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Cell-inspired architectures offer a promising path toward self-regulating and functional artificial
microswimmers. Here, we fabricate Janus lipid vesicles with reconfigurable motion enabled by membrane
fluidity. Depending on temperature and their membrane composition giant unilamellar vesicles (GUVs) can
undergo spontaneous phase separation, forming Janus-like structures at room temperature. We
demonstrate that due to their Janus architecture, they self-propel under external electric fields as their
colloidal analogues. Interestingly, their fluid membrane coupled to the electric field induces transitions
between laterally phase separated and disordered reconfigured states, characterized by 2D domain analysis.
These transitions drive distinct run-and-tumble dynamics, with runs linked to phase-separated Janus states
of the GUV and tumbles to transient disorder of the lipid domains, leading to an instantaneous halt of their
activity due to loss of the Janus asymmetry. We identify a faster reorientation timescale decoupled from
thermal effects provoked by the tumble events. This cell-inspired system offers a novel strategy for
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1 Introduction

Cells, even in their simplest forms, exhibit adaptive motion and
task execution, capabilities underpinned by their complex and
hierarchized architecture. Replicating such intricate behavior
at the microscale offers a pathway to uncover the fundamental
physical and material ingredients required for biological com-
plexity, while also inspiring the design of next-generation
micromotors.” Active colloids present a suitable minimal
model to reproduce the motility of their biological counterparts
at the microscale,' with great potential for the realization of
bioinspired microdevices.” These artificial microswimmers are
designed to capture the dynamical features of their biological
counterparts such as adaptive motion via external®® or
internal® ™" feedback mechanics incorporating responsive
materials, or to perform simple tasks.'>* The realization of
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developing matile artificial cells and programmable microswimmers.

tactic dynamics following the biomotility strategies, such as run
and tumble of bacteria, provides a key feature to design self-
guided microdevices."> Dynamical reconfiguration of artificial
microswimmers is achieved using flexible colloidal assemblies
that transition from asymmetric to symmetric geometries.'®™®
Yet, such realization relies on the random diffusion of the
flexible colloidal bonds, leading to slow directional changes
due to Brownian diffusion,'®?® in contrast with the abrupt
turning events seen in bacterial run-and-tumble. As an alter-
native, external actuation renders an efficient strategy to impart
virtual run and tumble dynamics, as studied with Quincke
rollers,’ leading to exciting collective behaviour at higher den-
sities. Nevertheless, the use of hard building blocks limits the
architecture design and narrows their further programmability,
in stark contrast to the sophistication of cellular compartments.
The realization of hierarchical and compartmentalized designs
holds the key to realising cell-mimetic microdevices.*!

A promising alternative is using soft compartments such as
giant unilamellar vesicles (GUVs)*** as biological scaffolds.
Thanks to their physical-chemical properties, GUVs serve as
shape-shifting and semipermeable containers, able to interact
with the environment, exchange information, and reconfigure
in the presence of obstacles.*” These cell-like architectures have
gained increasing interest in the active matter community as an
alternative architecture to construct active cell replicas. Initial
numerical models proposed active giant vesicles driven by
internal active colloids as motors.”>”?’ While several
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experimental systems tried to unveil the correlation between
membrane deformation and activity of encapsulated active
colloids;**>! only recently motion transfer to the whole
membrane encapsulating bacteria®®* or magnetic particles® has
been achieved. The search for the efficient directed motion of
GUVs led to adopting standard propulsion mechanisms found in
hard active colloids, such as light-** and chemically-driven Janus
GUVs,2”%*737 or protein-mediated GUV transport.*® Despite the
recent progress made on self-propelling giant vesicles, designing
adaptive and functional motility reminiscent of biological micro-
swimmers requires careful design and understanding of the role
of lipid membrane properties.

In this context, we introduce an experimental approach to
fabricate active cell-mimetic compartments using phase-
separated Janus lipid vesicles with reconfigurable motion. Their
rich dynamics under external actuation are determined by the
intrinsic membrane fluidity properties, geometry and inter-
action with their environment leading to run-and-tumble-like
events.

2 Results and discussion
2.1 Behavior of Janus GUVs under AC electric fields

In this work, we fabricate active and self-reconfigurable phase-
separated giant unilamellar vesicles (GUVs), here referred to as
Janus GUVs, to explore their behaviour and dynamics under AC
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electric fields. The Janus GUVs were produced using electro-
formation®*>*° as described in detail in the Methods section
(ESL, T Appendix, Fig. S1 and S2). Briefly, we hydrate in a solution
of 25 mM of sucrose at 60 °C a previously dried layer of a ternary
lipid mixture: 1,2-dioleoyl-sn-glycerol-3-phosphocholine (DOPC),
1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC), and choles-
terol (Chol), leading to laterally asymmetric phase separated
Janus particle-like GUVs (Fig. 1(a) and (b)). At the chosen compo-
sition, DOPC, DPPC and cholesterol generally exhibit sponta-
neous phase separation below 30 °C, forming DOPC-rich liquid
disordered (Lgq) and DPPC-rich liquid-ordered (L,) phases.’ In
our experiments, upon cooling down to 25 °C, the vesicles exhibit
phase separation due to the immiscibility of these two phospho-
lipids. The resulting phase-separated Janus GUVs also contain a
small amount of two charged fluorescently labeled phospholipids
(see Methods): 18:1 Liss Rhod PE (RhPE, red), and 14:0 NBD PE
(NBDPE, green). NBDPE dissolves in both phases, while RhPE
partitions only into the DOPC-rich phase (Lg), as shown in
Fig. 1(c)-(e). The final Janus GUVs exhibit a broad range of sizes
and asymmetries (see ESL} Fig. S2). In this work, we focus on
sizes of R = 3-7 um and phase separation asymmetry Ly/L, = 1,
where the ratio Lg/L, denotes the ratio of red to green pixels on
the circumference of the GUV in its equatorial plane. We char-
acterize their passive single dynamics, with an average diffusion
coefficient D = 0.047 + 0.038 pm?> s, consistent with the
predicted theoretical value for a hard particle of the same size
(ESL,¥ Appendix, Fig. S3).
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Fig. 1 Fabrication and characterization of Janus phase-separated GUVs. (a) Fluorescence picture of a phase-separated — Janus — GUV at 25 °C, and
(b) corresponding scheme of the composition of each phase of the Janus GUV with a liquid-ordered (L,) DPPC-rich domain containing NBDPE (green)
and a liquid-disordered (Lq) DOPC-rich domain with both NBDPE and RhPE (red). Confocal images of a Janus GUV showing (c) the merged channels, (d)
NBD-PE partitioned in both L, and Ly phases, (e) and rhodamine-PE rich Ly phase images. Scale bars depict 10 um. (f) Scheme of the experimental cell
composed of two conductive parallel electrodes applying a perpendicular AC electric field, with the corresponding behavior of the Janus GUVs at varying
frequencies for passive (blue, PBP), active motion (green, ABP), and bursting (yellow, B). (g) Phase diagram of the Janus GUVs at varying peak-to-peak
voltages Vp, (corresponding to 8333-83333 V m™) and frequencies f of the electric field applied. (h) Confocal image of the phase-separated GUVs
moving along the electrodes at 10 kHz and 10 V. The shaded area indicates the position of the electrode. The x, y and z axes are in um. (i) Zoom-in on
the bottom electrode on three phase separated GUVs. The scale bar depicts 20 um.
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We first study the overall behaviour of the Janus GUVs under
AC electric fields inspired by the extensive work done on their
hard-colloidal analogues. To do this, we placed a droplet of
diluted phase-separated Janus GUVs in MilliQ water with
25 mM sucrose (no added salt) in an experimental cell with
transparent ITO-coated electrodes separated by a 120 um spacer
and connected to a function generator (Fig. 1(f)). We actuated
the Janus vesicles probing conditions from 1 to 10 V,, (8333-
83333 V. m ') and decreasing the frequency from 40 to 1 kHz,
while imaging them via optical fluorescence microscopy
through the bottom electrode (see Methods). When applying
the AC field, the GUVs, otherwise neutrally buoyant due to the
density match among the inner and outer solutions, are
attracted to the electrodes as the particle interacts with its
image dipole (Fig. 1(h), (i) and ESILi Appendix Fig. S4). Under
this cell geometry, we constructed a phase diagram of their
behavior over the various field conditions mentioned above
(Fig. 1(g)). Interestingly, at intermediate frequencies above
5 kHz and below 20 kHz, we observed active motion at
amplitudes between 3-10 Vp,,, (ESL,{ Movie S3). The frequency
range where we observed active motion of Janus GUVs in 2D
close to the electrode, is coherent with the description of
electrohydrodynamics (EHD), where flows usually arise when
kDions/H < f < K*Dions, Where H is half the distance between
both electrodes, and x and Dj,,s are the inverse of the Debye
length (approx. 300 nm for this specific system), and the
diffusion coefficient of the ions in solution, respectively (details
of calculation in ESI,i Appendix). This motion in 2D close to
the electrode is also observed in asymmetric dielectric colloidal
particles and assemblies with contrast in dielectric surface
properties, in particular, particle conductivity a,.">** As we will
show later in more detail, in our experiments each lipid domain
acts as a dielectric interface with different o, and zeta potential
{ due to the difference in composition, causing unbalanced
EHD flows around each side of the Janus GUV, leading to net
propulsion of the GUV. In this regime of active motion,
electrodeformation of the GUVs from the initial GUV shape is
negligible, less than 5%, considering intrinsic measuring errors
from the confocal images (ESI,¥ Appendix, Fig. S5). The
presence of a self-propulsion regime under these conditions
is particularly interesting to understand the dynamics of Janus
GUVs and their behavior as active compartments.

At higher frequencies, f > 30 kHz, the GUVs exhibit mostly
passive Brownian motion. The characteristic time for the for-
mation of an induced screening cloud around a spherical object

—R.43‘44 Thus, in our
ons
system, for an applied frequency of 40 kHz, (¢ = 25 ps), in a
solution of MilliQ and 25 mM sucrose (no salt) with a medium
conductivity of o, = 1.5 x 107> S m™ ', and a particle radius
average of R =5 um, t. = 700 ps, the period of the AC field is faster
than the screening cloud charging times scales being ¢ « 7. This
difference in time scales is a consequence of the finite mobility of
ions; and as the applied frequency increases, the ions have less
time to move in response to the field, canceling the EHD flows,
and thus the motion of the particles. In contrast, at lower

. . . . K
of radius R is the charging time ¢. =
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frequencies (1-5 kHz), vesicles burst at field strengths larger than
3 Vpp. This phenomenon is produced by the accumulation of
charges at both sides of the membrane, causing high transmem-
brane potential and inducing effective electric tension leading to
membrane breakage (ESI,+ Movie S2).*> The bursting of vesicles
described in literature often occurs under short DC-field pulses
(200 ps),*® equivalent and consistent to a period of an AC field
with a 5 kHz frequency, where we start to observe bursting events.

2.2 Active motion of Janus vesicles

We now focus on the active motion of the Janus GUVs and
rationalize the propulsion mechanism of the vesicles. We
analyze the spherical Janus vesicles with radius R = 3-7 um
where both phases can be well-identified, discriminating smal-
ler particles or aggregates. Based on the dynamical state dia-
gram, we performed experiments at 10 kHz in the regime of
active motion at varying voltages. In Fig. 2(a), we depict the
typical trajectories of an active Janus vesicle with increasing
voltage (Vp,;,) at a fixed frequency of 10 kHz, with particles with
asymmetry Lq/L, &~ 1. The Janus GUVs exhibit active motion
swimming consistently with the red hemisphere in front
(Fig. 2(b) and (c)) and in 2D close to the bottom electrode.
The mean velocity v (projected on the imaging plane) is
calculated from the average of the instantaneous velocities,
the displacements of a vesicle in discrete time intervals At
divided by At (with At = 0.4 s), for each trajectory at each
condition, exhibits a quadratic dependence with the electric
field E as v oc E* (Fig. 2(d)). Moreover, the velocity decreases
with increasing frequency as v oc f ' (Fig. 2(e)), as a result of
the slower double-layer polarization at the particle surface with
polarization time ¢, as previously explained.

We experimentally characterized the presence of the fluid
flows around each lipid phase on the surface of the vesicles by
using small tracer particles of ~1 pm diameter at 10 kHz and 9
Vpp (ESL T Appendix Fig. S6 and Movie S4 with two examples of
flows around GUVs). We track the EHD flows for several GUVs,
keeping a low concentration of tracer particles to avoid accu-
mulations below the membrane. We track the tracers that move
from the top of the vesicle to the bottom and away from it, and
the flows’ magnitude decreases with the distance d between the
tracer and the GUV, called repulsive or extensile flows (Fig. 2(f)),
making this a pusher type microswimmer. Based on these
observations, we rationalize the swimming behavior driven by
electrohydrodynamic (EHD) flows as the main propulsion
mechanism. Geometrically or compositionally asymmetric hard
colloids exhibit active motion via electrohydrodynamic effects
under AC electric fields in the kHz range between parallel
electrodes*® when they are close to the electrode. The oscillat-
ing electric field E applied in the vertical direction induces an
excess amount of surface charges at the substrate-fluid inter-
face. The tangential component of the nonuniform electric
field around a particle acts on the induced charges producing
recirculating EHD flows around the particle. For charged Janus
particles or assemblies with asymmetry in their surface dielec-
tric properties - in particular, particle conductivity o, - these

Soft Matter, 2025, 21, 6175-6185 | 6177
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Fig. 2 Dynamical characterization of Janus GUVs under AC fields. (a) Typical trajectories of active GUVs at increasing voltage peak-to-peak of 7, 9 and
10 Vg corresponding to 58 300, 75000 and 83333 V m™ at 10 kHz. The scale bar depicts 30 um. (b) Scheme of the Janus GUVs in the experimental cell
swimming close to the electrode in 2D and exhibiting the EHD flows at each hemisphere (red and green arrows). The sample is observed from the bottom
electrode and the black arrow depicts the direction of the motion. (c) Fluorescence image depicting typical active Janus particles and trajectories at 5 kHz
and 9 V. The inset is a zoom-in of an active Janus GUV. The white arrow indicates the direction of motion, perpendicular to the applied field. The scale
bars indicate 10 pm. (d) Janus GUV velocity v as a function of the square of the applied field at 10 kHz. Open symbols represent experimental data. The
error bars indicate the standard deviation of more than 30 particles. The dashed line is a linear fitting. (e) Velocity of the Janus GUVs v as a function of
the applied frequency at 9 V.. The error bars indicate the standard deviation with a 95% confidence interval. (f) Measured velocity of the tracers viacer for
the L, (green) and Ly (red) phases as a function of the distance d between the tracers and the GUV. The solid line represents a decay of 1/d. The error bars
are the standard deviation over more than 50 tracers. The inset indicates the direction and magnitude of the flows at the surface of each lipid phase.
(9) Velocity of the particles as a function of the lipid phase ratio Lq/L,. The color code indicates the velocity increase (from light to dark green) and the
dashed line indicates the 50: 50 ratio Lg/L lipid domains Janus GUV. On the right the corresponding fluorescence images and schematics depict the

E2 [V2cm2]x 105 Lallo=2.5

EHD flow around each lipid phase from a top view. The scale bars depict 5 um.

flows are unbalanced at each side, causing net motion of the
particles in the plane parallel to the electrode.

In our phase-separated GUVs, the green phase containing
DPPC + NBDPE exhibits EHD flows with a slightly greater
magnitude than the red phase containing DOPC + NBDPE +
RhPE (the tracers swim slightly faster and move further away),
which is consistent with the direction of the motion observed.
We measure {1, = —33 mV * 5, and {;, = —45 mV + 7, measured
by {-sizer for reference GUVs formed by each one of the main
lipids (see more details in Methods). The increase in surface
charge magnitude leads to an increase of the zeta potential,
thus increasing the local magnitude of particle conductivity as
Opr, = 1.8 X 107°Sm™, g1 =28 x 107> S m ™" (ref. 47)
(details of calculation in ESI,¥ Appendix). Thus, the dominant
flow around the green L, phase is consistent with the different
{, and thus o, compared to the red Ly phase as shown in
previous studies for charged colloidal particles near an
electrode.”® This difference arises from the presence of
negatively charged fluorescent lipids in the two phases in
different amounts. NBDPE dye dissolves in both membrane
domains, while RhPE only partitions into the Ly phase (Fig. 1(d)
and (e)), leading to a higher negatively charged surface in the Ly
domains due to the presence of both charged dyes.

6178 | Soft Matter, 2025, 21, 6175-6185

We support this experimental observation with the theore-
tical estimation of EHD flows around each hemisphere based
on their surface charge properties (ESIL,1 Appendix, Fig. S7) as
previously investigated in our works in charged thermo-
responsive active colloids with varying surface properties near
an interface.'®*® The EHD flow velocity is evaluated as a
function of the distance from the particle and the frequency,
with good agreement with the experimental data (see ESI ¥
Appendix for calculation details). In this context, a measure of
the relative importance of surface conductivity is given by the
dimensionless Dukhin number, Du, relating the media con-

KS'
omR’
where R is the radius of the particle (here approximated as
5 um). Using the values obtained for the surface conductance of
both hemispheres (see supplementary text for details of the
calculations, ESIt) of the Janus GUVS, we obtained Du =~ 10,
consistent with surface conductance effects.

Finally, we show that the Janus GUV velocity has also a
dependence on the phase separation asymmetry for vesicles of
the same size, as shown in Fig. 2(g). In particular, we found that
Janus vesicles with a higher percentage of L, (green) phase
L4/L, < 1 have higher velocities, with intermediate velocities at

ductivity (o) and surface conductance (K;), as Du =

This journal is © The Royal Society of Chemistry 2025
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La/Lo, = 1, and velocities — displacements - reaching thermal
noise when the red side is dominant Lq/L, > 1 or the asym-
metry disappears when only one of the lipid phases is present.

We perform a series of control experiments with non-phase
separated vesicles (i.e., only one type of phospholipid and
cholesterol) which do not exhibit active motion due to the lack
of asymmetry on the vesicle membrane (ESL, 1 Appendix, Fig. S8
and S9). We also perform control experiments adding salt to the
system (10~® M), causing a very mild decrease of the active
regime due to screening of surface charges and thus a decrease
of the EHD flows magnitude with respect to the solutions
without salt used in our experiments.*” Finally, we increase
the amount of charged dye, which leads to the bursting of the
vesicles at higher frequencies due to the increased membrane
charge. In all of the cases mentioned above, the motility of the
Janus GUVs was cancelled or considerably reduced.

2.3 Run and tumble dynamics: transient domain disorder
and phase separated states

Inspecting the motion of the vesicles more closely, we find
unexpected dynamical behavior that we relate to the intrinsi-
cally reconfigurable phase-separated hemispheres of the GUV.
Interestingly, the fluid nature of the bilipid membrane allows
for the periodic disruption of both distinct lipid phases under
the effect of the AC electric field, leading to transient dynamics
states that we call in this work run (fully phase separated Janus
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GUVs) and tumble (domain reconfiguration) events, due to
their similarity to the characteristic navigation strategy per-
formed by bacteria® (Fig. 3 and Movie S5, ESIY). In particular,
both phases can undergo transient reorganization. This inher-
ent property is in contrast with the discrete geometry exhibited
by hard Janus particles and other colloidal assemblies, where
the fixed material boundaries impede any geometrical, and
thus, dynamical reconfiguration. While in the absence of the
electric field, both phases are stable and phase separated, the
AC electric field coupled with the interaction with the close
electrode strongly affects the phase separation, generating
punctual lipid domain reconfiguration events.*®

We characterize the presence of run and tumble events at
10 kHz and 9 Vp, with optimized tumble identification algo-
rithms commonly used for the quantification of bacterial
dynamics.” For each trajectory, we monitored the evolution of
the instantaneous velocity v, and the orientation variation of A0
as a function of time as shown in Fig. 3(a)-(c). We locate local
velocity minima and flag a potential tumble if the velocity
decreases by more than 70% relative to the value at the corres-
ponding local minimum with respect to neighbor points. We also
evaluate the angular displacement, Af, and compare it to a
threshold obtained from the distribution of angular displace-
ments. We confirm a tumbling event only when both conditions
are met at the same time point (see ESI,¥ Appendix for more
details). This drop in velocity is related to the disruption

Run Hj] Tumble

® /’ \e/min
Run / G Q ™
g Vmax
Run
(top view)
ABmax k 1 :; T, Vn max
o s ‘
w0 (/)Q' A R
0.6 0.6; X.-.:,
O 2 s = ABmin 02 ° 7 e B Vn min
0 0.5 1 0 0.5 1
V/Vma [ums '] A0 [rad]

Fig. 3 Runand tumble-like motion of Janus GUVs (a) fluorescence pictures of example tumble events (t) due to membrane domain mixture, and loss of
asymmetry. Scale bars represent 15 um. Evolution as a function of time of the (b) instantaneous velocity v as the displacements between two frames with
dt = 0.4 s, (c) change in orientation A0 between two frames with dt = 0.4 s, and (d) order parameters S, for the GUV in panel a. The dashed line in (d)
represents the threshold below which the system is measured as disordered S, < 0.75. The vertical grey areas indicate the tumble events detected by
overlapping a local minimum in v, a maximum in A0, and minima in S, (e) Snapshot of a fluorescent microscopy video of an Active Janus GUV, overlaid
with its trajectory at 10 kHz and 9 V,,,. The tumble events are indicated as t;. The colour code indicates the velocity evolution. Screenshots of (f) run and (g)
tumble events of a Janus GUV. The inset depicts a schematic representation of the phase re-arrangement. Scale bars are 15 um. (h) Corresponding
schemes of the run (Janus GUV) and tumble events (disordered domains) (i) scheme of a 2D projection of a fully phase-separated GUV (left) and the
parameters identified for calculating the order parameters S, being s; the orientation of the vector and L; the length of the domain segment. Dependence
of (j) Sp with normalized velocity for the full particle in (e) of 320 s. The colour code indicates the associated A0, and (k) the S, order parameters as a
function of the variation of the direction of the particle A0. The color coding depicts the normalized velocity of the particle.
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occurring between the two distinct lipid domains in the vesicle
membrane, which leads to asymmetry loss and therefore loss of
directed motion. Meanwhile, there is an increase in the jittering
of the particle in place during the tumbling events.

To have a better insight into the membrane phase domain
structure during these processes, we quantify an order para-
meter S, (Fig. 3(d)) that measures the spatial distribution of
red-labeled regions along the vesicle’s perimeter at the equator
of the spherical vesicle. We integrate both the angular position
s; and the length of each segment L; for the red domains,
serving effectively as an order parameter for the alignment of
labeled regions (Fig. 3(i)). This is done by detecting red pixels
on the perimeter of the 2D projection from the fluorescence
images (ESI,1 Appendix). Each segment’s spatial distribution is
translated into a vector in the 2D plane. The direction of this
vector is aligned with the segment’s angular position, and its
magnitude is determined by the segment’s length L;. Formally:

cos(6;
s =L { Sm((giﬂ o)
The cumulative contribution of all individual segment vectors
is obtained by computing their weighted average, resulting in a
weighted-polar-vector Sy,

s

S, =1
p ZLlﬁ

(2)

where the magnitude of S, = |S;,| provides the overall alignment
strength of the red-label signal and therefore delineates the
dominant orientation of the red-labelled regions on the vesicle.
If S, > 0.75, the Janus vesicle asymmetry is related to a
transition to an ordered state, while if S;, < 0.75 the asymmetry
is lost. The tumble events coincide with an overlap in a drop
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in v, the increase in A, where phenomenologically we observed
the order parameter S, < 0.75. We found a correlation of the S,
with v and the A (Fig. 3(j), (k) and Fig. S10, ESIT) where the
highest values of S, coincide mostly with high values of v and
low Af, while the tumbling events show a distinct decrease of
S, and v and an increase of Af. At the frame rate used (2.5 fps)
the domain reconfiguration and associated drop in velocity v,
change in direction A0 and decrease in order parameter S, occur
simultaneously during the tumble events (Fig. 3(b)~(d)). It is impor-
tant to note that since the analysis is performed on a 2D projection
of a 3D image, we have inherent noise due to the underestimation
of certain phase domain configurations. Interestingly, the run phase
where the maximal velocity of the vesicle is observed, arises at a
configuration where the asymmetry plane — domain boundary plane
- is perpendicular to the electrode - along the direction of the
electric field - and seems to be a preferential orientation. This has
been observed in solid Janus particles before due to electro-
orientation effects, that cause the rotation and orientation of the
particle along the direction of the electric field. In a fluid membrane
with two lipid phases, we speculate that this behavior might be
related to the different membrane surface properties conferred by
the polar heads of the lipids in each phase in combination with the
fluorescent lipids.

Looking at the typical velocities of runs and tumbles after
the classification of each event (Fig. 4(a) and (b)), we find that
the runs are distinctly faster as shown in the velocity distribu-
tions in Fig. 4(c). We observe run and tumble duration times
(fum and t.,, respectively) distributions following a Poisson
exponential decay of tumble-time ¢, and run-time ¢, given
by the exponential fit as Yy, oc 1/7.‘mr,e”’”"/7‘“n and Yqm o€
1/Fegme ™ brum/Bum respectively, where 7™ = 9.49 s is the mean run-
time and %, = 1.92 s is the mean tumble-time as shown in
Fig. 4(d), as expected for run and tumble motion® with both

Q00 : b 3 25/
. L ._____f_.trun
g2 1_5\/W\,\/ v W
l;. 1 05: - - ttum
g 40 60 80 100 {[g]
100 ¢ d
> 360 180
20 Tumble ' ]
) c 120 | 5
1\ 8 {
'E' - T O 60 ‘\
310 O § \ oL e
o 3120} 0o 5 10
\\ ttum[s]
9 - 0 . ol
0 100 200 0 2 4 6 0 25 50
X [um] v [ums’] tn [S]

Fig. 4 Trajectory analysis and classification of run and tumble. (a) Example trajectories at 10 kHz, 9 V., with blue representing runs and orange
representing the detected tumbles in the trajectories. (b) Zoom in on the trajectory representing the velocity as a function of time where a tumble can be
distinguished as a drop in v. The color code indicates the particle velocity. (c) Histogram of the mean velocities of the runs (orange) and tumbles (blue)
after analysis of 30 trajectories. (d) Distributions ¥ of tumble-time ty,n and run-time t,,, drawn from exponential fits as Y n oc 1/fmr,e"“"“/?’Un and
Yium o€ 1/ftume’“u"1/?tum respectively, where t,,, and tum are the mean run-time and mean tumble-time, respectively.
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times being randomly distributed in the trajectory, reminiscent
of bacterial swimming patterns.®*

2.4 Tumbling reorientation time and anomalous dynamics

We compare the experimental trajectories with simulations
using Active Brownian particle (ABP) and Run and Tumble
particle (RTP) simulations (ESI,f Appendix) for particles with
the same characteristic as the Janus GUVs (v, diameter, and
rotational diffusion Dy associated to the particle size) as shown
in Fig. 5(a)—(c). With this information, we perform statistical
analysis for both spatial G(|x|,f) and orientational G(|A6],t)
displacements at short time scales (d¢ = 0.4 s), where G is the
probability distribution function. For the experimental data, we
observe a non-Gaussian behavior with a transition from a first
exponential phase at small |x| and |Af|, followed by an expo-
nential tail at longer displacements. Both exponential phases
are fitted with the expression G oc 1/e* where x represents the
data plotted on the x-axis. The exponential tails in G are
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characteristic of dynamical heterogeneity such as in glassy
phases or bacterial dynamics,”® where faster and slower
events coexist. This is the case for our system in constant
transition between runs and tumbles, where A0y, > AOpun,
and Vgm < Vwne Interestingly, we recover also exponential
behavior at short displacements, as opposed to the expected
Gaussianity, hinting at heterogeneous dynamics at short times,
dominated by the large spatial and angular fluctuations when
both phases of the GUV are not fully separated when over-
coming a tumble. There is also a distinct deviation from the ABP
model behavior, where for G(x,t) we expect a broader and flatter
distribution with a double peak in the ballistic regime,>® and for

‘xl)

G(A0,t) a single Laplace distribution, where G(Af, 1) e’T‘.
We have a rather good agreement for the G(6,t) with the RTP
model, and qualitatively similar behavior for G(x,t). In the latter,
the simulation exhibits the distinct centered peak defined by
the tumble events, with two prominent shoulders related to the
ballistic regime of the tumbles. However, experimentally, these

54
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Fig. 5 Statistical analysis and field dependent reorientation. (a) Example trajectories of an experimental trajectory (blue) at 10 kHz and 9 Vg, with tyym =11+ 4's
(determined by fitting the time at which the slope of the double logarithmic MSD plot of the trajectory changes), and simulated trajectories with ABP model (grey) of
a particle with analogous properties with R = 3 mm, overall v = 1.2 ym stand TRTheo = 165 s, and RTP model (magenta). The scale bar depicts 20 pm. The
probability distribution function of (b) the displacements x and (c) the orientation A0. The blue solid line represents the experimental data for 30 particles of around
500 frames at 10 kHz and 9 V, and the light blue dashed lines represent the exponential fit of G oc 1/€* at small and large displacements or angles respectively,
where x represents the data plotted on the x-axis. The grey dashed line in the inset represents the simulated ABP data and the magenta dashed line represents the
simulated RTP data. (d) Mean square displacements of particles at increasing voltage conditions and fixed frequency (10 kHz). The open symbols represent the
ensemble average for each condition, and the solid lines represent the fitting for long times. (e) Reorientation time 1y, obtained from the individual mean-square
displacements, as a function of GUV radius R. The right plot indicates the histogram of the data points. (f) Decreasing reorientation time ., with increasing velocity
(thus, field applied) for the particles in (e). The error bar is calculated from the standard deviation with a 95% confidence interval. The open symbols represent the
kT

experimental data. The solid line and the shaded rectangle represent the theoretical prediction, g = Dgt using Einstein—Stokes Dr = e
P
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shoulders are less pronounced, mostly due to the smooth transi-
tions from run and tumble in the experiments, which are
different from the sharp change from each state in the model.
Overall, the presence of the run and tumble events arising from
the constant fluctuations of both phases of the GUVs lead to a
fluctuating swimming force, reflected in the velocity variations
and the difference from the RTP model.

Furthermore, we measure the mean square displacement
(MSD) with trajectories of at least ¢ = 150 s for increasing voltage
conditions and fixed frequency at 10 kHz (Fig. 5(d)). We extract
reorientation times by fitting the expression of the MSD at long
times for ABP (see ESI), obtained from the relaxation from
ballistic to diffusive in the MSD.>* While the expected thermal
reorientation time 7y for a spherical particle of 10 pm diameter
is ~10% s, where 1 = D' = ¢/kT, (; being the drag coefficient),
we find a drastic difference, where 1z &~ 1007q,,. Notably, the
extracted 7y, from the MSD does not exhibit an effect of the size
(Fig. 5(e)), which differs from the Einstein-Stokes equation
Dr = kgT/c. In this system, both the velocity v and 1y, are
controlled by the applied voltage, with 7, reflecting the rando-
mization of the active trajectory via these field-induced symmetry-
breaking events. Thus, 7y, is decoupled from 1R, consequence
of faster, AC field-driven membrane reconfiguration, where the
vesicle transiently loses its Janus asymmetry (and therefore its
activity) leading to an instantaneous stop, before recovering Janus
asymmetry and resuming propulsion in a random direction.

This is coherent with the RTPs, where they only differ in
their rotational relaxation, as RTPs undergo discrete tumbling
events of short duration that randomize their swimming direc-
tion. This effect is not observed for their hard colloidal analo-
gues with fixed geometries without external steering, as it is
directly related to the lipid domain reconfiguration and loss of
Janus architecture that is only possible for fluid membranes. In
addition, 7y, depends on the activity decreasing as v increases
(Fig. 5(f)), hinting at a strong correlation between the tumbling
events and the applied field. The data deviation is given by the
population spread of phase separation ratio L4/L, of the phase-
separated vesicles of same size, which has an important influ-
ence on their instantaneous average velocities, with faster
vesicles when the Lg/L, < 1 as previously mentioned. Interest-
ingly, the constant but random transition from running and
tumbling events of the GUVs might arise from the interaction
of the membrane with the rough topography of the bottom
electrode. Topographic roughness arises from ITO deposition
which generates point defects perturbing punctually the elec-
tric field leading to the perturbation of the phase separation.
Alternatively, the presence of the EHD flows at the surface of
the particles, could be a potential source for the lipid domain
reconfiguration events, also depending on the field strength as
previously shown by Dimova et al. for passive GUVs in co-planar
electrodes.®® While this remains an open question, it hints at
exciting opportunities towards surface patterning for the navi-
gation design of the active GUVs based on their run-and-tumble
events driven by membrane reconfiguration.

Finally, we demonstrate with preliminary tests that cargo
encapsulation, uptake, and further on-demand release would be
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possible by utilizing the response of the active GUVs to the
applied AC electric field (Fig. S11 and Movies S6, S7, ESIT).
Under an AC-field (10 kHz, 10 V), larger vesicles (R = 6 =+
3.6 um) carrying smaller vesicles (R < 2 um) exhibit active
motion without impairment from the cargo. Controlled release
is achieved by applying lower frequencies (1-5 kHz), bursting
the bilipid membrane to release the cargo. Janus and active GUVs
also demonstrate spontaneous cargo uptake. For instance, an
active Janus GUV can capture and transport a 2 pm polystyrene
particle via EHD flows and particle-membrane interactions.”” The
cargo can later be released by applying a low-frequency field
(1 kHz, 5 Vpp). These findings highlight the potential of active
GUVs for simple tasks and interactions with biological systems.

3 Conclusion

In our study, we unveil the intricate dynamics of phase-separated
Janus giant unilamellar vesicles (GUVs) under AC electric fields,
rendering the precursor for compartmentalized artificial micro-
swimmers with inherent reconfigurable dynamics. Our observa-
tions reveal transitions between run-and-tumble states attributed to
interplay between the fluidity of the bilipid membrane and the
electric field, giving rise to an enhanced reorientation timescale
due to the tumbling events. The system developed here operates as
a Markovian telegraph process, with transitions between two states
(runs and tumbles).”® The temperature-driven phase separation of
the lipid hemisphere unlocks an unprecedented tool for the future
design of reconfigurable and internally guided dynamics under
predesigned temperature gradients. Nevertheless, a higher degree
of control over the size and composition of these active Janus GUVs
and their surroundings is needed to investigate these questions.
The use of active GUVs provides a great platform for the develop-
ment of cargo uptake, transport, and release, taking advantage of
the versatility of the lipid membrane in combination with its active
motion. Future developments of this strategy are closely connected
to progress in advanced artificial cells, featuring motion via
chemical signalling as explored in membraneless compart-
ments,*®>® navigation strategies in complex environments,* or
collective behavior with soft potentials.®"*>

In conclusion, our work presents a step forward in the fields
of active matter and artificial cells with the experimental
realization of phase-separation-dependent dynamics in Janus
GUVs. These cell-mimetic compartments, exhibiting run-and-
tumble motions, open new avenues in the design of tactic
dynamics, shedding light on the role of domain structures
and motility states. These discoveries lay a fundamental frame-
work for the future development of active giant vesicles.

4 Materials and methods
4.1 Materials

1,2-Dioleoyl-sn-glycerol-3-phosphocholine (DOPC), 1,2-dipalmit-
oyl-sn-glycerol-3 phosphocholine (DPPC), 1,2-dioleoyl-sn-glycerol-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(RhPE) and 1,2-dipalmitoyl-sn-glycerol-3-phosphoethanolamine-

This journal is © The Royal Society of Chemistry 2025
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N (7-nitro-2-1,3 benzoxadiazol) (NBDPE) were bought from Avanti
Polar Lipids (USA). Cholesterol (highly purified) was purchased
from EMD Millipore Corp. (USA). Chloroform (ReagentPlus,
99.8%), sucrose (BioUltra, 99.5%, contains 0.5 to 1% ethanol as
a stabilizer) and poly(sodium 4-styrene sulfonate) (P-S-sulfonate)
(average My =~ 70000, powder) and spacers Grace Bio-Labs
SecureSeal imaging spacer (8 wells, 9 mm diameter, 0.12 mm
thickness) were purchased from Sigma-Aldrich. Copper tape
(double-sided, 12 mm x 16.5 mm x 2 mm) was purchased from
Distrelec. ITO-slides from Corning were used for electroforma-
tion (50 x 75 x 1.1 mm, R, = 4-10 Q) and AC-field experiments
(25 mm x 25 mm x 0.7 mm, R, =9-15 Q and 25 mm x 25 mm X
1.1 mm, Rs = 4-8 Q). MilliQ water was used and filtered with
0.2 pm CA-membrane filters (ClearLine).

4.2 Phase-separated Janus vesicle formation

Lipids were dissolved in chloroform to a final concentration of
1 mM in a 35:35:30 DOPC/DPPC/cholesterol molar ratio,
supplemented with 0.1% RhPE and 1% NBDPE. The lipid
solution was drop-cast onto an ITO-coated glass slide to form
a thin film inside the wells of a PDMS spacer, then sealed with a
second ITO-coated slide and clamped together. The assembled
chamber was placed in a vacuum desiccator for at least 1 hour
(up to overnight) to remove residual chloroform. The wells were
subsequently filled with a 25 mM sucrose solution in filtered
MilliQ water. The electrodes were connected to a function
generator (Keysight 33500B Waveform Generator Trueform),
and the chamber was heated to 60 °C on a hot plate while
applying an AC electric field, following protocols adapted from
previous studies on GUV formation.*® The resulting GUV sus-
pension was collected and stored in Eppendorf tubes at room
temperature (25 °C), protected from light, and used within one
week. Samples were typically imaged one day after electroforma-
tion to allow sufficient time for domain coalescence and for-
mation of Janus-like GUVs.*! For zeta ({)-sizer measurements,
non-phase-separated GUVs were prepared using the same elec-
troformation protocol, with lipid compositions mimicking each
of the individual coexisting phases. Based on previous
measurements,*’ the liquid-disordered (Ly) phase contains
approximately one-third of the total cholesterol, while the
liquid-ordered (L,) phase contains the remaining two-thirds.
Accordingly, Lg-like vesicles were formed using a 90:10 DOPC/
cholesterol molar ratio with 1% NBDPE and 0.2% RhPE, and L,-
like vesicles were prepared with an 80:20 DPPC/cholesterol
ratio and 1% NBDPE. Control samples without fluorescent dyes
were also prepared with 90:10 DOPC/chol and 80:20 DPPC/
chol, respectively.

4.3 Sample and AC electrics field

To build the experimental cell, we first clean the ITO-coated
glass slides (0.7 mm thickness) by sonicating them for 5 min in
ethanol, then 5 min in pure MilliQ water, and finally drying
them with compressed air. Then, we placed a spacer (120 um)
on the conductive side of one of the ITO slides and filled it with
10 mg ml~" P-S-sulfonate (PSS), and left it for 10 min. Then the
remaining PSS was removed and the excess was rinsed 5 times
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with MilliQ water. A volume of the dispersion of the phase-
separated GUVs in pure MilliQ water (7.4 ul) containing the
GUVs was placed into the spacer and covered with an unfunc-
tionalized ITO slide. Electrodes were attached to the cell with
copper tape and connected to a function generator (Keysight
33500B Waveform Generator Trueform) to apply a sinusoidal
AC-field ranging between 1-10 V,, and 1-10 kHz. In order to
obtain enough statistics for the study and prove their repro-
ductivity, we have performed these experiments over different
samples (over more than 100 Janus GUVs of sizes 3-7 pum and
Lo/Lq =~ 1). The samples are left to rest for 1 day for the phase
separation and thus the full Janus asymmetry to recover.

4.4 Microscope observation and tracking

We characterized the GUV behavior under different voltage
conditions using an inverted optical microscope (Olympus
1X71) equipped with a 40x objective and a CoolLED pE excita-
tion system to observe fluorophore-labeled vesicles. Samples
were imaged between 1 and 7 days after fabrication and
remained stable for up to one month. Initial trajectories were
recorded with a Canon EOS 77D camera using exposure times
of 30 s, sufficient to reveal the presence of active motion. For
quantitative analysis of activity and phase separation under
controlled field conditions, we used a confocal microscope
(Zeiss LSM 980 Airyscan) in fluorescence mode, with a Zeiss
Axiocam 705 mono camera. Prior to recording, an AC field of
40 kHz and 1 V, was applied and gradually increased to 10 V,,,
to ensure equilibration and attraction of GUVs to the substrate.
The frequency was then reduced to 10 kHz, and videos were
recorded at 2-3.5 fps for 1000 to 1200 frames using 475 nm and
555 nm LED excitation sources, with exposure times of 50-100 ms
per channel. For passive Brownian motion measurements, videos
were recorded at 10 fps with 50 ms exposure in each channel.
To quantify the population of phase-separated GUVs, imaging
was performed on non-conductive # 1 glass slides using 488 nm
and 561 nm lasers. A z-step of 0.62 pm was used for confocal
stacks. Due to refractive index mismatch, a correction factor
k = Nwater/Nair was applied for accurate 3D reconstruction.
Particle dynamics were analyzed using pre-optimized tracking
routines in MATLAB and Fiji (Image]).
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