describing the rotational drag experienced by a spherical

particle in such a geometry.

For the sake of comparison, we could refer to limiting scenarios in order to determine

where most of the dissipation occurs. First, we can consider that the membrane wrapping the

particle is immobile and refer to the hydrodynamic result for a spherical Couette geometry.

In such cases, the viscous dissipation is due to the slow motion of the fluid contained (in the

small gap) between two concentric hard spheres by assuming that the inner sphere rotates

while the outer sphere stays at rest. Hence, we assume the radius of the inner sphere is RP

and the radius of the outer sphere is RP + dg where dg is the thickness of the water gap (see

Figure 5.4). Note that the lipid membrane acts as a solid–liquid interface in this picture,

and no dissipation due to the membrane viscosity can be described within this assumption.

In this case, the rotational drag felt by the inner sphere can be written as [184]:
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ζϕ,S =
8πηR3

P
[

1−
(

RP

RP+dg

)3
] (5.4)

Interpreting the variability of our data for ζϕ as a variability of dg implies 400 nm < dg <

∞. Fluorescence microscopy images of wrapped particles allow to measure the apparent

diameter of the wrapped particle and the results are not in accordance with the existence of

the such large water gaps between the particle and the membrane, except for rare cases (see

Appendix 8.4). Now, assuming a mobile membrane in contact with the particle, we could

consider the model describing the limiting scenario of a disc rotating while embedded in a

planar membrane. Evans and Sackmann [182] calculated the rotational drag acting on such

an embedded disk with radius a close to a solid wall to be ζES,disk ≈ 4πηma
2. Considering

that this contribution adds to the Stokes contribution for rotational drag in the bulk, and

with the disc radius a as a fitting parameter for our results, we find 0 ≤ a ≤ 1.7 µm. Such a

large variability in the equivalent diffusing disk radius is hard to interpret when considering

our geometry, which is why we would need a model considering the shear transmission and

dissipation in the water gap and across of the wrapping lipid bilayer in this spherical geometry

to interpret our data. A collaboration is currently ongoing with researchers to model and

numerically simulate the drag experienced by wrapped (and also partially-wrapped) colloids

close to a solid interface.

113







Chapter 5. Translational and rotational diffusion of engulfed and confined particles

419 fps, we increase the tension applied with the micropipette step-wise from σ = 8 µN m−1

to σ = 23 µN m−1 at 10 000 frames. The red curve shows the MSD for the particle motion

during the first 10 000 frames and the blue curve for the last 10 000 frames. The motion is

not analyzed during 10 000-20 000 frames as it corresponds to the time for the membrane

to reach the higher equilibrium tension. It clearly appears that the slope of the MSD curve

for lower tension is larger than for the higher tension case. Linear fits up to ∆t = 0.3 s

allow to extract Dt = 0.068 µm2/s and Dt = 0.055 µm2/s for the low and high membrane

tension cases, respectively. Such an relative increase in drag coefficient with increasing

tension was systematically measured when reproducing this experiment in this geometry.

Before discussing the origin of this tension-dependent diffusion for engulfed particles, we will

perform a similar experiment with the particle optically trapped at the equator. Doing so,

we can maintain both the particle and the aspirated vesicle segment in the imaging plane

and confirm that the effect is not an artefact arising from the geometry.

5.3.2 Engulfed particles optically trapped at the vesicle equator

In order to investigate on the robustness of the tension-dependent diffusion of engulfed

particles, we perform the experiment described in Figure 5.8 (right). By weakly trapping

(κ < 10−6 N.m−1) the engulfed particle to maintain it in focus together with the micropipette,

we can perform the same experiment as the one performed in Section 5.3.1. Again, during

a single acquisition, we perform a sudden step-wise increase of the applied tension and sub-

sequently track the motion of the particle in the optical trap. Figure 5.10 shows bright field

images of the experiment and the plots of the two quantities used to extract the translational

friction coefficient ζt and stiffness κ for the motion parallel to the mother vesicle membrane

(along the axis y, as defined in Figure 5.8 (right)). Note that upon increasing the tension,

the particle is slightly displaced from its equilibrium position in the trap along the direction

perpendicular to the membrane. This results in a smaller effective trap stiffness along y and

explains the difference in plateau height between the red MSD curve (low tension) and black

one (high tension). When fitting the data, κ will therefore also be a fit parameter. Values

extracted from fits of the MSD and PSD data with Eq. 1.32 and 1.38 are plot in Figure

5.10 (right). The measured values for the translational friction ζt confirm the existence of a

tension-dependent dissipative process, as ζt shows a roughly twofold increase for a threefold

tension increase.
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Figure 5.11: (left) Translational diffusion coefficient Dt and corresponding friction coeffi-
cient (right) experienced by engulfed particles. Triangles correspond to measurements where
the vesicles were not under tension and the tension value was extracted from the force pro-
file. Hexagons correspond to measurements with vesicles under tension by the micropipette
suction pressure, without optical trap. The sketches represent each situation.

not present for higher tension as the vesicles are further away from the substrate in z, we

can still observe a decrease in mobility for higher membrane tensions.

Quantitatively, the highest measured drag experienced by engulfed particles in the most

tense vesicle is ζt = 0.2 µPa s m ≈ 10 × 6πηRP . In other terms, the particle mobility is

equivalent to a particle submitted to a drag coefficient given by Stokes law with an effective

viscosity ηeff = 10η, where η is the bulk fluid viscosity. In the following, we will investigate

on the possible origins of the tension dependence of the dissipation in this system.

5.3.4 Potential mechanisms and existing models

We previously described the wrapped particle together with the structure connecting it to

the mother vesicle (neck) as a particle coupled to a disk embedded in the mother vesicle

membrane to account for the dissipation associated to the shear stresses within the lipid

membrane. However, neither the Stokes drag nor the Evans-Sackmann model for a disk

diffusing in a lipid membrane close to a solid substrate show explicit dependence on the

membrane tension. Other long established continuous models describing the diffusion of in-

clusions within membranes such as the Saffman-Delbrück model, widely used to describe the

diffusion of proteins in lipid membranes, also do not show explicit dependence on membrane

118





Chapter 5. Translational and rotational diffusion of engulfed and confined particles

on lengthscales of the order of λσ =
√

κb/σ (and confirmed by simulations [188]), can have

other implications in our geometry.

First, the changes in the membrane shape in vicinity of the neck structure connecting

the vesicle membrane to the wrapped particle can lead to more strongly curved membrane

segments. While recent works suggest that there exists a correlation between the diffusion

of proteins through constrictions and the mean and Gaussian curvature of these narrow

structures [189], it could be that curvature has an influence on the diffusion of the whole

membrane Ω-shaped bud (containing a particle in our case).

Secondly, reduction of the spatial extension of the membrane deformations due to a ten-

sion increase, considering our exact geometry, should translate to a decrease of the distance

between the mother vesicle membrane and the lipid bilayer wrapping the membrane, which

we call di. In Figure 5.12, we describe schematically the expected influence of a higher ten-

sion on the shape adopted by the membrane and in particular on the distance between the

wrapping bilayer and the mother vesicle bilayer di.

Indeed, for the low membrane tension regime, the inter-bilayer distance is expected to be

large due to large membrane fluctuations and associated steric repulsion. A reasonable lower

bound approximation for the interbilayer distance di in this case would be the amplitude

of the bilayer undulations at low tension ξ⊥ ≥ 200 nm [165]. Higher membrane tension

leads to suppression of these large thermal undulations, see 2.2.2. In the absence of other

repulsive forces such as electrostatics (lipids are zwitterionic), the interbilayer distance for

high membrane tension can reach values as small as a few nanometers, until the hydration

force prevents further thinning of the water gap. When interbilayer distance becomes small,

shearing of the water layer upon translational motion of the wrapped particle participates

in increasing the drag experienced by the diffusing particle. In order to provide quanti-

tative insights on the magnitude of this contribution, we perform in the following section

experiments allowing to study the influence of the proximity of a fluid bilayer on the drag

experienced by an optically trapped particle.
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membrane distances in a single acquisition, and track the particle motion in the xy plane

(see Section 2.5.1). We plot the evolution of the particle center of mass position relatively to

the equilibrium position in the optical trap [x0, y0] along both directions (defined in Figure

5.13) ∆x(t) = x(t)−x0 and ∆y(t) = y(t)− y0 in Figure 5.14. We also provide the trajectory

(∆x(t),∆y(t)) in the inset of Figure 5.14 (left).

5.4.2 Potential stiffening and membrane elastic response

We focus first on the dynamics along x, describing the dynamics of the particle perpendic-

ular to the lipid membrane, which we assume to be planar (Figure 5.14 (left)). For times

0 < t < 60 s of the acquisition, the particle position fluctuates in the optical trap with a

variance dictated by the optical trapping power. The presence of the vesicle membrane does

not seem to have any noticeable effect on the particle position as no signature of the step-wise

approach each ≈ 5 s can be observed. On the contrary, starting from t = 60 s, approach

of the vesicle translates into a displacement of the particle from its equilibrium position far

from any interface and the particle position oscillates around another value which depends

on the vesicle position. The optical trap being calibrated, this displacement is linearly re-

lated to the force exerted on the particle with the proportionality constant κ = 3.1 µN m−1,

Figure 5.14: Trajectories extracted from the experiment in Figure 5.13 acquired at 200 fps.
(left) Temporal evolution of the relative position ∆x(t) = x(t)−x0, where x0 is the center of
the optical trap, upon step-wise approach of an optically trapped RP = 1.15 µm SiO2 particle
as shown in Figure 5.13. Note that the axis x corresponds to the direction perpendicaular
to the membrane. Inset shows the two dimensional trajectory with the color map allowing
to visualize the time evolution. (right) Evolution of ∆y(t) = y(t)− y0.
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Figure 5.15: (left) Experimental potential energy as a function of center of mass position
for the vesicle membrane being far from the particle (t < 20 s in Figure 5.14, grey circles)
and for 70 < t < 74.5 s with FN = 0.94 ± 0.03 pN (blue circles). The black dashed line
is the harmonic potential of the optical trap ∆U = 1

2
κ∆x2 with κ = 3.1 µN m−1 obtained

from MSD and PSD calibration. (top right) Focus on the equilibrium potential far from the
membrane. (bottom right) Focus on the equilibrium potential with the membrane pushing
the particle and evidence of the asymmetry in the potential. The black dashed line is the
harmonic potential of the optical trap ∆U = 1

2
κ∆x2 with κ = 3.1 µN m−1, and the red

dashed line is ∆U = ∆U0 + κσ(∆x − ∆xm)
2 with κσ = 1150 kBT.µm−2 = 4.7265 × 10−6

N.m−1 and ∆xm = 0.32 µm.

and the force appears on the right axis in Figure 5.14 (left). This new equilibrium position

⟨∆x⟩m ̸= 0 is therefore a direct measurement of the force exerted by the membrane on the

particle, and reciprocally. In addition to a shift of the position around which the particle

position fluctuates, we can also notice a decrease of the variance of these fluctuations.

This increase in particle confinement is a result of a change in the energy landscape in

which the particle evolves. The effective position-dependent potential energy of the particle

can be reconstructed from the trajectory using Boltzmann distribution at equilibrium (Sec-

tion 2.1.4). We plot such experimental potentials for two extreme cases in Figure 5.15. The

first case is for small times t since the start of the acquisition t < 20 s, i.e. large particle-

membrane distances > 1 µm, where the only force acting on the particle is the one deriving

from the optical trapping harmonic potential. It is plotted as grey circles in Figure 5.15 (left)

and (top right), together with the harmonic potential ∆U = 1
2
κ∆x2 with κ = 3.1 µN m−1

associated to the optical trap (not a fit). The blue circles on Figure 5.15 (left) and (bottom
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right) represent the effective energy for the portion of the trajectory 70 < t < 74.5 s with an

equivalent normal force FN = 0.94± 0.03 pN. Note that an offset ∆U0 was artificially added

to the experimental values ∆U(∆x) for the case where the membrane is pushing the particle

(blue circles) . Here, both the displacement of the equilibrium position (position of lowest

energy) and the increase in potential stiffness comparatively to the case of the membrane

being far can clearly be visualized. In fact, the potential to which the particle is submitted

is now asymmetric due to the asymmetry of the situation and the different origin of the

forces acting on the particle. Indeed, the restoring force acting on the particle for increasing

∆x is the optical trapping force, while for decreasing ∆x, the restoring force comes from the

elasticity of the membrane.

In Figure 5.15 (bottom right), we focus on the asymmetry in the potential. We postulate

that in the direction of increasing ∆x, the harmonic potential of the optical tweezers main-

tains the same stiffness, which seems reasonable graphically. In the opposite direction, the

potential shows a qualitatively lower stiffness. In the case of a vesicle put under tension with

σ = 1 µN m−1, we expect the deformations to be primarily resisted by membrane tension,

as RP ≫
√

κb/σ. We know from Eq. 3.5 that the energy associated to tension is quadratic

with the particle degree of penetration z. We can therefore try to relate the stiffness of the

experimental potential to the tension-related deformation costs through ∆x−∆xm = RP∆z.

If we fit the left side of the potential with a quadratic function ∆U = ∆U0+κσ(∆x−∆xm)
2

with ∆U0 and κσ as fitting parameters and ∆xm = 0.32 µm.

κσ(∆x−∆xm)
2 = σπR2

P∆z
2 = σπ(∆x−∆xm)

2 (5.6)

Note that ∆xm should correspond to the particle position at which the membrane is not

deformed and its value has an influence on the extracted stiffness κσ. However, optical mi-

croscopy acquisitions do not allow to precisely measure ∆xm but it should be equal or slightly

greater than the particle displacement from its equilibrium position far from the membrane.

We therefore choose the lower bound ∆xm = 0.32 µm. With these approximations, the fit

(red dashed line in Figure 5.15 (bottom right)) yields σ = κσ/π = 1.5 × 10−6 N.m−1 which

is accordance with the order of magnitude of the tension applied with the micropiette suction.

With more statistics (i.e. longer measurements) and a better estimation of ∆xm, this

experimental protocol could allow to probe the elastic response of lipid membranes an infer

some of its properties such as tension σ and bending modulus κb. Particularly, in a bending-

dominated regime, the energy should scale linearly with z and the slope of the potential
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would therefore provide a direct local measurement of κb, according to Eq. 3.4.

5.4.3 Lateral particle dynamics and related dissipations

Focusing on the confined Brownian dynamics of the particle parallel to the fluid membrane,

i.e. along y, a much weaker effect of the membrane proximity is observed. Indeed, the

position fluctuates around ∆y = 0 with no apparent variance change throughout the whole

acquisition, except at very long times t > 75 s corresponding to the particle escaping the

harmonic region of the optical trap. This is expected as the particle should not experience

additional confinement. However, an increase in the drag force exerted on the particle trans-

lating at such distances of the membrane with 2D viscosity ηm could exist.

In order to probe the existence and magnitude of this membrane proximity-induced drag

increase, we compute the position power spectrum along y in the two extreme cases already

considered in the previous section, i.e. large particle membrane distance dm > 1 µm (black

curve) and membrane deformation with associated normal force FN = 0.94 ± 0.03 pN (red

curve) in Figure 5.16. It appears that the curves almost perfectly overlap, pointing to no

measurable change in the translational friction coefficient for the tangential motion of the

Figure 5.16: Position power spectral density in the two extreme cases of large particle-
membrane distance (black plain line) and particle-membrane contact (red plain line). Dashed
lines of the corresponding colors are fits following Eq. 1.38 yielding the stiffness κ and friction
coefficient ζt. For the membrane being far (black), the fit yields κ = 3.1± 0.09 µN m−1 and
ζt = 19.5 ± 1.2 nPa m s. For the particle deforming the membrane (black), the fit yields
κ = 3.56± 0.12 µN m−1 and ζt = 22.9± 1.7 nPa m s.
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particle. Fits with Eq. 1.38 (dashed lines) suggest an increase from ζt = 19.5±1.2 nPa m s for

the membrane far to ζt = 22.9± 1.7 nPa m s for the membrane deformed, but which is in the

errorbars and therefore at the limit of precision of the measurement. This negligible friction

coefficient increase is consistent with previous measurements reported in the literature for

less tense membranes [190]. Jünger et al. indeed reported a maximum friction increase of

8% from the bulk value at smallest accessible distances from the membrane using photonic

force microscopy.

5.5 Conclusion

In this Chapter, we used experimental trajectories of the microparticle in different situations

to harvest information on the dissipation and interactions with a lipid bilayer. We first stud-

ied the diffusion of engulfed isotropic and Janus particles after their complete wrapping by

floppy vesicles, either driven by optical tweezers or in active conditions. We showed that en-

gulfed particles experience dissipations due to the coupling of their motion with the motion of

the structure connecting them to the mother vesicle (the neck). Using different particle sizes

and comparing our data with existing simple models indicated that the measured increase

could be explained by the dissipative mechanisms associated to translation of the neck in the

fluid membrane. The consistency of the measured reduced drag ζt/ζt,b ≈ 3 for RP ≈ 1 µm

isotropic particles and Janus particles engulfed with different driving mechanisms suggest

some universality in the diffusion properties of the final structure.

We evidenced a robust dependence of the engulfed particles’ mobility on the tension

of the hosting membrane in different configurations. No experimental work to the best

of our knowledge reported such dependence of increasing drag coefficient with increasing

friction (the opposite trend was measured for curvature-inducing proteins). Furthermore,

no theoretical work reports on a tension-dependent dissipative mechanism that could occur

in our system. In a last section, we checked using optical tweezers that this measured drag

increase was not a result of the reduction of the particle-membrane distance. Indeed, our

measurements for the friction parallel to a tense lipid membrane, in accordance with previous

measurements from the literature [190], indicate that the increase of the friction along this

direction can not exceed a few percents. To conclude, another dissipative mechanism has to

be envisaged to explain our results which suggest that engulfed particles can experience a

translational drag as large as 10 times the bulk prediction from Stokes’ Law.
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Perspectives & general conclusion

In this chapter, I present selected preliminary results obtained during the course of this

thesis, which represent some perspectives for future investigations. The two topics selcted

are: the active dynamics of Cu@SiO2 particles in glucose solutions, and the drag experienced

by confined microparticles in close contact with solid walls and supported membranes. These

studies build on the work detailed in the previous chapters, providing valuable insights and

laying the groundwork for future research on these topics. The chapter will conclude with

a general summary, synthesizing the key findings of the entire thesis and briefly discussing

their broader implications.

6.1 On the dynamics of active Cu@SiO2 particles

Active particles, besides undergoing thermal diffusion, possess a constant propulsion speed V0
along a vector whose direction varies over time [191, 57]. For Janus particles undergoing self-

diffusiophoresis, the propulsion force direction is set by the metallic cap orientation, which

leads to a coupling between translational and rotational motion. To quantify the particle

activity, the mean squared displacement (MSD) is often computed and fitted using models

assuming the velocity vector lies in the plane of motion [143, 192, 57]. In Section 4.2, we

used this model to measure the activity of Cu@SiO2 Janus particles in glucose, showing its

dependence on glucose concentration and illumination. The model extracts V , the average

projected velocity in the observation plane, which may differ from V0 based on the particle’s

out-of-plane orientation dynamics (angle θ, see Figure 6.1). The only scenario where the

extracted V equals V0 is when the particle’s out-of-plane orientation is fixed at θ = π/2 and

the change of orientation occurs only because of the in-plane angle φ. This holds also for

systems like Pt@SiO2 Janus colloids in H2O2 [143], though some features of the dynamics
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instantaneous velocity v̄x and v̄y and obtain a smoothed or filtered velocity Vf = v̄x + v̄y.

6.1.2 In-plane orientation during persistent segments

Now that we have this new filtered instantaneous velocity Vf (t), we can start to look at the

smooth dynamics (i.e. the dynamics purely associated to the propulsion force) of the particle

during persistent segments of the trajectory. During these persistent segments, the particle

out-of-plane orientation is confined close to θ = π/2 which allows to track experimentally the

in-plane orientation φ of the particle over time (see Section 2.5.3). If, as postulated, the active

propulsion force dictates the smooth translational dynamics, the in-plane orientation should

correspond to the displacement angle ψ as defined in Figure 6.1 (left). If we compute ψ(t)

from the filtered velocity components such that ψ(t) = arctan
(

v̄y(t)

v̄x(t)

)

, and plot it together

with the experimentally measured φ(t) in Figure 6.1 (right), we obtain a good overlap. This

proves that the filtering procedure introduced before allows to capture the smooth dynamics

associated to the active propulsion force.

6.1.3 Out-of-plane orientation dynamics

Now that we gained confidence in the information contained in the filtered velocity Vf , we

can look at its evolution along a whole trajectory. We plot in Figure 6.3 (left) such a two

dimensional trajectory in the lab frame xy of a Cu@SiO2 Janus particle in 100 mM glucose

under maximum white light intensity illumination I = IMAX. We add a colormap account-

ing for the filtered velocity Vf (t) along the trajectory resulting from a sliding average over

τa = 2.1 s for each velocity component. It appears that the particle alternates between per-

sistent segments with relatively large filtered projected velocity and slow segments where the

particle does not swim in a prescribed direction and with Vf ≈ 0. We can also notice that

when Vf drops to zero, a reorientation event seems to occur (the direction is randomized on

a timescale much smaller than 1/Dr). All of these observations suggest that the modulation

of the projected velocity Vf (t) along the trajectory originates from a change in out-of plane

orientation θ.

In order to test this hypothesis, we plot the evolution of Vf together with the evolution of

experimentally measured θ, in Figure 6.3 (top right). The out-of-plane orientation angle θ can

be inferred from image analysis through the projected Cu cap area ACu = π/2(1+ cos θ)R2
P ,

see Section 2.5.3. Correlations in time between the increase of the smoothed projected

velocity Vf (t) and out-of-plane orientation angle θ(t) during particle motion in glucose can

be clearly observed. In particular, one can see that sharp increases or sharp decreases of
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of the probability density could be the signature of a complex orientation energy landscape of

the particle resulting from interactions with the substrate. More statistics is needed in order

to confirm the robustness of the multimodality and infer an orientation energy landscape

from the existence and position of maxima.

Investigations are therefore currently ongoing to understand the dynamics of this system

and the interactions from which it results. In particular, simulations and theoretical efforts

in collaboration with Igor Kulić will hopefully allow to gain insights on the physics at stake.
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by the law of Faxén (see Appendix 8.6) for the drag modification due to a bounding solid

wall. For the supported membranes (red data), the measured drag is systematically greater

than for bare interfaces. The fact that additional dissipation arise from the presence of a

bilayer is not surprising, as it can be interpreted as a larger hydrodynamic radius. Still, the

magnitude here suggests that the equivalent radius would be more than 500 nm greater than

the bare particle radius, which is much greater than the expected thickness of the bilayer

and water gap [170, 196].

The most interesting feature here is the saturation of the measured drag upon decreasing

d for both bare and bilayer-coated surfaces. Indeed, for the smallest distances, the particle is

displaced from its equilibrium position in the optical trap, meaning that the restoring force

acts normal to the solid wall, thereby pushing the particle against the giant colloid. In those

conditions, when increasing the laser power output, which leads to increasing the stiffness

and therefore the force, a lower translational drag is measured. This is shown by the de-

scending arrows for experimental points on a same vertical line. We checked the robustness

of the phenomenon by performing the same experiment several times in different samples,

and checked that it was not a geometric effect due to a increase in d (or changes in focus)

by using larger particle sizes for the optically trapped probe.

From the point of view of hydrodynamics, it is hard to envisage how the particle could

experience less drag when brought closer to a solid boundary. Current investigations are

therefore conducted in order to understand what leads to this reduction of the drag.
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6.3 General conclusion

Cellular processes like endocytosis require continuous membrane deformation. The energy

landscape and dynamics of such processes are influenced by particle-membrane interactions

and the coupled dynamics of both entities. In this thesis, we employed experimental tech-

niques to study driven particle wrapping using a model system. We used optical tweezers to

probe the forces involved in particle wrapping under a directed external force, examining the

influence of various physical parameters and the process’s reversibility. We demonstrated

that stable, complete wrapping of an active particle can occur autonomously, even in the

absence of biological machinery.

In Chapter 3, we investigated force-driven entry of spherical microparticles into giant

unilamellar vesicles using optical tweezers under vanishing adhesion conditions. Our studies

revealed an instability in the shape of the unbound membrane segment, leading to stable

wrapping. We highlighted the role of membrane excess area stored in vesicle area reservoirs,

which contribute to membrane tension similarly to interfacial tension in liquid interfaces. By

successively penetrating particles in a same vesicle, we showed that this regime of constant

tension is limited by the availability of membrane area reservoir, and tension can signifi-

cantly increase upon tiny membrane area consumption, as described by established theories.

By varying particle size, we found a force minimum for particle sizes comparable to the

membrane’s bendocapillary length. Using micropipette aspiration, we probed the degree

of reversibility of the wrapping process and quantified the membrane tension required for

neck re-opening, showing variability in the degree of reversibility likely due to differences in

spontaneous curvature.

In Chapter 4 we report on a model a system that autonomously mimics the first stages

of endocytosis, where active Janus particles can approach, deform and become wrapped by

giant vesicles using visible light and physiological glucose concentrations. We investigated

the physical interactions responsible for stable wrapping in this situation where the inter-

action dynamics, especially at large distances, is dictated by the stochastic dynamics of

the active particle and long-range interactions with the host. Our results showed that long

contact times, rather than maximizing particle velocity, are crucial for successful wrapping,

especially in the presence of adhesion and negative spontaneous curvature. Long-range hy-

drodynamic interactions help maintain contact between the particle and membrane, allowing

adhesion and overcoming energy barriers. Finally, we show that similarly to the case of par-

ticle wrapping driven by optical tweezers, the stability of the fully wrapped state is provided
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by the large energetic cost associated to the unbound membrane segment for intermediate

wrapping states.

Chapter 5 was dedicated to analyze the dissipation and interactions of microparticles

with lipid bilayers. We studied the diffusion of fully wrapped isotropic and Janus particles

by floppy vesicles, showing that engulfed particles experience dissipation due to the coupling

with the neck structure. Our data suggested a universal increase in drag, with a significant

dependence on particle size and membrane tension. This contrasts with previous reports

for curvature-inducing proteins and demands for new theoretical explanations. Indeed, our

findings indicated that engulfed particles could experience a drag up to 10 times the bulk

prediction from Stokes’ Law for tense membranes and we showed that such increase in the

translational drag can not be due proximity to the bilayer and solid substrate only. We

conclude that another dissipation pathway exists in this particular geometry of a wrapped

particle connected to a mother vesicle by a neck.

Overall, the results obtained over the course of this thesis provide valuable insights into

the physical criteria required for stable wrapping of driven particles by lipid vesicles thanks

to an external directional force, or in the context of autonomously navigating self-propelled

particles. These findings are significant for understanding from a physical standpoint the

biological processes resulting in uptake of inert particles or swimmers by biological units. Po-

tential applications could be expected in domains ranging from drug delivery, nanomedicine,

or microbial infection, to micromotor design in wastewater treatment contexts.
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Résumé de thèse en français

L’interaction d’un corps microscopique avec une membrane constitue une situation om-

niprésente à l’échelle cellulaire. Ces interactions jouent un rôle crucial dans divers contextes,

notamment lors de la phagocytose des microbes par les cellules immunitaires [1, 2] et la prop-

agation intercellulaire des pathogènes bactériens [3, 4]. Lors de tels processus, la membrane

cellulaire se déforme au contact d’un corps étranger et subit des transitions de forme et de

topologie pour permettre l’internalisation. Dans certains cas, le corps étranger est une mi-

croparticule inerte soumise à la diffusion Brownienne, comme dans le cas de l’exposition des

cellules aux microplastiques [5]. Dans d’autres cas, la particule consomme de l’énergie de son

environnement et la convertit en mouvement dirigé ou en forces mécaniques, se maintenant

ainsi hors de l’équilibre thermique. Cette propriété est observée chez les micro-organismes

tels que les bactéries, mais peut également être reproduite dans des systèmes artificiels. Dans

ces systèmes, il peut être difficile de distinguer les contributions des mécanismes biologiques

actifs de celles des interactions physiques menant à l’engloutissement. Reproduire les pro-

cessus complexes de remodelage de la forme des membranes se produisant en biologie en

l’absence de machinerie biologique constitue donc une approche prometteuse pour mettre en

évidence et étudier le rôle des interactions physiques. Dans cette thèse, nous utilisons des

systèmes modèles artificiels pour étudier expérimentalement les principes physiques régissant

l’enveloppement de microparticules par en présence d’une force externe ou dans le cas de

particules actives.

Introduction et motivations

Les membranes biologiques sont des structures dynamiques essentielles à la compartimen-

tation cellulaire, caractérisées par leur fluidité et leur faible rigidité de courbure. L’unité
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structurale fondamentale de ces membranes est la bicouche lipidique, formée par l’auto-

assemblage des phospholipides amphiphiles dans des environnements aqueux. En fonction

de leur composition et des conditions, ces bicouches peuvent former diverses structures, y

compris des vésicules telles que les petites vésicules unilamellaires (SUVs, taille < 10 nm),

les grandes vésicules unilamellaires (LUVs, taille comprise entre 10 nm et 1 µm), ainsi que les

vésicules unilamellaires géantes (GUVs, taille 1-100 µm). Les vésicules unilamellaires géantes

(ou GUVs) sont particulièrement utiles pour étudier les propriétés des membranes en raison

de leur visibilité au microscope optique et constituent donc un système modèle idéal pour

un compartiment cellulaire.

Les membranes lipidiques au coeur des membranes biologiques pouvant être décrites

comme des fluides bidimensionnels, elles ne possèdent pas de module élastique de cisaillement

dans le plan. Elles possèdent cependant une élasticité de courbure, dont l’énergie associée

est décrite par le hamiltonien de Helfrich [11], impliquant des paramètres tels que le module

de courbure κb ayant les unités d’une énergie, et la courbure spontanée m décrivant la

courbure optimale de la membrane du fait de l’existence d’une asymétrie entre les deux

feuillets constituant ou de leur exposition à différents environnements [13]:

Eb =

∫

[

2κb(M −m)2 + κGK̄
]

dA (7.1)

avec M la courbure moyenne et K̄ la courbure Gaussienne de la surface que constitue

la membrane et κG le module Gaussien. En plus du coût énergétique associé à la courbure

d’un segment de membrane, il existe une énergie associée à l’étirement d’un segment de

membrane d’une quantité d’aire ∆A. La tension membranaire σ caractérisant ce coût én-

ergétique (Eσ = σ∆A), est une propriété qui peut varier d’une membrane à l’autre selon les

contraintes auxquelles elles sont soumises (par exemple du volume de fluide qu’elles contien-

nent dans le cas de vésicules). Selon le régime, pour les membranes lipidiques, cette tension

peut résulter à la fois d’effets entropiques liés aux ondulations thermiques de la membrane

ainsi que de la présence d’une courbure spontanée (et d’une tension spontanée associée), ou

encore du changement de la distance d’équillibre intermonéculaire des lipides constituant la

membrane. Enfin, les membranes lipidiques présentent une viscosité de cisaillement et une

friction intermonocouche, affectant la dynamique des objets inclus dans la membrane et des

changements de forme.

Lors de la déformation d’une membrane ou d’une vésicule lipidique par une micropartic-

ule, une source d’énergie est donc nécéssaire pour surmonter les coûts énergétiques associés
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aux modes de déformation de la membrane introduits plus haut. Cette énergie peut être

apportée par une adhésion entre l’objet et la membrane, ou une force extérieure. Cette

dernière peut être apportée par un dispositif tel qu’une pince optique, ou résultant d’une

activité de la particule convertissant à l’échelle locale de l’énergie chimique en mouvement

persistant (particule active).

Le cas d’une particule active se déplacant de manière autonome s’avère être très différent

du cas où la force est exrcée à l’aide d’un champ externe dans la mesure où la direction de la

force n’est plus dictée par l’opérateur mais par la dynamique orientationelle de la particule

active. Cette dynamique d’orientation en plus d’être stochastique peut être affectée par les

interactions physiques avec son environnement, et en particulier avec la membrane. Observer

l’interaction prolongée menant à l’enrobage d’une telle particule active par une membrane

lipidique nécessite donc des interactions favorables, à longue autant qu’à courte portée. Or,

dans ces systèmes, les interactions hydrodynamiques dominent souvent les phénomènes à

longue et moyenne portée avec des obstacles solides [60, 72, 58, 73, 74, 69]. Comprendre

et exploiter ces interactions entre une particule active et un objet déformable comme une

membrane lipidique permettrait donc de donner lieu à des transitions de forme semblables

à celles à l’oeuvre dans une grande variété de processus biologiques.

Le travail mené au cours de ma thèse se focalise sur l’étude des principes physiques à

l’oeuvre lors de l’engloutissement d’une particule micrométrique par une compartiment bi-

ologique modèle (une GUV) en présence d’une force éxtérieure et peut être scindé en trois

axes distincts:

• L’utilisation d’une pince optique pour obtenir des mesures quantitatives des forces à

l’oeuvre au cours de l’engloutissement forcé de particules et établir le paysage énergé-

tique associé à l’engloutissement de la particule sur un système contrôlé.

• Le développement d’un système de particules actives artificielles permettant de re-

produire l’endocytose dans le cas où les particules sont libres, et où par conséquent,

la force exercée n’est plus dictée par la position relative du piège optique mais par

l’orientation de la particule.

• L’étude de la dynamique translationnelle ou rotationnelle de particules, piégées op-

tiquement ou non, dans différentes situations, à savoir une fois complètement englouties

par une vésicule lipidique ou confinées proche d’une membrane supportée.
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Dans la suite, les approches expérimentales développées et mises en oeuvre dans le cadre

de mes travaux seront décrites et les principaux résultats exposés.

Résultats

Les débuts de ma thèse ont été consacrés à la mise en place et l’optimisation des performances

de piégage d’une pince optique. Le dispositif mis en place juste avant mon arrivée n’était

en effet pas en mesure de piéger des particules micrométriques constitutées de matériaux à

densité plus faible que la Silice. La focalisation du faisceau laser générant le piège optique

n’étant pas de bonne qualité menait à un piégage selon l’axe de propagation du faisceau

plus faible que la pression de radiation exercée par ce dernier sur la particule. Dans le cas

de particules denses, la force de gravité était suffisante pour contrebalancer la pression de

radiation s’exerçant sur la particule en direction opposée, ce qui n’était plus le cas pour

les particules moins denses. Une fois l’optimisation effectuée, le montage était en mesure de

piéger des particules composées de matériaux polymériques peu denses tels que le Polystyrene

ou la Melamine Formaldehyde. Enfin, la mise en place de protocoles de calibration de la pince

optique (permettant les mesures quantitatives de force) ainsi que l’interfaçage des cellules

piezoélectriques pilotant la platine porte-échantillon ont permis de passer à des investgations

experimentales sur les systèmes d’intérêt.

Interaction forcée optiquement

Dans un premier temps, j’ai mené des investigations expérimentales combinant des mesures

de force avec de l’imagerie optique en fluorescence ainsi qu’en champ clair au cours de

l’engloutissement forcé de microparticules par des vésicules unilamellaires géantes consti-

tuées d’un seul type de lipide (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine ou POPC)

en phase fluide à température ambiante. Ces éxperiences ont été menées dans un régime

d’adhésion négligeable entre la particule et la membrane (densité d’énergie adhésive sur-

facique |w| < 10−7 N.m−1) et où la taille des particules (de rayon RP ) est comparable à

la longueur bendocapillaire, RP ≈ λσ. La longueur bendocapillaire est une longueur carac-

téristique du système qui émerge des propriétés de la membrane resistant sa déformation, à

savoir sa tension σ et son module de courbure κb, tel que λσ =
√

κb/σ. Pour se trouver dans

ce régime, il est nécéssaire d’abaisser la tension membranaire de sorte à ce qu’elle atteigne

des valeurs σ < 10−7 N.m−1. Pour ce faire, les vésicules géantes formées grâce à une méth-

ode impliquant l’hydratation de films précurseurs déposés sur un substrat de gel de PVA

(polyvinyl alcohol) sont dégonflées osmotiquement en modifiant la concentration en glucose
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notres, où ne asymmétrie entre les deux feuillets constituant la membrane existe du fait de

l’exposition de chacun des feuillets à une solution contenant des espèces chimiques différentes

[12]. Cependant, il est à noter que pour des vésicules contenant une solution aqueuse de

sucrose et immergée dans une solution aqueuse de glucose, des mesures expérimentales ont

rapporté l’existence d’une courbure spontanée positive (la membrane préfère courber vers

l’extérieur) [104], tandis que toutes nos mesures et observations suggèrent une courbure

spontanée de signe opposé (négative). Ceci peut toutefois être expliqué par la différence

de méthode de fabrication ainsi que de composition en lipides des membranes formant les

vésicules.

Engloutissement autonome de particules actives

Après avoir étudié les transitions de morphologie induites par une particule piégée optique-

ment sur une vésicule géante à faible tension, nous nous sommes penchés sur l’étude de

particules actives. Ces particules actives synthétiques sont a priori capables d’exercer une

force sur la membrane grâce à leur mécanisme (actif) de nage, de manière analogue à une

particule piégée optiquement, à la différence que la direction dans laquelle s’exerce la force

dépend de l’orientation de la particule. Pour ce faire, nous avons introduit un système de

particules Janus Cu@SiO2 capables de se déplacer dans une solution aqueuse de glucose sous

Figure 7.4: Image en microscopie en champ clair et trajectoire (en vert) d’un nageur Janus
Cu@SiO2 dans une solution de glucose à 100 mM. L’encart illustre le mécanisme de mouve-
ment actif et l’écoulement de fluide le plus probable dans le référentiel du nageur (puller).
L’échelle correspond à 5 µm.
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tive avec des obstacles solides [154, 69, 155]. Pour les nageurs de type ”pusher” (générant

un champ de vitesse du fluide environnant qui pousse le fluide devant et derrière lui), un

mouvement orbital persistant des nageurs Janus autour des vésicules géantes a été rapporté

[71], et le transport actif des vésicules par une seule particule a pu être réalisé uniquement

après l’application de forces importantes [86]. À notre connaissance, aucun autre comporte-

ment n’a été rapporté lors de l’interaction de particules Janus actives nageant librement

avec des compartiments de biomimétiques. Alors que dans les expériences précédentes, les

particules Janus étaient généralement fabriquées à partir de Platine déposé sur une hémis-

phère de colloides commerciaux de silice (Pt@SiO2), qui nagent dans la direction opposée

de l’hémisphère métallique et sont généralement considérées comme des ”pushers” [63], nous

utilisons une nouvelle combinaison de particules constituées de particules commerciales de

silice semblables, sur lesquelles une couche de cuivre est déposée. Immergées dans une so-

lution aqueuse de glucose en concentration physiologique (25-150 mM) et illuminées par la

lumière visible du système d’illumination du microscope, ces particules deviennent activent

et naviguent de manière autonome dans un plan proche du substrat solide, comme montré

dans l’image de microscopie en champ clair de la Figure 7.4.

L’activité de ces particules Janus dans du glucose sous illumination par de la lumière visi-

ble peut être démontrée et quantifiée en utilisant le déplacement quadratique moyen (ou MSD

pour mean squared displacement en anglais). La dépendence quadratique de ce dernier avec

le décalage temporel ∆t aux temps longs, visible sur les graphes présentés sur la Figure 7.5,

est la signature du comportement ballistique à ces échelles de temps et permettent d’extraire

une vitesse moyenne projetée V . Il est possible de montrer qu’en augmentant la concentra-

tion de glucose dans le milieu ou l’intensité de l’illumination de l’échantillon, cette vitesse

projetée V augmente, ce qui suggère que ces deux ingrédients sont impliqués dans le mécan-

isme menant à la locomotion de la particule Janus (voir Figure 7.5). Il est cependant à noter

que les particules Janus de Cu@SiO2 immergées dans du glucose présentent une dynamique

orientationnelle riche, et que par conséquent le vecteur associé à la vitesse d’autopropulsion

de la particule présente des composantes non nulles hors du plan d’observation durant une

grande partie du temps. La vitesse moyenne projetée V ainsi extraite de l’ajustement d’une

courbe de MSD reflètant une moyenne sur l’ensemble d’une trajectoire de plusieurs secondes

ne représente donc pas la vitesse active réelle de la particule, mais la moyenne temporelle de

sa projection dans le plan d’observation.

Tout comme les particules Janus Cu alimentées avec du peroxyde d’hydrogène [92, 65, 66],

ces nageurs immergés dans du glucose se dirigent vers l’hémisphère catalytique, ce qui peut
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Figure 7.6: (gauche) Instantanés d’une acquisition de microscopie en champ clair montrant
l’enveloppement d’une particule Janus Cu@SiO2 par une GUV de POPC. La trajectoire
rétrograde est montrée en jaune. (droite) Images de microscopie confocale montrant les plans
xy, zy et zx permettant de montrer le signal de fluorescence des lipides correspondant à la
GUV et à la particule enveloppée. L’encart montre l’image en champ clair correspondante.

être interprêté comme une signature de la nature ”puller” du nageur. Ce mode de nage dif-

férent permet d’autres types d’interactions avec les vésicules et permet notamment d’observer

des comportements semblables à l’endocytose, où la particule est complètement enrobée par

la membrane d’une vesicule lipidique.

En effet, en étudiant la dynamique translationnelle ainsi que rotationnelle de la particule

au cours de l’approche et aux débuts de l’interaction avec une vésicule géante à faible tension

sédimentée proche du substrat solide, l’on peut mettre en évidence l’existence d’interactions

hydrodynamiques attractives maintenant l’hémisphère de cuivre orientée vers la membrane.

Ce type d’interaction attractives ont été prédites pour des nageurs pullers en présence d’un

obstacle solide sphérique, et il a été prédit qu’elles mènent à l’adsorption de la particule

sur une interface solide [156]. Ici, à défaut d’être complètement adsorbée et immobile, la

position et l’orientation de la particule continue de fluctuer de manière Brownienne tout en

étant confinée spatialement au périmètre de la vésicule et orientationellement avec le cuivre

pointant vers le centre de masse projeté de la vésicule. Après un temps de contact tc de

l’ordre de quelques dizaines de secondes, un mouvement radial soudain peut être observé

correspondant à l’enrobage complet de la particule par la vésicule géante (voir Figure 7.6,
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gauche). Cet engloutissement peut être confirmé grâce à de la microscopie confocale en

fluorescence (voir Figure 7.6, droite), et sa dynamique étudiée plus en détail dans la situ-

ation particulière où la particule se trouve exactement en-dessous de la vésicule. Dans ce

cas, la transition d’enrobage partiel à complet se traduit par un changement d’intensité de

fluorescence collectée de la région où se trouve la particule (la particule est complètement

enrobée de lipies fluorescents), et on mesure un temps de transition de l’ordre de la seconde.

Une modélisation de la situation avec les énergies associées à la déformation locale de la

membrane permet de mettre en évidence le rôle crucial joué par la partie libre (la partie qui

n’est pas en contact avec la paticule) de la membrane lors de la transition vers l’enrobage

complet. En effet, l’énergie associée à ce segment de la membrane augmente avec le degré

d’engloutissement de la particule pour une membrane de courbure spontanée négative [20],

puis possède une énergie quasi-nulle lorsque l’enrobage de la particule est complet, ce qui

mène à l’existence d’une instabilité.

Dynamique de particules englouties ou confinées proche d’une mem-

brane

Un dernier axe de recherche dans mes travaux de thèse a consisté à étudier la dynamique des

particules dans différents régimes d’interactions et états d’engloutissements afin de sonder

leur environnement et ainsi obtenir des informations sur la structure connectant la particule

enrobée à la membrane ou la membrane elle-même.

Le premier cas est celui des particules englouties. En effet, la façon dont l’énergie ther-

mique est dissipée dans l’environnement de la particule a une influence sur la dynamique de

cette dernière, et dépend de son environnement. Les trajectoires expérimentales de micropar-

ticules isotropes et Janus enrobées après leur enloutissement complet par des vésicules, soit

entraînées par des pinces optiques, soit en conditions actives, ont donc permis de recueillir

des informations sur la dissipation. La situation dans laquelle ont été effectuées ces mesures

est schématisée sur la Figure 7.7, avec la définition des paramètres physiques importants.

Nous avons montré que les particules englobées subissent des dissipations dues au couplage

de leur mouvement avec le mouvement de la structure les reliant à la vésicule mère (le col),

comme montré dans la Figure 7.8. En effet, la friction translationelle ζt mesurée pour des

particules en état d’enrobage complet dans une vésicule lipidique a été mesuré comme étant

entre 3 et 4 fois supérieures aux valeurs théoriques prédites par l’équation de Stokes-Einstein

(ζt,b = 6πηRP ) pour des particules sphériques dans le volume. L’utilisation de différentes
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Figure 7.10: Trajectories extracted from the experiment in Figure 5.13 acquired at 200 fps.
(left) Temporal evolution of the relative position ∆x(t) = x(t)−x0, where x0 is the center of
the optical trap, upon step-wise approach of an optically trapped RP = 1.15 µm SiO2 particle
as shown in Figure 5.13. Note that the axis x corresponds to the direction perpendicaular
to the membrane. Inset shows the two dimensional trajectory with the color map allowing
to visualize the time evolution. (right) Evolution of ∆y(t) = y(t)− y0.

Conclusion

Les processus cellulaires comme l’endocytose nécessitent une déformation continue de la

membrane. Le paysage énergétique et la dynamique de ces processus sont influencés par les

interactions entre les particules et la membrane, ainsi que par la dynamique couplée des deux

entités. Dans cette thèse, nous avons employé des techniques expérimentales pour étudier

l’enveloppement de particules sous contrainte en utilisant un système modèle. Nous avons

utilisé des pinces optiques pour sonder les forces impliquées dans l’enveloppement des partic-

ules sous une force externe dirigée, en examinant l’influence de divers paramètres physiques

et la réversibilité du processus. Nous avons démontré que l’enveloppement complet et stable

d’une particule active peut se produire de manière autonome, même en l’absence de ma-

chinerie biologique.

Dans un premier temps, nous avons étudié l’entrée forcée de microparticules sphériques

dans des vésicules géantes unilamellaires en utilisant des pinces optiques dans des conditions

d’adhésion quasi-nulle. Nos études ont révélé une instabilité dans la forme du segment de

membrane non lié, conduisant à un enveloppement stable. Nous avons mis en évidence le

rôle de la surface excédentaire de la membrane stockée dans les réservoirs de surface de la
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vésicule, qui contribuent à la tension membranaire de manière similaire à la tension interfa-

ciale dans les interfaces liquides. En pénétrant successivement des particules dans une même

vésicule, nous avons montré que ce régime de tension constante est limité par la disponibilité

du réservoir de surface de la membrane, et que la tension peut augmenter de manière signi-

ficative avec une consommation minime de la surface de la membrane, comme décrit par les

théories établies. En variant la taille des particules, nous avons trouvé un minimum de force

pour des tailles de particules comparables à la longueur bendocapillaire de la membrane.

En utilisant l’aspiration par micropipette, nous avons sondé le degré de réversibilité du pro-

cessus d’enveloppement et quantifié la tension membranaire nécessaire pour rouvrir le col,

montrant une variabilité dans le degré de réversibilité probablement due à des différences de

courbure spontanée.

Ensuite, nous nous sommes penchés sur un système modèle qui imite de manière au-

tonome les premières étapes de l’endocytose, où des particules Janus actives peuvent ap-

procher, déformer et être enveloppées par des vésicules géantes en utilisant la lumière visible

et des concentrations physiologiques de glucose. Nous avons étudié les interactions physiques

responsables de l’enveloppement stable dans cette situation où la dynamique des interactions,

en particulier à grande distance, est dictée par la dynamique stochastique de la particule

active et les interactions à longue portée avec l’hôte. Nos résultats ont montré que des temps

de contact prolongés, plutôt que de maximiser la vitesse des particules, sont cruciaux pour

un enveloppement réussi, surtout en présence d’adhésion et de courbure spontanée négative.

Les interactions hydrodynamiques à longue portée aident à maintenir le contact entre la par-

ticule et la membrane, permettant l’adhésion et le franchissement des barrières énergétiques.

Enfin, nous montrons que, de manière similaire au cas de l’enveloppement des particules sous

l’action des pinces optiques, la stabilité de l’état totalement enveloppé est assurée par le coût

énergétique élevé associé au segment de membrane non lié pour les états d’enveloppement

intermédiaires.

Enfin, une dernière partie de mon travail a été dédiée à l’analyse de la dissipation et

des interactions des microparticules avec les bicouches lipidiques. Nous avons étudié la dif-

fusion de particules isotropes et Janus complètement enveloppées par des vésicules molles,

montrant que les particules englouties subissent une dissipation due au couplage avec la

structure du col. Nos données ont suggéré une augmentation universelle de la traînée, avec

une dépendance significative à la taille des particules et à la tension membranaire. Cela

contraste avec les rapports précédents sur les protéines induisant la courbure et nécessite de

nouvelles explications théoriques. En effet, nos résultats ont indiqué que les particules en-
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glouties pouvaient subir une traînée jusqu’à 10 fois la prédiction en vrac de la loi de Stokes

pour les membranes tendues, et nous avons montré que cette augmentation de la traînée

translationnelle ne pouvait pas être due uniquement à la proximité de la bicouche et du sub-

strat solide. Nous concluons qu’un autre chemin de dissipation existe dans cette géométrie

particulière d’une particule enveloppée connectée à une vésicule mère par un col.

De manière générale, les résultats obtenus au cours de cette thèse fournissent des in-

formations sur les critères physiques nécessaires pour l’enveloppement stable de particules

entraînées par des vésicules lipidiques grâce à une force directionnelle externe, ou dans le con-

texte de particules autopropulsées naviguant de manière autonome. Ces résultats sont signi-

ficatifs pour comprendre d’un point de vue physique les processus biologiques qui aboutissent

à l’absorption de particules inertes ou de nageurs par des unités biologiques. Des applications

potentielles pourraient être envisagées dans des domaines allant de la délivrance de médica-

ments, de la nanomédecine ou de l’infection microbienne, à la conception de micromoteurs

dans des contextes de traitement des eaux usées.
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8.1 Detailed micropipette fabrication and filling proce-

dure

The capillaries used are borosilicate glass capillaries with an inner diameter of 0.78 or 0.58

mm and an outer diameter of 1 mm (Ref. GC100-10 Harvard Apparatus). The machine

used to heat the capillary locally with a heating filament and subsequently pull it at high

speed is the Sutter Instruments Co. P-97 Pipette Puller, see Figure 8.1 (left). This machine

allows the user to modify many parameters to obtain the desired micropipette shape. For the

manipulation and mechanical characterization of GUVs, the goal is to achieve a cylindrical

tip with an inner diameter of around 5 microns. Note that both thick-walled and thin-walled

capillaries can be used, but they will require different parameters on the pulling machine to

obtain the desired shape. Thick-walled capillaries, however, are expected to be more robust

during the microforging step and less likely to break unexpectedly. If the pipette puller has

not been used for a long time, a RAMP test must be performed to determine the HEAT

value at which the glass capillary starts to melt locally. To perform a RAMP test, turn

on the machine, select any program, press clear, choose “NO” to access the function, then

press 1 to start the ramp test (a glass capillary must be in place, tightly screwed and passing

through the heating filament as shown in Figure 8.1 (middle)). This RAMP test heat value

will be the basis for tuning the HEAT parameter.

Once the capillary is pulled, it results in two raw micropipettes Figure 8.1 (right) (each

being one half of the initial capillary). These micropipettes must undergo microforge ma-

nipulation to ensure the inner diameter is correct, the micropipette is cut perfectly straight,
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1 setSlice(1);

2 setTool("multipoint");

3 waitForUser("Clik on starting point for wand tool");

4 getSelectionCoordinates(x, y);

5

6 print(x[0],y[0])

7

8 X=x[0]

9 Y=y[0]

10

11 setTool("wand");

12

13 for (i=1; i<nSlices;i++) {

14 run("Select None");

15 doWand(X,Y);

16 run("Measure");

17 X=getValue("X") -30;

18 Y=getValue("Y");

19 run("Next Slice [>]");

20 wait(10);

21 }

8.3 Influence of relative motion speed on engulfment

force profiles

The relative speed imposed between the particle and the lipid vesicle unavoidably has an

influence on the force exerted on the bead. The friction force acting on the bead due to

the motion of the surrounding fluid has the form Fstokes = ζtvrel with ζt = 6πηRP for a

spherical particle in an unbound fluid at low Reynolds number. The presence of the lipid

bilayer slightly increases the drag felt by the particle [190] both in the radial and tangential

direction upon approach of the vesicle (less than 10%). In Figure 8.6 we show the force

profiles as a function of piezo stage displacement for different relative speeds. Note that the

vertical dashed lines correspond to the moment the stage stops its motion, meaning that the

x axis after that should be read as a temporal evolution, as d stays constant from there. It

appears that at higher velocities, a non zero force is measured before contact (d = 0), which

corresponds to the friction force Fstokes mentioned earlier. We can check the consistency by

checking that using the bulk prediction for the friction Fstokes = 6πηRPvrel = 0.21 pN is
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comparable to the 0.2 pN force measured.

The overall shape of the force peak, showing an increase with two distinct slopes and

an abrupt drop at the full wrapping transition, remains similar for all velocities shown

here. The penetration depth at which the transition occurs however seems to decrease

with decreasing speed. It also appears clearly that the force measured after the force drop,

which is constant as it only depends on the membrane bending modulus κb, tension σ and

spontaneous curvature m, has a higher amplitude relatively to the resting phase (no motion,

after the vertical dashed line) captured by the quantity ∆Fv. This evidences a non-negligible

contribution of an additional dissipative process associated to the dynamical pulling of the

Figure 8.6: Force profiles upon forced entry of RP = 1.15 µm particles performed at
different imposed velocities. The vertical dashed lines stand for the distance at which the
relative motion is stopped, and the abscissa scale d should therefore not be considered as a
distance but as a time of the experiment.
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membrane tether. Only for the lowest velocity (vrel = 0.3 µm s−1) ∆Fv = 0 pointing to the

fact that the tube is pulled slowly enough to avoid the additional dissipations. We conclude

that in order to probe equilibrium properties and avoid artefacts associated to bringing the

system too far from equilibrium, forced entry should be performed at relative speeds in the

range vrel = 0.3 µm s−1. We will therefore use vrel = 0.3 µm s−1 in the first Chapter of the

thesis.

8.4 Bud containing a particle and a large volume of

fluid

We show here in Figure 8.7 a rare situation where a large volume of solution of the exterior

fluid (glucose aqueous solution) was enclosed upon wrapping driven by optical tweezers. The

left panel of Figure 8.7 shows a bright field microscopy image right after the neck closure

of a RP = 1.15 µm. The fact that the neck closed in this situation is an additional proof

that adhesion is so small in our system that it has no influence on the shape of the vesicle

and on the nucleation and stability of the neck. Conversely, the fact that a large volume of

the exterior solution was enclosed is the signature that the closure of the neck is due to an

instability of the membrane segment behind the particle.

Upon applying tension to the vesicle through aspiration pressure with the micropipette

in this case, the neck can open and the particle is expelled as reported in 40 % of the cases

in our system, as discussed in Section 3.3. This is shown on the (right) panels of Figure 8.7

(b,c), where the same vesicle as in Figure 8.7 (a) is aspirated. Again, one can measure an

increase of the projected tongue length inside the micropipette ∆L which should relate to

the surface area of the spherical Abud bud as:

∆L =
Abud

2πRpip

=
2R2

bud

Rpip

(8.1)

where Rpip is the inner radius of the cylindrical micropipette and Rbud is the radius of the

bud if considered to be spherical. Measuring Rpip and Rbud from the microscopy images one

gets ∆L = 2.2 µm which is in accordance with the measurable value of ∆L (∆L = 2.35 µm)
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Figure 8.8: Average (on N= 10 trajectories) measured values for projected velocity V for
different illumination intensities (in percentage of maximum illumination intensity) at 100
mM glucose concentration.

experiments conducted in this work were performed at low white light illumination intensity

(40% of maximum intensity) to avoid heating of the sample and drifts due to temperature

gradients as much as possible.

The light source for sample illumination on the microscope used for this set of experiments

(Nikon TE-2000 Eclipse) is a 12V 100W halogen lamp (LHS-H100P-1 12V100W) from Nikon.

Determination of optical power output or optical intensity in the case of such light source

after attenuation by filters etc. is tedious, which is the reason why we stick with a percentage

of maximum achievable light intensity to quantify the light intensity.

8.6 Faxén’s predictions for the drag of a sphere close

to a no-slip boundary

The Stokes equation for a translating sphere close to a plane wall (with no-slip boundary

conditions) have to be solved numerically in order to obtain exact solutions, which is com-

putationally very costly [200, 181, 201]. Considering a spherical particle of radius RP whose

surface is separated from a bounding wall from a distance d and translating at velocity U

parallel to the wall, Faxén derived approximate solutions which provides an expression for

the drag experienced by the particle in this case [180]. From his solution, the drag force F∥

exerted on the particle translating parallel to the wall can be written as [180]:

166





Chapter 8. Appendix

predictions of the diffusion coefficient of a particle close to a solid wall at a distance d =

0.2RP = 300 nm [202], as described in Appendix 8.6. For increasing glucose concentrations,

Dt increases and becomes closer to the Stokes-Einstein prediction of the diffusion coefficient

valid in the bulk. One interpretation would be that the particle activity (depending on

glucose concentration) has an impact on the equilibrium swimming distance of the particle

from the substrate. However, recent investigations, as reported in Section 6.1 suggest that

Eq. 4.1 does not properly describe the dynamics in our system due to complex dynamics of

the out-of-plane orientation of Cu@SiO2. One should therefore be careful when interpreting

this increase in apparent diffusion as variations in height, as additional noises due to the

particle activity might result into higher effective thermal diffusion coefficients using the

model of Eq. 4.1.

8.8 Free energy variation associated to rotational mo-

tion during capture

In the following, we will relate the in-plane orientation range explored by an active Cu@SiO2

Janus particle during the capture phase to the energy variations associated to this degree of

freedom due to adhesive contact with the membrane in the Janus geometry.

We recall that by defining the adhesion energy Ew = wAb with Ab the adhered membrane

area, w is negative when there is an affinity between the two surfaces. Taking into account

the Janus geometry of our particle pinned with the Cu cap facing towards the membrane,

a variation of φ implies bringing a Copper region of the particle initially in contact with

the membrane in contact with water and a SiO2 region initially exposed to water in contact

with the membrane. If one considers the change in free energy associated to a change in

orientation is solely imputed to surface energy contributions, the energy variation associated

to the maximum angular variation range φ∗ can be written as:

∆E (φ∗) = 2R2
Pφ

∗[(σSiO2,m − σSiO2,aq) + (σCu,aq − σCu,m)] = 2πR2
Pφ

∗(wSi − wCu) (8.3)

as we can define wCu = σCu,m − (σCu,aq + σ) and wSi = σSi,m − (σSi,aq + σ) where σ

is the membrane tension. In thermal equilibrium, the degree of freedom associated to φ

is attributed 1/2kBT energy so that one can write ∆E(φ) = 1/2kBT . From there, the

adhesion energy density difference (wSi−wCu) that would correspond to such an orientational
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contributions are expected to be negligible in these conditions where the gap d between the

particle and the substrate is relatively large [203]. The total potential energy landscape

therefore reads [203, 204, 157]:

Utot(d)

kBT
=







Be
− d

λD + d∆ρV g

kBT
, for d > 0

+∞, for d ≤ 0
(8.4)

where ∆ρ is the particle-fluid mass density difference and V the volume of the spherical

colloid V = 4/3πR3
P , g the gravitational acceleration, the Debye length λD, and with:

B = 64πϵ0ϵfRP

(

kBT

e

)2

tanh
(

eZwall

kBT

)

tanh
(

eZpart

kBT

)

, (8.5)

where ϵ0 is the vacuum permittivity, ϵf the relative dielectric constant of the fluid, Zwall

the zeta potential of the substrate and Zpart the zeta potential of the particle.

Note that the Debye length λD can be written as:

λ−1
D =

√

2e2Cs

ϵ0ϵfkBT
. (8.6)

where Cs is the ionic strength. In absence of added salt (as in our case), this should

only account for a contribution from the pH of the solution. In absence of salt, the Debye

length should therefore be large > 100 nm, however due to impurities, it is not rare to have

a smaller Debye length (λD ≈ 50 nm) even in the absence of salt.

Note that the electrostatic charge and Debye length in our system are not measured, but

by using values used in the literature for similar systems [157], we can plot the potential

as a function of the distance for each contribution Uel and Ug of Utot in Figure 8.10 (left).

The total potential for different particle sizes is plotted in Figure 8.10 (right). We see that

these energy considerations allow to explain the average distance d from the wall of few

hundreds of nanometers as inferred from Faxén’s predictions using experimental results in

Section 5.2.1. Additionally, the fact that larger particles have smaller equilibrium distance

d is also captured by these considerations. Still, more precise determination of the distance

d using these theoretical predictions would require more precise knowledge of λD, Zwall and

Zpart to be compared with the experimental values.
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