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Lipid membrane deformations have been predicted to lead to indirect forces between the objects that
induce these deformations. Recent experimental measurements have found an attractive interaction
between spherical particles that all induce a deformation towards the inside of a giant unilamellar
vesicle. Here, we complement these experimental observations by investigating the interactions
between deformations pointing in opposite directions with respect to the membrane normal vector.
This is experimentally realized by a particle deforming the membrane towards the inside of the GUV and
pulling a membrane tube towards the outside of the membrane. Particles completely wrapped by the
membrane are repelled from the tube with a strength of 3 kgT at a distance of 0.5 um. However,
particles that strongly curve the membrane by adhering only to a patch of about 50% of its surface area
are attracted to the center of the tube with a strength of —5.3 kgT at a minimum distance of about
1 um. We find that such Janus particles also experience attractive interactions when both deforming the
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interactions between oppositely membrane deforming objects, important for cooperative protein

Open Access Article. Published on 19 May 2025. Downloaded on 5/10/2026 12:04:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/soft-matter-journal

1. Introduction

Membrane proteins constitute one-third of all human
proteins,' which control cellular functions such as receptor
signaling and ion transport.” Errors in their organization are
linked to various diseases,>™ making the study of the driving
forces for protein arrangements in the plasma membrane
crucial. Complex proteins migrate in the fluid membrane and
interact through many forces, such as electrostatic,® capillary,”
van der Waals,® hydrophobic and hydrophilic forces,’ depending
on their structure, orientation, electrical charge, and distance to
other proteins.

Besides these well-known interactions, the membrane itself
also can induce forces between them.'®™® In particular, pro-
teins that locally bend the membrane give rise to interactions
driven by the minimization of membrane bending energy.'"'*
Quantifying these deformation-mediated interactions in a
biological setting is challenging, as they occur alongside a variety
of other forces that complicate their isolation and measurement.
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assembly at or interactions of microplastics with cell membranes.

Therefore, simplified models that allow selective and quantita-
tive measurements of these interactions are employed.

To make theoretical predictions for the interactions between
membrane-deforming objects, membrane inclusions with a
simplified shape, such as a cone or sphere, are typically
considered.""">'® Weakly membrane-deforming conical inclu-
sions in a flat membrane were found to repel each other, both
for equally and oppositely oriented deformations of the
membrane.''>'® When including additional factors such as
membrane tension or stronger deformations, the interactions
between opposite inclusions were found to be attractive at
longer ranges,"” > with conical inclusions showing an addi-
tional strong repulsion at short ranges.'* For strongly
membrane deforming objects a switch from repulsion to attrac-
tion was observed even when the deformations were oriented in
the same direction.>**” These predictions were in line with
recent experimental measurements on simplified model sys-
tems consisting of membrane-deforming colloidal spheres and
giant unilamellar vesicles. For equally deforming particles, an
attraction was consistently found,?®*" although the strength of
the attraction varied considerably, ranging from a few kg7 to
hundreds of kz7.>>*° This variation highlights that minute
differences in the induced curvature can play a crucial role in
the interaction between membrane-deforming objects.

This journal is © The Royal Society of Chemistry 2025
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No experimental measurements exist, though, for interac-
tions between objects that induce opposite curvature on a
membrane. While theoretical and numerical predictions for
interactions between opposite membrane inclusions have been
put forward, the same studies did not show agreement with
experiments for equal membrane deformations, suggesting
that they may not be able to predict the interactions correctly.

In this paper, we therefore use a previously developed
simplified model system composed of a Giant Unilamellar
Vesicle (GUV), which is made of a lipid bilayer and adhesive
colloidal particles that deform the membrane to study the inter-
actions between oppositely membrane-deforming objects. We use
both fully adhesive as well as partially adhesive (Janus) colloidal
particles to induce deformations by (partial) wrapping of the
membrane to examine the force between equal and opposite
membrane deformations. Opposite membrane deformations are
realized by pulling a membrane tube from a GUV and studying the
interaction with a particle that deforms the GUV towards the
inside. We find that fully wrapped particles are repelled from the
pulled tube, whereas partially wrapped particles which create large
deformations are attracted. To complete the picture, we directly
measure the attraction force between two partially wrapped
particles deforming a membrane and find it to be attractive in
line with earlier measurements on fully-wrapped particles.

2. Materials and methods

2.1. Chemicals

Phosphate-buffered saline (PBS) tablets, chloroform (99%), sodium
phosphate (99%), p-glucose (99%), 4,4"-Azobis(4-cyanovaleric acid)
(98%, ACVA), N-hydroxysulfosuccinimide sodium salt (98%),
Bovine serum albumin (BSA), and 1,3,5,7-tetramethyl-8-phenyl-
4,4-difluoro-bora-diaza-indacene (97%, BODIPYTM FL) were pur-
chased from Sigma-Aldrich; methoxypoly(ethylene) glycol amine
(mPEG, MW = 5000) from Alfa Aesar; 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimid hydrochloride (99%, EDC) were
obtained from Carl Roth; NeutrAvidin (avidin) from Thermo Scien-
tific; 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-{biotinyl(poly-
ethylene glycol)}-2000] (DOPE-PEG-biotin), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl) (DOPE-Rhodamine),
from Avanti Polar Lipids were purchased from Sigma-Aldrich.
Deionized water with resistivity of 18.2 MQ cm obtained from a
Millipore Filtration System (Milli-Q Gradient A10) was used in all
experiments. All chemicals were used as received.

2.2. Vesicle production

Giant Unilamellar Vesicles were prepared from a mixture of
97.5 wt% DOPC, 2.0 wt% DOPE-PEG2000-Biotin, and 0.5 wt%
DOPE-Rhodamine by the electroformation method as
described in ref. 31 and 32.

2.3. Particle functionalization

Carboxylated polystyrene (PS) particles with diameter of 0.98 +
0.03 pm were prepared by surfactant-free radical polymerization.*®
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The fluorescent dye BODIPY was included in the synthesis for
imaging. PS particles were functionalized with NeutrAvidin and
mPEG 5000 following the procedure described in ref. 29 and 34.

2.4. Sample preparation

25 mm round coverslips were coated with 0.5 ¢ L™ BSA buffer
for 2 min and then washed three times with PBS buffer. The
BSA-coated coverslips allowed the particles to stick to the
coverslip such that GUVs could partially attach to the substrate
or particles. Vesicles were gently washed in isotonic PBS,
diluted to remove small lipid aggregates and then mixed with
the particles in the same buffer. Finally, the mixture was
injected into a home-built stainless steel microscope chamber.
The chamber was kept open after approximately 30 minutes to
allow the osmolality of the external solution to increase allowing
particle wrapping. All experiments were performed at room
temperature.

2.5. Microscopy

Images were captured with an inverted Ti-E Nikon microscope
equipped with an A1-R confocal scanner. Excitation light was
passed through a 60x water immersion objective (N.A. = 1.2)
and the emitted light was reflected back through the same light
path to the detectors. Particles containing BODIPY and GUVs
labeled with Rhodamine were simultaneously excited with 488
and 561 nm laser beams, respectively. The emitted light was
collected in the ranges of 500-550 nm (particles, BODIPY) and
580-630 nm (vesicles, rhodamine). Fig. 1d corresponds to
channel 1 & 2 showing fluorescence from membrane and
colloid, respectively. Both laser beams scanned a field of view
of either 512 x 256 pixels at 59 fps or 512 x 512 pixels at 30 fps
in resonant mode.

2.6. Optical trapping and force measurement

An optical trap was provided by a highly focused laser beam
(1064 nm Nd:YAG laser, LaserQuantum) integrated into the
confocal light path to simultaneously image and trap. The laser
beam front was modulated by a high-speed Meadowlark spatial
light modulator (SLM) with a refresh rate of 120 Hz, and
holograms were generated at 100 Hz using RedTweezers
software.*®

The optical tweezers were calibrated using the equiparti-
tion theorem and kor(Ax>)/2 = kgT/2, where Ax is the displace-
ment of a trapped particle from the center of the trap and
kor is the trap stiffness. As long as the displacement of the
trapped particle from the center of the trap is small, Hooke’s
law holds so that the force (F) can easily be calculated by
F = korAx.

2.7. Image analysis and particle tracking

The open-source Python package Trackpy®® was used for locat-
ing the particle center, and circletracking®” was employed to
find the center and radii of GUVs by fitting an ellipse to its
contour. We define our coordinate system such that the origin
(x, ¥, 2) = (0, 0, 0) is located at the center of the GUV.
To reconstruct the three-dimensional positions of the particles,
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Fig. 1 Experimental setup for measuring the inverse membrane deformation-mediated interaction. (a) Detailed schematic of the pulled membrane tube
creating a deformation to the outside and a wrapped particle deforming membrane towards the inside (not to scale). 1-DOPC lipid 2-DOPE lipid 3-Biotin
4-NeutrAvidin 5-rhodamine, 6-polyethylene glycol (PEG) 7-polystyrene particle. (b) Schematic of the three-dimensional setup of a GUV (magenta) with a
tube pulled by an optical trap and including wrapped, partially-wrapped and non-wrapped particles (green) (not to scale). (c) Schematic of a cross-
section of a GUV highlighting positive and negative curvatures (M) and the geodesic distance from the tubes. (d) Confocal images of GUV cross sections
in two separated channels, from left to right: (channel 1) particle emission 500-550 nm, (channel 2) membrane emission 565-625 nm (Overlay);

scale bars are 2 pm.

we approximate the GUV as an ellipsoid stretched along the
x-direction as this is the direction in which the tube is
pulled, with major radii ¢ and minor radii » along y and z.
Under this assumption, the z-coordinate of a particle is calcu-
lated via

z=by1 -5 -

where x, y, and z are relative coordinates of particles with
respect to the GUV. The differences between the major and
minor radii a and b was found to not be more than 1 um. By
combining the particle coordinates with the vesicle geometry,
the three-dimensional positions of the particles relative to the
vesicle center were determined.

To extract the interaction energy, we analyzed the evolution
of the particle separations. To do so, we constructed the
transition probability matrix Py, which gives the probability
for a particle to change its separation from s; to s; over the
interval between two frames. Assuming a constant diffusion
coefficient, the equilibrium, i.e. stationary probability distribu-
tion, peq(s), was obtained from the master equation governing
these transitions.®® The interaction energy u(s) is then calcu-
lated via the Boltzmann relation,

u(s) = _kBTln[peq(s)] + Const.,

with the additive constant chosen such that u(c0) — 0 at large
separations.

4732 | Soft Matter, 2025, 21, 4730-4738

3. Results and discussion

To measure the curvature-mediated interaction between two
membrane deformations we use a model system based on a
Giant Unilamellar Vesicle (GUV) composed of a lipid bilayer
and adhesive spherical polystyrene particles (see Methods for
details). As shown in Fig. 1a, adhesion between the colloids and
GUV is achieved by NeutrAvidin proteins attached to the outer
surface of the colloids which exhibit strong affinity for the
biotinylated lipids which are integrated in the GUV.*° Each
NeutrAvidin-biotin bond is 17 k3T strong”® and can be consid-
ered permanent on the experimental time scale.

The functionalized particles are wrapped by the GUV when
the adhesion energy surpasses the energy required for bending
the membrane around the particle if membrane tension is
sufficiently low.>>*"*! By controlling the NeutrAvidin concen-
tration on the colloids, we regulate the adhesion energy and
thus the wrapping.** Wrapping was induced by keeping the
microscope chamber open for about 30 min such that water
could evaporate from phosphate buffered saline (PBS) media.
Accordingly, the membrane tension continuously decreased
due to the increasing osmolarity difference until adhesion
dominated and the particles were wrapped, see methods for
more details.

One way to create an experimental system with two deforma-
tions with opposite curvature would be to use two wrapped
particles: one particle inside the GUV that is being wrapped
towards the outside, and a second particle that is wrapped from
the outside towards the inside. However, while standard

This journal is © The Royal Society of Chemistry 2025
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encapsulation methods such as inverted emulsions can create
GUVs with particles on the inside,** the thus prepared GUVs
possess spontaneous curvature.’’ Our attempts to use this
method therefore resulted in the spontaneous formation of
tubes that extended both inward and outward from the
membrane, similar to ref. 44, making measurements of inter-
actions between oppositely wrapped particles prohibitively
difficult.

For this reason, we took an alternative approach to obtain
deformations with opposite curvature. In addition to using a
particle wrapped from the outside to the inside as before, we
created a membrane deformation with opposite curvature by
pulling a particle attached to the outside of the GUV further
outwards using optical tweezers, see Fig. 1. This induces the
formation of a tube and in turn a positive curvature deforma-
tion in the membrane at the point where the tube is connected
to the membrane. See Fig. 1b-d for the experimental setup and
Methods for experimental details. We note that this setup is
similar but not precisely equivalent to two equal inclusions that
induce opposite curvatures. They differ in their adhesion
energy and the precise deformation they induce.

From the force F that is applied to pull the tube and the

bending rigidity x, we can also extract the membrane tension g,
2

using o = %> See Methods section for force measurement

82k’

details. We quantified the membrane tension by assuming x =
22 kgT for DOPC vesicles created by electroformation*®*” and
found ¢ to be in a range from 3.6 to 6.8 uN m™'. The tube

. . 21 .
diameter then was estimated from dype = {/— to be in the
o

range of 160 to 220 nm.*

To image how the wrapped particle interacts with the GUV,
we fluorescently labeled the membrane with 0.5 wt%
Rhodamine-lipids and the particles with BODIPY dye. Fast
confocal microscopy in combination with a Python-based
image analysis routine®® then allows both easy tracking of
particles and characterization of the GUV, such as their size
and the position of their center®” (Fig. 1d). We monitored the
colocalization of the fluorescence signal in the channels to
distinguish whether the particles were wrapped or not. This can
be seen in Fig. 1d, where a white color in the overlay of GUV
(magenta) and colloid (green) indicates membrane-wrapped
particles. To minimize many-body effects,’"*® we worked at
low particle concentrations and only considered trajectories
where other wrapped particles were sufficiently far away.

The membrane tube was drawn from the equatorial plane of
the GUV (Fig. 1b-d) where the focal plane of the confocal
microscope was located. Taking the equator as z = 0, the z-
position of the wrapped particles was extracted from knowledge
of the x-y position of the particle and the constraint that it had
to be confined to the membrane. To do so, we fitted the
membrane with an ellipsoidal shape (see Materials and meth-
ods for details).

For symmetry reasons, the interaction energy between the
two opposite inclusions is only related to their geodesic dis-
tance s, which is shown in Fig. 1c. Here s is the distance

This journal is © The Royal Society of Chemistry 2025
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between the wrapped particle and the intersection of the tube
and GUV. To quantify the interaction, various techniques have
been developed to extract the free energy from the trajectory of
the particles®®*°7? Since the wrapped particles were not in the
focal plane of the confocal microscope most of the time, we
could not use techniques that require a long and/or continuous
trajectory.*>® Therefore, we employed a displacement-based
energy calculation relying on a master equation here.”® We
computed the transition probability matrix P; from the
observed probability of a particle transitioning from s; to s;.
By assuming a constant diffusion coefficient, we derived the
stationary probability distribution pey(s) from Pj;. The inter-
action energy u(s) between opposite inclusions is then simply
determined from the Boltzmann distribution.***®

3.1. Fully wrapped particles repel from a pulled tube

We first measured how a particle that was fully wrapped by the
membrane interacted with the oppositely curved deformation
induced by the tube. In contrast to previous work where two
identical inclusions were found to attract,”>?° the wrapped
particle here was repelled from the opposite curvature induced
by the tube, as can be seen in the image sequences in Fig. 2a
and Video S1 (ESIf). While membrane-wrapped particles
induce large deformations, previous simulations indicate that,
for fully wrapped particles, the membrane-mediated inter-
actions arise primarily from the local deformations around
the tiny membrane neck rather than from the shape of the
particle.*' These deformations around the neck are too small to
be optically resolved by confocal microscopy, but their effects
on the particle dynamics confirm their presence.”*!

We extract the interaction energy from the particle’s trajec-
tory using the transition probability matrix approach and show
the result in Fig. 2b. We find that the interaction is indeed
repulsive and that the energy decays strongly with distance up
to about 1 um, after which it decreases more slowly up to about
1 pum. The decay of the repulsive energy follows a power-law in
the distance with an exponent of —0.83 + 0.08, see inset of
Fig. 2b. At longer distances, the potential energy reaches a
plateau which we assume corresponds to the energy in the
absence of any membrane deformation and therefore the
average of the energy at 4 to 5 pm distance is set to zero. The
kT order of magnitude of the interaction energy we find is in
line with the observation that thermal fluctuations occasionally
bring particles close to the tube despite the overall repulsion.
Our observation is very different from early predictions assuming
a flat and tensionless membrane as well as small membrane
deformations, which did not find a different sign in the inter-
action between opposite and equal membrane inclusions, and a
power law decay of s *."" However, none of the underlying
assumptions hold in our case.

Comparing the strength of the repulsion with earlier mea-
surements of the interaction between two equal inclusions
realized by two fully wrapped particles,?® we find that although
the sign of the interaction has inverted, the strength is of
similar magnitude. For two equal inclusions, the minimum
in the attraction was found to be —3.3 kg7 which occurred at a

Soft Matter, 2025, 21, 4730-4738 | 4733
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Fig. 2

Interaction between a positive membrane deformation induced by a tube pulled away from a GUV and a negative deformation created by a membrane-

wrapped particle. (a) Confocal microscopy time series showing the motion of a particle wrapped towards the inside of the GUV and a tube being pulled by a
particle towards the outside of the GUV. Scale bar is 5 um. See also ESIt Video S1. (b) Interaction energy as a function of geodesic distance s between the tube and
a fully wrapped particle (magenta circles) and an attached, non-wrapped particle (green squares). Data for fully wrapped particles were obtained from six different
GUVs (diameters: 15-20 pm), analyzing trajectories of six fully wrapped particles reconstructed from a total of 26 534 frames. For non-wrapped particles, data
were collected from 9 GUVs (diameters: 14—24 pm) with 14 non-wrapped colloids, and a total of 10 196 frames. Inset: A power-law fit (red line) with u/ug = as” to
the interaction energy between the fully-wrapped particles and the tube yields « = 0.78 + 0.14 and f = —0.83 &+ 0.08.

distance of about 1.3 pm.>® In that work, it was not possible to
measure distances closer than one particle diameter, equiva-
lent to s = 0.98 pm, for steric reasons. Here, the wrapped
particle can approach the tube much closer, as the tube is
taking up significantly less space than another wrapped
particle.

At distances below one particle diameter from the
membrane neck of the pulled tube, we find a repulsion of
almost 5 kgT. A repulsion similar in strength as the attraction
for two equal inclusions, i.e. 3 kg7, is found at s = 0.5 pm, which
is closer than the distance where this interaction strength
occurs for two equal inclusions (Fig. 2b). The interaction decays
over about 2.5 um for the equal and 2.0 pm distance for
opposite inclusions. The here observed slightly shorter inter-
action range and lower strength at the same distance likely
arise from a higher membrane tension, which is in line with
measurements on equal inclusions at higher membrane
tensions.* In addition, the shape of the deformation induced
by the tube as well as the adhesion energy between the particle
that is being used to induce the tube and the membrane also
differ from that induced by a fully but oppositely wrapped
particle.

To test whether the observed interaction was solely due to
the curvature imposed by the particle, we also measured the
interaction of a tube and a particle that was only adhered to but
did not deform the membrane. To ensure that the particles did
not leave an indentation in the membrane, the control experi-
ment was performed with particles whose surface density of
NeutrAvidin was reduced by a factor of four, such that only
2.5% of their surface was covered with NeutrAvidin.>® We find
that there is no measurable interaction between the tube and
the non-deforming particles as depicted in Fig. 2b (green
squares). This implies that the deformation induced by the
tube does not severely affect the geometry of the membrane
surrounding it. It also demonstrates that interactions mediated
by fluctuation are negligible in this system.>*>°

4734 | Soft Matter, 2025, 21, 4730-4738

The repulsive interaction found in this experiment is reminis-
cent of the membrane-mediated interaction of two spheres on an
elongated vesicle.”® These simulations showed that the membrane-
deforming particles stayed far away from the positively curved
regions most of the time and were pushed away from the stretching
points,*® in agreement with our observation that wrapped particles
were repelled from a tube with positive curvature.

3.2. Partially-wrapped particles attract to a pulled tube

Incidentally, partially wrapped particles were found to emerge when
they were in the vicinity of the tube during the wrapping transition.
Although the engulfment process regularly takes a few seconds at
membrane tensions below 10 nN m™ ", it can take significantly
longer when there is insufficient surface area available, i.e. at higher
surface tensions.** Under these conditions, we observed a particle
which remained partially covered by the membrane for approxi-
mately one minute. This metastable, partially wrapped state might
stem from spatially inhomogeneous Neutravidin coating on the
colloids, in line with the considerable variability in Neutravidin
coating across different colloids which underlies the wrapping time
differences observed for each particle.”

In Fig. 3a, a time sequence of a partially-wrapped particle in
the vicinity of the tube is shown. These particles became fully
wrapped after the tube was released likely due to the decreasing
membrane tension and additional available membrane area. The
attraction between a partially-wrapped particle and the outward
tube manifests itself by the particle being close to the tube (Fig. 3a
and Video S2, ESIt). We note that the apparent distance in the
two-dimensional (2D) projection does not always correspond
directly to the three-dimensional (3D) geodesic distance.

The same method as in the previous section is applied to
evaluate the potential energy. As shown in Fig. 3b, the partially
wrapped particle moves in an attractive potential with a depth
of —5.3 kgT, which is located about 1 um from the center of the
tube. The shape of the potential well is parabolic by approxi-
mation. The particle senses the tube from a distance of 2 pm

This journal is © The Royal Society of Chemistry 2025
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Interaction between a pulled tube and partially-wrapped particle. (a) Time evolution of the wrapped particle from left to right and top to bottom;

the time interval between snapshots 2s (scale bar 1 um). (b) Interaction energy as a function of geodesic distance (s) between the center of the tube and a
partially wrapped particle (black crosses). Data was obtained from experiments with 3 GUVs (diameters: 21-34 um), using three partially wrapped
particles, from a total of 6326 frames. The energy values for non-wrapped particles (green squares) are replicated from Fig. 2b for comparison.

and becomes attracted. Assuming a Hookean force and using a
parabolic fit we found a potential well with a stiffness of 51.5 +
0.5 fN um ™. Here, we directly measured the membrane tension
from the force applied to the membrane tube, yielding a value
of =43+ 1.8 yNm .

To measure the wrapping fraction of the particle, we deter-
mined the contact perimeter from confocal cross-sections of
the GUV at its equator (see Fig. S1 in the ESIf). From this
perimeter, we calculated that 52 & 1% of the particles surface is
covered by the membrane.

In comparison with previous analytical and simulation
studies, we find similarities and differences. Most of the
predictions found attractions between two objects deforming
the membrane from opposite sides.’”"*>"*” Within the parti-
cular range of membrane tensions used in our experiment a
similar potential well has been calculated which is comparable
to the interaction energy we find here in Fig. 3b."*® However,
that minimum of the potential well was found to be on the
order of the membrane bending rigidity («x = 22 kgT), in contrast
to the depth of our almost parabolic potential well at —5.3 kpT.

Moreover, it is striking that we find a repulsion from the
opposite deformation of the tube for fully wrapped particles and
an attraction for partially wrapped particles. A similar transition
from repulsion to attraction was observed by coarse-grained
molecular dynamics simulations and numerical calculations for
axisymmetric particles in a flat membrane.**” Upon an increas-
ing contact angle, i.e. an increasing curvature imprint, the inter-
action switched from a repulsion to an attraction at short
distances and repulsion at longer distances. While we don’t see
a repulsion at larger distances, we here find a similar switch for
the larger deformations induced by partially wrapped particles.

3.3. Attraction between adhesive Janus particles

To have better control over the membrane deformation, we
devised a protocol in which the polystyrene spheres were
intentionally only partially functionalized with NeutrAvidin,

This journal is © The Royal Society of Chemistry 2025

so called Janus particles. To do so, the particles were adsorbed
to an interface between oil and water and were functionalized
by NeutrAvidin on the surface that was exposed to the water
phase, see Fig. 4a. The functionalized fraction of the particles’
surface area is equal to the fraction of the particles’ surfaces
exposed to water. The coating fraction can then be estimated
from the contact angle of the particles at the interface, which
were 75° (ref. 59) for particles absorbed to a dodecane-water
interface corresponding to 63% of the area, and 22° for absorp-
tion to an octanol-water interface corresponding to only 7% of
the area exposed to Neutravidin.®®

It is assumed that the functionalized fraction is equal to the
adhered area due to the strong adhesion energy of 17 kgT between
NeutrAvidin and biotin.*® We validated our coating mechanism
using a non-fluorescent particle which we coated with NeutrAvi-
din conjugated with a fluorescein dye and observed by confocal
microscopy, shown in Fig. 4b. To quantify the precise adhesion
area, we determined the wrapping fraction between the Janus
particle and the vesicle with the confocal microscope, see Fig. 4c,
using the contact between the membrane and particle as indi-
cated by the yellow dashed line indicated in the schematic of
Fig. 4d. In the cases where the membrane has been strongly
deformed, the particle overshoots when moving into the vesicle
during wrapping®>*'"**°!°> and the distance of the particle from
the undisturbed membrane is more than one particle diameter,
which can thus not be used to measure the wrapping fraction
area. These strong deformations are clearly visible in the 3D
reconstruction of the membrane, as shown in Fig. 4e, and
different from earlier work on penetration depth of Janus
particles.®” We find an adhesive fraction of particles area of
67% =+ 7% for particles (Fig. 4f) functionalized at the dodecane-
water interface and 5% = 3% for particles at the octanol-water
interface (Fig. 4g).

We furthermore observed how two Janus particles which
strongly deform the membrane aggregate and find that the
attraction is so strong that the pair once formed cannot be
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Fig. 4 Interaction between two partially-wrapped particles. (a) Schematic representation of the functionalization approach used to prepare colloids
partially coated with NeutrAvidin (not to scale); particles were adsorbed to an oil-water interface and selectively functionalized on the area exposed to
the water phase. (b) Confocal image of a non-fluorescent polystyrene coated with NeutrAvidin conjugated with fluorescein used to validate the method
clearly shows a fluorescent cap, indicating the Janus character of the particle; (c) confocal image and (d) schematic representation showing that a
partially wrapped colloid (green) strongly deforms the membrane (magenta); the yellow dashed line indicates the contact between particle and
membrane; scale bar is 2 pm; (e) 3D confocal reconstruction of a GUV with two particles embedded (particle shown in green, vesicle in magenta); (f) a
confocal image of a GUV (magenta) with two adhered Janus particles (green) with patch size equal to 67 & 7% of its surface area; (g) confocal microscopy
image of a GUV (magenta) with two adhered Janus particles (green) with patch size equal to 5 & 3% of its surface area; scale bars in (f) and (g) are 5 um; (h)
interaction force as a function of particle center-to-center distance (s). Blue hexagons represent data from particles with 67% wrapping fraction, obtained
from experiments involving four GUVs (diameters: 21-34 pm) and analyzed from a total of 7467 frames. Green plus symbols indicate data for particles

with 5% wrapping fraction, collected from five GUVs (diameters: 14-25 um) and analyzed from a total of 7151 frames.

broken by thermal fluctuation during the experimental time
framework, see Video S3 (ESIt). The strong attraction precludes
the use of statistical methods such as the Boltzmann weighing
or the transition probability matrix that has been used in the
first two sections, as we cannot obtain sufficient statistics for
all canonical microstates in our experimental time frame.
Therefore, we employed a dual optical trap setup to directly
measure the interaction force between the particles*® and low
particle concentrations to ensure interactions between pairs of
membrane-deforming particles only.

In our experiment, both particles were trapped at the top of
the vesicle. One particle was confined in a strong optical trap,
while the other was held in a weak trap that served as a force
sensor, corresponding to the right and left particles in Video S4
(ESIT). By moving the strong trap to different positions relative
to the weak trap, we varied the center-to-center distance (s)
between the two particles. At each separation, we recorded the
force (F) acting on the particle in the weak trap from its
displacement of the center of the trap. The resulting force-
distance relationship is shown in Fig. 4h. The attractive force
increases the closer the particles are to each other and has a
maximum of 0.4 pN when the particles are almost touching.
Interestingly, there is a small repulsive force between the Janus
particles at 1.7 um distance. An important factor in membrane

4736 | Soft Matter, 2025, 21, 4730-4738

deformations is the bendocapillary length (ﬂ,bc = \/g) where

the bending rigidity ¥ = 22 kgT for DOPC vesicles.*” The
membrane tension ¢ was measured from the fluctuation spec-
trum of the vesicles in the equatorial contour and was found to
be in the range of less than 10 nN m~ % In this regime, the
membrane exhibits large fluctuations, often referred to as
“floppy”. Such a low membrane tension increases the bend-
ocapillary length ;. > 3 pm, implying that length scales
smaller than /. are dominated by bending energy.** To verify
that the measured interaction is due only to the deformation
and that the employed optical traps do not perturb the vesicle,
we quantify the interaction between two Janus particles with
small wrapping fraction and find that they do not interact
significantly, see Fig. 4g and h.

Our force measurement between two Janus particles, which
deform the membrane on the same side, reveals a clear
attractive interaction. In contrast to previous experiments on
fully wrapped particles that exhibited a reversible attraction of
approximately 0.1 pN, the interaction observed here is signifi-
cantly stronger and cannot be reversed by thermal fluctuations
(see Fig. S2, ESIt). We attribute this enhancement to the much
longer ranged membrane deformations induced by the partially
adhesive Janus particles compared to the local deformations

This journal is © The Royal Society of Chemistry 2025
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induced by the neck of fully membrane wrapped spheres,***’
which is also in line with a study using larger adhesive colloids
with corrugated contact line and hence stronger deformation
which reported an attractive force of about 1 pN at close
contact®® and work on particles inducing large deformations
when confined between a membrane and a substrate.*®

Our results for two Janus particles are also very similar
to Monte Carlo and molecular dynamics simulations.?*® In
these simulations a strong attraction at close distances and a
local repulsion minimum around 3R, was found as well as a
small repulsion peak at larger distances. However, in our
experiments, two Janus particles do not measurably interact
with each other at distances larger than 2 pum, while in the
simulations the repulsive force continued to increase slightly,
probably due to the larger relative size of the colloids to the
vesicles.

4. Conclusion

In summary, we quantified the membrane-mediated inter-
action stemming from the deformation of two inclusions with
opposite curvature, where one was experimentally realized by a
membrane-wrapped sphere and the other by a pulled
membrane tube. We find repulsions between these opposite
inclusions when small deformations as created by fully
membrane-wrapped particles were employed. However, for
stronger deformations of the membrane which were achieved
by employing partially wrapped particles, we find attractions to
the opposite deformation of the membrane tube in line with
predictions by Reynwar and Deserno.** Control experiment
with non-wrapped particles proved that the interaction was
solely due to the curvature. To better understand the effects
of membrane deformation induced by partially wrapped
particles, we created Janus colloidal spheres which only pos-
sessed a membrane-adhesive patch. In agreement with earlier
simulations, we measured an attractive force between two
spheres, which had 67% of their surface area adhered to the
membrane. We quantified this interaction force using two
optical traps and found it to be about 0.4 pN at near touching
contact distance.

Our current model system holds the potential to advance
our understanding of biological cell membranes. As biological
membranes encompass multiple components and distinct
liquid phases,® each with its own mechanical properties,®®
our model provides a platform to quantitatively explore the
interaction energy between two membrane deforming objects
on such membranes further. Moreover, the controlled local
manipulation of the curvature, whether positive or negative,
could potentially initiate dynamic rearrangements, prompting
interesting avenues for future investigation.
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