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Our ability to design artificial micro/nanomachines able to perform sophisticated tasks crucially depends
on our understanding of their interaction with biosystems and their compatibility with the biological
environment. Here, we design Janus colloids fuelled only by glucose and light, which can autonomously
interact with cell-like compartments and trigger endocytosis. We evidence the crucial role played by the
far-field hydrodynamic interaction arising from the puller/pusher swimming mode and adhesion. We
show that a large contact time between the active particle and the lipid membrane is required to
observe the engulfment of a particle inside a floppy giant lipid vesicle. Active Janus colloids showing
relatively small velocities and a puller type swimming mode are able to target giant vesicles, deform their
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membranes and subsequently get stably engulfed. An instability arising from the unbound membrane
segment is responsible for the transition between partial and complete stable engulfment. These
experiments shed light on the physical criteria required for autonomous active particle engulfment in
giant vesicles, which can serve as general principles in disciplines ranging from drug delivery and
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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 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 per-
oxide (H,0,)" or hydrazine (N,H,),> which are decomposed by
the microswimmer. However, these toxic compounds limit
potential applications e.g. in biological systems. Therefore, sev-
eral works have focused on extending the range of propulsion
reactions for catalytic microswimmers, including galvanic
exchange reactions,” photodeposition,® the degradation of
organic pollutants™® or the oxidation of amines to imines.”
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microbial infection to hanomedicine.

One very promising approach for powering of catalytic
microswimmers in biological media is the use of a fuel that is
also used by nature - glucose. Wang et al.® have shown, that Cu,O
microspheres can move in aqueous solutions of glucose under
irradiation with visible light. The motion was explained with
a photocatalytic oxidation of glucose to formic acid and the
corresponding shorter monosaccharides arabinose, erythrose
and glyceraldehyde. 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. Here, we introduce Cu@SiO, Janus particles that can
move in an aqueous glucose solution under visible light irradia-
tion. The Cu is converted to photocatalytic copper oxides when the
particles are dispersed in water. Due to their asymmetric Janus
structure, they have an intrinsic ability to move in any direction
independent of the light source, allowing us to observe more
complex biologically relevant interactions with the surroundings.
In particular, interactions with fluid interfaces such as phospho-
lipid membranes of cells represent a situation of confinement
encountered in many processes. It was found that Janus swim-
mers are able to deform giant lipid vesicles when enclosed inside
them,® a response that has also been confirmed for biological
active matter'® and by theoretical considerations.'""'* Freely swim-
ming Janus particles however, showed interactions that resemble
the generic interactions of active matter with obstacles.”*

This journal is © The Royal Society of Chemistry 2024
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For pusher type swimmers, persistent orbital motion of Janus plane defined by the Janus boundary is orthogonal to the
swimmers around giant vesicles was reported,’® and active imaging plane. The hemisphere of the particle coated with
transportation of the vesicles by a single particle could be the Cu layer appears darker than the bare hemisphere and
achieved after applying strong forces.!” To the best of our allows to track the in-plane orientation of the particle (ESIT).
knowledge, no other behavior was reported upon interaction The strong correlation between the particle orientation and its
of freely swimming active Janus particles with cell-like com- direction of motion, after filtering out the Brownian diffusion,
partments. While in previous experiments the Janus particles confirms the existence of a directional active propulsion (ESIf).
were usually made from Pt@SiO,, which swim away from the The out-of-equilibrium nature of Cu@SiO, dynamics in glucose
metal cap and generally are considered to be pushers,'® we use can be assessed, and their projected active velocity quantified,
a new combination of Cu@SiO, particles with glucose fuel. by plotting the center of mass mean squared displacement
Similar to differently fuelled Cu Janus particles,"®™>" these (MSD = ((x;ra¢ — X)°) + ((Verac — y¢)*)) for single particles. For an
swimmers move towards the catalyst cap. This different swim- active Brownian particle and for times shorter than the rota-
ming mode enables different types of interactions with vesicles, tional diffusion time (7., = 1/D;, = 8mnRp> kT = 21 s) reads:!
and allows to observe endocytic-like behaviors.

MSD(A?) = 4D At + VAL, 1)

2_ ReSUltS and diSCUSSion where At is the time lag, D, the translational diffusion coeffi-
cient of the spherical particle (in the bulk Dy, , = kgT/6n7Rp) and

V an average projected speed on the plane of observation. The
Cu@SiO, Janus particles were fabricated by thermal deposition MSD of Cu@SiO, particles in glucose, shown for representative
of a 30 nm metallic Cu layer on a monolayer of commercial SiO, cases in Fig. 1B, clearly displays a linear (diffusive) regime
particles of radius Rp ~ 1.5 um, covering one hemisphere. followed by a quadratic (ballistic) regime at longer times. The
These particles can self-propel catalytically when immersed in  crossover between those two regimes occurs at a characteristic
H,0, and swim towards the metal cap,’® which can be inter- timescale 7. = 4D,/V* where the passive and active contribu-
preted as behaviour as puller type swimmers because we tions are comparable. Fitting MSD data with eqn (1) allows to
assume the strongest slip is on the lead face.>” Here, we observe  extract both the translational diffusion coefficient and the
self-propelled motion in a different fuel. When immersed in a  projected active velocity for single trajectories (fits are plain
glucose aqueous solution at physiological concentration (25- white lines in the inset of Fig. 1B). We can show that an
100 mM), under homogeneous light irradiation provided by increase of the glucose concentration results in an increase of
standard microscope illumination conditions, these particles the projected speed, see Fig. 1C. Similarly, illuminating the
show active propulsion as shown in Fig. 1A. The sedimented sample with blue light of increasing power will also enhance
particles navigate in a two dimensional plane close to the glass the measured projected velocities as shown in Fig. 1D. We have
substrate, which allows to image them with bright field micro- also evaluated the effect of the white light illumination on the
scopy and track their center of mass with image treatment active speed (ESIt). Values of D, extracted from MSD fits for
techniques (ESIT). During some segments of the trajectory, the lower glucose concentrations (i.e. low activity) agree with the

2.1. Glucose fuelled Cu@SiO, Janus colloid self-propulsion
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Fig. 1 (A) Bright field microscopy snapshot and trajectory (green) of a Cu@SiO, Janus swimmer in a 100 mM glucose solution. Inset sketches the active
motion mechanism. The scale bar is 5 pm in length. (B) Mean squared displacement as a function of lag time in log-log scale for three representative
trajectories of particles immersed in 100 mM glucose with only white light (grey circles), white light and 0.46 mW blue light radiation (light blue up-
pointing triangles) and white light and 1.96 mW blue light radiation (dark blue down-pointing triangles). Inset shows a linear scale representation with fits
(white plain lines) allowing to extract projected velocity using egn (1). For these three cases, fit yields V= 0.48 um s V=123 umstand V=233 ums™*
(bottom to top). (C) Projected active velocity V extracted from MSD fits for particles immersed in glucose solutions of increasing concentration in normal
illumination conditions. Black squares stand for averages on 10 trajectories. (D) Projected active velocity measured for particles immersed in a 100 mM
glucose solution under different blue light illumination powers.
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diffusion of particles close to a solid wall for a gap distance & =~
300 nm (ESIT). For higher glucose concentrations, D, increases
and becomes comparable to the bulk prediction. Either an
increase of the gap distance between the particle and the
substrate or additional noise, both induced by the active
propulsion mechanism can explain this increase of the the
measured D For pusher swimmers however, it was reported
that the gap distance to the substrate remains constant for
increasing degrees of activity.>?

2.2. Particle-vesicle encounter and engulfment phenomenon

In this section, we illustrate the phenomenon observed when
an active Cu@SiO,, particle in a glucose solution spontaneously
interacts with a giant unilamellar vesicle (GUV). This phenom-
enon can be described as composed of two steps: (i) the
hydrodynamic capture, and (ii) the particle being wrapped by

Fig. 2
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the vesicle membrane. Note that the particle activity depends
on exposure to visible light and physiological glucose concen-
trations. Hence, we got rid of the limitations of using H,0, as a
fuel, which is not biocompatible and generally harmful for
cells.>*?® In all experiments, we used GUVs made of phospho-
lipids in the low-tension membrane regime (¢ ~ 10" N m™,
ESIT), which are pertinent systems to study endocytic-like
phenomena®®?” in the absence of receptor-mediated inter-
action or large external forces.”®*° Fig. 2A 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

(A) Bright field microscopy snapshot with the backward in time trajectory of a particle in contact with a POPC GUV. The scale bar is 20 um in

length. (B) Sketch of the situation in (A). (C) Snapshots of a bright field microscopy acquisition showing wrapping of a Janus Cu@SiO, by a POPC GUV.
Backward in time trajectory is shown in yellow. Scale bars are 20 um in the principal panels and and 2 um in the insets. (D) Confocal microscopy images
showing the xy, zy and zx planes allowing to show the fluorescence signal from the lipids corresponding to the GUV and the wrapped particle. The inset
shows the corresponding bright field image. Scale bars are 5 um in length.
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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 sample are engulfed by GUVs (Fig. 2). In the first step of the
interaction, the particle moves in the wedge defined by the
bottom wall and the GUV membrane, which is slightly
deformed by the particle, as sketched in Fig. 2B. The first two
snapshots at times ¢, and ¢, in Fig. 2C correspond to bright field
microscopy images of the capture. 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 ¢; in Fig. 2C (showing snapshots of the Movie S1, ESIf).
At time t,, 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
(Fig. 2D), and remains in this stable state indefinitely. Movie
S2 (ESIT) shows the whole wrapping process in fluorescence
microscopy, together with a particle that was already engulfed.
Note that in our experimental conditions, the wrapped particle
is connected to the mother vesicle with a small neck or tube.*
Particle engulfment occurs only for floppy GUVs showing low
tensions (¢ < 1077 N m™') and as shown in Fig. 2, 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 phenom-
enon introduced here.

2.3. Active particle hydrodynamic docking at the vesicle
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 Fig. 3A, together with the definition of
the particle orientation angle ¢ in the observation plane. The
azimuthal angle of the particle radial position f and the distance
between the particle and GUV projected centers L are also
defined. An additional particle angle 0 for the out-of-plane
orientation can be defined as sketched in the inset of Fig. 3A
(0 = 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
Fig. 2C and deformation of the vesicle can be confirmed using
fluorescence microscopy as shown in Fig. 3B.

The time evolution of the angular difference ¢ — f, plotted
in Fig. 3C, shows a zero mean value (¢ — f) ~ 0, and a clear
orientational confinement of the particle with the Cu cap facing
towards the GUV projected center. The confinement effect is

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Top view sketch defining the angles ¢, f and the distance L.
Inset shows a side view and defines the out-of-plane orientation angle 0.
(B) Fluorescence microscopy image of a particle in the capture phase,
deforming the GUV. Scale bar is 10 um. (C) Red curve shows the temporal
evolution of the angular difference ¢ — f for a particle in contact with a
GUV before being wrapped. The blue curve shows the evolution of the
angle ¢ with respect to ¢g = ¢t = 0) for a particle far from a GUV.
(D) Evolution of the distance L over time for a particle in contact with the
GUV att=0.

apparent when comparing ¢ — f to the time evolution of the
orientation ¢ — ¢, (where ¢, = ¢(t = 0) is a reference angle) of
an active particle far from the GUV, also shown in Fig. 3C. Here,
the in-plane particle orientation during capture (¢ — ) ~ 0 is
very different from the one observed for pusher type swimmers,
which align as (¢ — ) ~ n/2 performing orbital motion around
GUVs (ESI¥) or solid spherical obstacles.'®'®*"** These results
point to a self-propulsion mechanism of Cu@SiO, colloids in
glucose generating puller-type swimmer flow-fields, as it is
in H,0, with the Cu cap forward. 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.® 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 ¢ — f
show significant fluctuations, which indicates rotational diffu-
sion at short times while experiencing an effective restoring
torque at long times. Hence, we calculated the mean squared

Soft Matter, 2024, 20, 5904-5914 | 5907
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angular displacement (MSAD) of ¢ — f. At short times, the
slope of the MSAD allows to extract the in-plane rotational
friction {, experienced by the particle during the capture phase.
The fit yields ¢, = 7.3 x 10>° N's m (ESI}) which is close to the
theoretical value expected for the rotational friction experienced
by a spherical Rp = 1.5 pm particle in the bulk {; , = 8myRp’ = 8.5 x
107%° 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,** which does not permit adhesive surface
interactions to play a role and agrees with a far-field hydro-
dynamic interaction.

The magnitude of the MSAD(¢ — f) plateau at long times

provides an angular range ¢* = /((¢ — f)?),, = 0.47 rad, which
describes the competition between the Brownian diffusion that

tends to randomize the particle orientation and an effective
restoring torque tending to align the particle towards ¢ — f = 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 hydro-
dynamic effects, the adhesion energies between the two particle
faces (Cu and SiO,) and the GUV membrane, quantified by an
adhesive energy per unit area w, are not expected to play a
significant role for the particle orientational confinement.

Note that our ability to unequivocally determine the in-plane
orientation ¢ during capture relies on the out-of-plane orienta-
tion 0 ~ m/2 (see inset in Fig. 3A), which makes the Janus
boundary visible under the microscope in bright field. While
0 =~ m/2 is a signature of an hydrodynamic interaction with the
lipid vesicle membrane, the bright field acquisitions do not
allow to univocally determine if the Cu hemisphere is pointing
upwards or downwards. In bright-field microscopy, particles
show the same aspect for 0 — A0 and 0 + A0. Hence, we cannot
determine whether the particle is slightly oriented towards the
lipid membrane as shown in Fig. 2B, or towards the glass

Imaging plane

A
— T1
|||||||||!I| T4

Fig. 4
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substrate. Still, in our experiments (¢ — /) & 0 shows that the
interaction with the lipid membrane dictates the engulfment
behavior of the active particle by the GUV.

The transition to full wrapping is evidenced by an abrupt
variation of the distance L in Fig. 3D 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 Fig. 3C that after the transition (represented by the
vertical dashed line), the in-plane orientation ¢ 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 boundaries, see Fig. 2C. 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 inter-
action potential, in the case of non-specific adhesion, is minimal
at separation distances in the range 20-100 nm>>?*¢ while the
basin of attraction associated to the hydrodynamic capture is of
the order of the swimmer body size (few micrometers here).*?
The characteristic time 74 associated to the drainage of the water
film can be estimated from Reynolds law®” and yields tq ~ 10" 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.

2.4. Wrapping transition dynamics

The dynamics of the GUV wrapping the active particle can be
followed using fluorescence microscopy. In most cases, the transi-
tion to full wrapping takes place at the periphery of the vesicle, as it
can clearly be seen in the Movie S2 (ESIt) and in Fig. 2D. In some
rare cases for GUVs of small sizes (7-10 um radii), the particle can
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(A) 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. Scale bar is 5 pm in length. (b) Sketch illustrating the situation in (A). (C) Pixels intensity profile along an horizontal line passing by the center
of the particle. (D) Evolution of R, ., measured from intensity profiles during the full wrapping transition. (E) Temporal evolution of the pixel integrated
density (total intensity) in a circular region centered on the particle during the wrapping transition.
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slowly crawl underneath the vesicle and reach the GUV pro-
jected center, as depicted in Fig. 4A and B. In this case, one can
take advantage of the geometry to monitor the evolution of the
projected GUV area and particle fluorescence during the wrap-
ping dynamics. In Fig. 4A, 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 7, = 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 Fig. 4B. At time 7, = 22.08 s, the particle is fully
wrapped and the situation corresponds to the situation of the
lower panel in Fig. 4B, while intermediate times correspond
to the dynamics of full wrapping transition (r, = 21.12 s and
73 = 21.16 s). In Fig. 4C, we show representative intensity
profiles passing through the projected GUV center of fluores-
cence microscopy images from Fig. 4A. 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 R, ,pp(t) during the full wrap-
ping transition from the distance between these two peaks.

Plotting the evolution of R, ., during the transition (from
71 to 74) in Fig. 4D 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 in
Fig. 4B) as the GUV sphericity increases. Conversely, the
fluorescence signal emitted from the region corresponding to
the particle projected area (quantified by the so-called pixel
integrated density in Fig. 4E) increases following 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 ¢, & 2 s, resulting in a contact
line velocity v, = nRp/2t;, = 1.17 um s . This is comparable
to contact line velocities measured in the system of Spanke
et al.,*® where wrapping was triggered by depletion attraction
with adhesion energy densities w of the order of 107 N m ™" for
similar particle size (Rp = 1 pm).

In order to evaluate the adhesion energy densities in our
system, we performed adhesion experiments of GUVs on planar
Si0, and Cu surfaces.’”***° We are able to thermally deposit a
nanometric Cu layer on glass slides over several cm® surface
area using the same technique employed to deposit the cap on
the SiO, particles. Fig. 5A shows the analogy between our
situation and the experiment we performed to determine w
illustrated in Fig. 5B, where we also define the quantity R,
which will be of interest here. Using a confocal microscope, we
can extract the full 3-dimensional shape of the adhesive vesi-
cles. If we compare typical side view profiles (x-z plane)
acquired with confocal microscopy of an initially floppy vesicle
on Cu (Fig. 5C) or on SiO, glass (Fig. 5D), 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

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) Sketch illustrating the difference of GUV membrane interaction
with the Cu coated surface and the bare SiO, surface of the Janus particle.
(B) Sketch of the experiment and definition of the contact curvature radius
Reo- (C) Representative transverse views (xz plane) fromconfocal micro-
scopy acquisitions of osmotically deflated POPC GUVs sedimented on a
Cu coated glass substrate and (D) on a bare glass substrate. Scale bars are
10 pm in length.

limit of high adhesion®) in the case of Cu substrate, while the
shape is more elongated and the membrane appears more
fluctuating for SiO,. 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:*

Kb

Reo = 2
w0 =3t ©

with x;, 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 Reo,cy < 0.5 pm as the resolution-
limited higher bound of measurable curvature radius, we get
Wee =2 x 107 Nm 'asa bounding value for the adhesion
energy density. For the case of the bare glass substrate, how-
ever, the situation is different and one can always define a
radius of contact curvature using confocal images and Image]
analysis techniques.*’ The average fitted radius on N = 5
different GUVS is (Reosio,) = 7.5 £ 0.6 pm yielding wgio, =
8.8+1.3 x 10 ""Nm "

Hence, the associated adhesion energy density wg, is several
orders of magnitude larger than wgio, 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, hydropho-
bic and steric repulsion.”” Electrostatic attraction alone
between the slightly positively charged Cu (zeta potential
{cu & +14 mV>*?") and the zwitterionic POPC (reported to
show slightly negative zeta potential {popc ~ —7 mV*?) could
hardly explain the measured adhesion. Other short range
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chemical interactions could play a role. For example, it was
shown that Cu** ions can bind to PC and PE lipid
headgroups***® and induce structural changes on the
membrane. It is not obvious however how to quantify these
effects in terms of an effective adhesion.

2.5. Theoretical modelling of the wrapping energy landscape

In the previous sections, we showed that active Cu@SiO, Janus
particles are able to deform GUV membranes until reaching a
stable complete engulfment. We also measured the 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. Our model will also allow to
address questions regarding the dynamics of the phenomenon,
in particular the duration of the capture time ¢. before the
wrapping transition.

The system considered in our model is composed of a
particle and a fluid membrane with bending rigidity «y, tension
o and particle-membrane adhesive energy per unit area w. If
one assumes a flat membrane and negligible volume conserva-
tion constraints, the free energy of the system can be described
with the following Helfrich-Canham Hamiltonian:*®

wdA + 6AA — fh (3)

Ay

Eo = J KoM — m)2da — J
Atot

with M the membrane mean curvature, m a spontaneous
membrane curvature, AA the membrane excess area pulled to
the wrapping site, f the propulsion force and & penetration
depth. Note that the Helfrich Hamiltonian usually contains a
Gaussian curvature term, which will be ignored in the following
due to the absence of topology change.’”” The energetic cost
associated to the membrane area detached from the glass
substrate upon wrapping is disregarded, as it is expected to

A 600
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be small compared to other contributions (<wsiozAA ~ 10°° x
107'° &~ 20kgT for Wsio, = 8.8 = 1.3 X 107" N m~" as measured
in Section 2.4 and assuming the largest possible area difference
AA ~ 100 pm?® in Fig. 4).

Let us first consider that the adhesion, bending and tension
contributions of the membrane segment bound to the particle
dictate the wrapping angle « defined in the inset of Fig. 6A.
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 tension and spontaneous curvature,*”*® and has
been used to explain the experimental wrapping phase diagram
of isotropic particles adhering to floppy vesicles with small
spontaneous curvature |m| < 4 x 10* m~".*° In the case of a
spherical particle with radius Rp, the energies associated with
tension and bending for the bound membrane area 4, = 21Rp>
(1 — cosa) are: E, = noRp’(1 — cos a)” and E, = 4mip(1 + mRp)(1 —
cos a) respectively, where m is a membrane spontaneous curva-
ture. These two contributions can be calculated in our system
using a standard value of the bending rigidity x, = 27.3 +
51kgT ~ 10°'° J for POPC vesicles in glucose/sucrose
solutions*® and a tension ¢ = 107® N m™" as a representative
value accounting for the tension distribution from previous force
measurements on floppy vesicles prepared with the same
protocol*® and confirmed by analyzing the thermal undulations
of the vesicle membrane (ESIt). 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 « as Ef = —fRp(1 — cos ). Here, an
upper bound of the active force fin 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= {;,V = 6nnRpV =~ 0.1 pN. Consider-
ing the Janus geometry of the particle, the adhesion energy

L/Lg

kAN

————— B
L 200 7 -
m okl - Etot
=T 1 1 4
400 5 -200F N . d
© L \\ J ]
[ W00l L c. =
m 1 L L 1 =
=, 0 T4 TR23m4 T Free Bound
8 200 - e
L ]
0 — .
=100, 1 . sl i 1 i =
0 4 2 3m/4 ™

a [rad]
Fig. 6

P TR T [ S T A

100 150
thop [S]

(A) Energy associated to the membrane segment bound to the particle £y, as a function of wrapping angle. Plain line stands for spontaneous

curvature m = 0 and dashed one to m = —10° m™L. Insets show the adhesion energy between the membrane and the particle as a function of wrapping
angle considering the particle is wrapped with the Cu facing towards the membrane. (B) Illustration of the shape of the total energy (Epo + Efree) and
definition of the energy barrier E,, between the partial and full wrapping states. (C) Temporal evolution of L/Ly (where Lo = L(t = 0)) for three wrapping
experiments with ty taken as the moment the particle undergoes the full wrapping transition. (D) Height of the energy barrier E,, as a function of the
inverse hopping rate 1/I" = t,,op using the Kramers theorySo'51 of escape over an energy barrier using stiffness and diffusivity extracted from curves in (C).
Vertical dashed line stands for average t. from (C).
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density w is not constant throughout the wrapping process
(as shown previously). Indeed, the adhesion energy density of
Cu wg, and SiO, wsjo, with the membrane are very different, as
shown in the previous section. The adhesion energy then reads:

2nRp* (1 — cos a)wey a<m/2
Ead = . T (4)
2R RpPWey + 2Rp? <sm (rx — §>)WSi o>n/2

Taking wgy = 0.2 uN m™ " the lower bound inferred from
confocal microscopy acquisitions and wsio, = 0.88 nN m!
allows to have a full description of the wrapping energy land-
scape for the bound membrane segment. In Fig. 6A we plot the
sum of the contributions for the bound membrane segment
together with the active force and adhesion contributions Ep, =
Ey + E, + E¢ + E,q as a function of wrapping angle o defined in
the sketch. Inset shows the evolution of E,q alone when taking
into account the Janus geometry (eqn (4)). It appears clearly
that using values of wc, inferred from experiments, the adhe-
sion is what drives the wrapping and not the active force as it is
much weaker, |E,q| > |E¢|. However, due to the Janus geometry
and the difference in the Cu and SiO, affinities with the
membrane, the only minimum is predicted at o« = /2 as shown
by the Ey, vs. « curves in Fig. 6A. Note that the evolution of
Epo() is qualitatively the same in the presence of a negative
spontaneous curvature m = —10° m~ ' expected in our system
due to the inner sucrose/outer glucose solution asymmetry
across the membrane.*®*” 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 (Wou > Wsio,), and the full wrapping state
o = m 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 (« = =,
see Fig. 3C, D and 4). The minimum at « = ©/2 may however
describe the transitory state observed experimentally in Fig. 3B.
Hence, the assumption that the energy associated to the shape
of the free membrane segment Ey.. is negligible does not hold
for our system.

In Fig. 6B, we sketch the shape of the total energy profile for
a Janus particle Ey(®) = Epo(2t) + Egee(®) which would be
consistent with our experimental observations, with a global
minimum at o = . The shapes adopted by the unbound (free)
membrane segment for 0 < o < n might be costly in regards to
both tension and bending in the presence of a spontaneous
curvature.”” However, when « = © (full wrapping), a narrow neck
is formed behind the particle and the rest of the vesicle adopts
a shape with M = 1/R,. 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 explains the lower energetic cost of the o = n configu-
ration from the unbound membrane segment standpoint.*”>*
This gives rise to an energy barrier E;, that separates the
metastable partial wrapping state and the stable full wrapping
state. Theoretical and numerical works considering isotropic
adhesive particles and the full vesicle shape already reported

This journal is © The Royal Society of Chemistry 2024
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the existence of bistable regimes, where an energy barrier
separates the free/partially engulfed and the completely engulfed
states which are therefore (meta)stable.>*>® Taking into account
the presence of a negative spontaneous curvature, the calcula-
tions performed in ref. 54 indeed predict a bistable regime in our
range of particle and vesicle sizes, and considering the particle to
be isotropic with w = wg, ~ 1077 N m~". 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 explain the stability of the fully wrapped state.

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 estimate the energy
barrier E;, 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 « = n/2 (such as for the cases in Fig. 6C), we
can use the Kramers theory of escape over an energy barrier.
The latter links a hopping rate I', i.e. the inverse average time
spent by the particle in the metastable state before hopping
(thop), to Ep, such as:®>>!

1 kD, Ei
I = = 5
<thop> ZﬁkBTeXp( kBT) ( )

where D, characterizes the dynamics of the fluctuations of the
wrapping angle « in the potential well of stiffness k (in the
harmonic approximation) around the minimum o« = 7/2. Note
that D, has the dimension of a rotational diffusion coefficient
(without being one) and k is an energy. Extracting k and D, in our
system would imply being able to resolve the fluctuations of o 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 center of mass, see Fig. 6C. We
can impute the fluctuations of L to fluctuations of o as:

AL = Rp (sin(g - a) —sin (g — (o + Aoc))) (6)

Which in the small angle approximation sin(x) ~ x (as « ~ w/2
in the half wrapped state and A« « 1), yields:

AL = —RPAOC (7)

Hence, we can plot the distribution of « inferred from L and
translate it in an effective potential AU(x), which we can fit
assuming it is quadratic around « = /2 to extract the stiffness .
The average stiffness of the quadratic trapping potential using
our data is k = 38 + 4kgT (ESIY). Diffusivity D, can be inferred
from a linear fit at short times of the mean squared angular
displacement curves of « as a function of lag time. The mean
diffusivity D, measured here is D, = 0.021 + 0.002 rad? s7*
(ESIt). We can plot Ey, as a function of t,p, (Fig. 6D) by reversing
eqn (5) and by plugging in the calculated k and D,. This allows
to visualize the expected magnitude of E;, for hopping times few
tens of seconds long which is what we observe in experiments
as a lower bound. Note that ¢. can be larger than ¢4, as it might
take some time for the water gap between the particle and the
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membrane to drain and the adhesion measured in equilibrium
to be effective. Still, ¢, provides an upper bound for ¢y, and this
reasoning allows to estimate that the full energy profile con-
sidering the full (bound and free) membrane shape leads to an
energy barrier E, & 2kgT, see Fig. 6D.

3. Conclusion

To conclude, we designed a system that autonomously reproduces
endocytosis and the wrapping of artificial active swimmers by giant
vesicles, only by providing visible light and physiological 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 adhe-
sion 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 particle 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’” 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 > o¢. Increasing the
membrane negative spontaneous curvature m could also facilitate
the full wrapping transition. However, one must bare in mind that
spontaneous curvature gives rise to a spontaneous tension ¢ =
2x,m>, 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 drai-
nage time to trigger adhesion faster.

Overall, this research provides insights on the physical
criteria required to trigger autonomous full and stable wrap-
ping of active particles, when their direction of motion is not
prescribed by an external field. Such findings are of particular
interest for interactions of swimmers in general with biological
units to perform tasks at the cellular level in contexts such as
drug delivery and nanomedicine, or in the case of microbial
infections. In the scope of micromotors design for wastewater
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treatments, being able to get all particles stably wrapped by
fluid membranes once they performed a given task could
constitute an efficient way to remove them from any environ-
ment, by removing the membrane enclosing them as a whole
instead of individually removing particles.

4. Materials and methods
4.1. Janus particles

Janus colloids were fabricated by drop casting a diluted
solution of SiO, microspheres of radius Rp = 1.5 pm (Sigma
Aldrich) on a plasma clean glass slide. After evaporation of the
solvent, a nanometric (30 nm) Cu layer was subsequently
thermally deposited on the microspheres monolayer. The half
Cu-coated microspheres were released in MilliQ water thanks
to ultrasonic pulses and stored at 4 °C until use.

4.2. Giant unilamellar vesicles assembly

The giant unilamellar vesicles were prepared using a PVA
(Polyvinyl alcohol) gel-assisted formation method.”® The PVA
gel is prepared by dissolving PVA in pure water (MilliQ water) at
5% w/v concentration. The prepared PVA gel is spread uni-
formly in PTFE (polytetrafluoroethylene) troughs and dried for
45 minutes at 80 °C in an oven. In the case of POPC/POPC-NBD
vesicles, 5 uL of a 99: 1 (molar) mixture of POPC (1-palmitoyl-2-
oleoylphosphatidylcholine) and POPC-NBD (POPC fluores-
cently labelled with nitrobenzoxadiazole) lipids in chloroform
(1 g L") are spread on the PVA gel and vacuum dried in a
desiccator for 15 minutes. At this stage, the lipids under solvent
evaporation spontaneously form stacks of lipid layers sup-
ported by the dried PVA gel film. This lipid system obtained
is then hydrated with 200 pL of sucrose (50-150 mM) and
allowed to grow for 2 hours while remaining sealed to avoid
water evaporation that would lead to sucrose solution concen-
tration increase. The vesicle suspension is then collected and
sedimented in 1 mL of glucose solution with matching concen-
tration to have isotonic conditions. They are stored in isotonic
conditions for optimal stability and osmotically deflated when
preparing the sample (see below). The slight density mismatch
between the sucrose solution inside the vesicle and the sucrose/
glucose solution in the outer aqueous medium allows the
vesicles to sediment at the bottom of the observation cell
without strongly deforming them.

4.3. Sample cell preparation

The sample cell consists in a thin glass coverslip (0.17 mm
thickness, Menzel-Gldaser) on top of which a self-adhesive
silicon imaging chamber (CoreWell Imaging Chamber) of
0.9 cm diameter and 1.6 mm thickness is placed. The whole
forms a sealed through which can then be filled with 150 pL of
a glucose solution with concentration matching the vesicle
outer solution concentration. 1-5 pL of concentrated GUVs
solution can then be added as well as 2 pL of particles solution.
The whole is then left open for an hour to allow evaporation of the
water in the glucose phase and induce the deflation of the GUVs.

This journal is © The Royal Society of Chemistry 2024
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4.4. Optical setup

The microscope used here is a Nikon Eclipse TE2000 confocal
microscope which was used both as a standard inverted micro-
scope for bright field and epifluorescence visualization of the
sample and as a confocal microscope. Objectives used are
Nikon x40 air objective, x60 water objective and x100 oil
objective. Bright field illumination light source was a LHS-
H100P-1 12V100W halogen lamp. The fluorescence excitation
light source is the Nikon C-HGFI Intensilight, combined with
the appropriate set of filters (Semrock optical filters as exciter,
emitter and dichroic) to shine blue light on the sample. Bright
field as well as epifluorescence acquisitions were done using a
Hamamatsu C13440 Orca-Flash 4.0 digital camera.

4.5. Acquisition and tracking

Videos were acquired at frequencies ranging from 25 to 100 frames
per second (fps). Tracking of the Janus Cu@SiO, particles center of
mass required an appropriate thresholding of the microscope
acquisitions for the tracking algorithm not to be influenced by
the particle orientation changes. Fitting the raw images indeed led
to additional unphysical motion of the center of mass due to the
orientation variations correlated with a change in aspect of the
particle. To get rid of this effect, microscopy acquisitions were
thresholded using Image] so that the particle would appear as
a plain circular dark spot and the tracking was insensitive to
orientation changes. The center of mass tracking of these dark
spots was then achieved using the open source software Blender v
3.0.0 (Blender, Inc.). Orientation tracking was performed using a
homemade Image]J routine (ESIT) consisting in inverting the image
and subsequently threshold appropriately in order to track the
orientation of the Cu coated hemisphere whose 2D projection is
close to an ellipsoid.
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