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Membrane-induced interactions play an impor-
tant role in organizing membrane proteins. Measurements of the
interactions between two and three membrane deforming
objects have revealed their nonadditive nature. They are
thought to lead to complex many-body effects, however,
experimental evidence is lacking. We here present an
experimental method to measure many-body effects in
membrane-mediated interactions using colloidal spheres placed
between a deflated giant unilamellar vesicles and a planar
substrate. The confined colloidal particles cause a large
deformation of the membrane while not being physicochemi-
cally attached to it and interact through it. Two particles attract
with a maximum force of 0.2 pN. For three particles, compact
equilateral triangles were preferred over linear arrangements. We use numerical energy minimization to establish that the
attraction stems from a reduction in the membrane-deformation energy caused by the particles. Confining up to 36 particles,
we find a preference for hexagonally close packed clusters. However, with increasing number of particles the order of the
confined particles decreases, at the same time, diffusivity of the particles increases. Our experiments show that the nonadditive
nature of membrane-mediated interactions affects the interactions and arrangements and ultimately leads to spherical
aggregates with liquid-like order of potential importance for cellular processes.

lipid membrane deformations, curvature-mediated interactions, many-body effects, self-assembly, colloidal spheres

the interactions but rather increased the preferred distance
between the other two particles.'' In addition, two distinct
preferred states for three membrane-deforming spheres were
found: a linear arrangement and an equilateral triangular

Many cellular processes rely on the cooperation of multiple
membrane proteins. One contributing factor to their effective
self-assembly is thought to arise from the membrane

deformations that they induce. While predicted by theory
almost 30 years ago,1 these membrane-mediated interactions
have only recently been unequivocally measured in colloidal
model systems. For pairs of spherical colloidal particles
adhered to and thereby deforming giant unilamellar vesicles,
the interaction was found to be attractive over several particle
diameters and its strength varied depending on the adhesion
method.”’

However, these membrane-mediated interactions have been
predicted to be nonadditive,*”” and cooperativity effects
observed in simulations demonstrate that the knowledge of
the interaction energy between two spheres is not sufficient to
understand the behavior of many such interacting particles.~ "’
Indeed, for three spheres fully wrapped by the lipid membrane,
a recent experimental study from some of us has unveiled that
the presence of a third particle did not enhance the strength of
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arrangement, where the latter is preferred for slightly larger
distances between the particles.'’ These observations suggest
that arrangements of many particles might be hexagonally
ordered, in line with early experiments on surfactant
membranes'> and qualitative observations on lipid mem-
branes,"” and coarse-grained simulations of Janus particles
bound to planar membranes,'* and that many-body effects play
an important role. However, such many-body effects due to
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Figure 1. Experimental setup and membrane-mediated force between two spheres. (a) Schematic depicting the experimental approach in
which we pull colloidal particles between a sessile vesicle and a microscope slide using optical tweezers. Parameters height i, and diameter
2R to describe the vesicle shape are indicated. (b) The particles and associated solvent initially deform the membrane individually (top
panel) and cause a long-ranged deformation of the membrane. Upon approach (bottom panel) the membrane shape can remodel to bring
two particles in contact, which costs less bending energy. Detailed schematic of the system where I-DOPC, II-DOPE, III-Rhodamine B, IV-
Polystyrene colloid, V-PEG (not to scale). (c) 3D reconstruction of a confocal image stack showing the GUV with two membrane-deforming
particles. (d) Snapshot image sequence of two spheres approaching each other after release of the optical traps due to the interaction
induced by their membrane deformation; Scale bars are S gm. (e) Calculated minimum-energy membrane shape for two spheres at distance
s = 5§ pm confined in pockets of volume v = 7 um>® per sphere. (f) Bending energy G versus distance s from energy minimization with
constrained volume v = 6 (blue), 7 (yellow), 8 (green), and 9 pum® (red) per sphere. Lines represent 12th order polynomial fits of
minimization results (points). The inset shows a contour plot of the minimum-energy shape in (e). (g) Comparison of measured forces (data
points for a vesicle with h, = 32 gm and 2R = 40 ym.) and calculated forces (lines) versus particle distance for different solvent pocket
volumes. The force curves correspond to derivatives of the energy curves in (f) for the membrane bending rigidities k = 18 kT (dashed
lines) and 22 kT (full lines) within the range of rigidity values measured for DOPC membranes.'® Error bars are standard error. Force
curves obtained from energy minimization at constant gravitational pressure clearly deviate from the experimentally measured forces (see SI

Figure S1), which confirms our modeling assumption of constant confinement volume of the particles.

nonadditive interactions have not been explored in any
quantitative or systematic way in experiments.

Experimental models have so far been hampered by various
challenges when studying the behavior of multiple membrane-
deforming objects. Previous studies investigated membrane
deformations using colloidal particles that adhere to giant
unilamellar vesicles (GUVs) through electrostatic charges,12
depletion forces,"> or strong ligand—receptor bonds.>>' !¢
However, electrical charges and depletion effects may interfere
with measurements of membrane-mediated forces as they also
act between the particles in the absence of the membrane.
Ligand—receptor based adhesion may lead to nonuniform
deformations if the ligands are not distributed homogeneously
on the particle surface and, if sufficiently strong, imply an
irreversible attachment of the membrane to the particle,
thereby limiting optimization of the membrane shape to lower

23068

the bending energy. Moreover, accurate extraction of the
interaction potential becomes a challenge when multiple
particles on a GUV are involved, since imaging and tracking
requires the particles to be located in the same detection plane,
especially when increasingly extensive amounts of data need to
be collected.”""

To address these issues, we here present an attachment-free
model system that enables simple and rapid quantification of
membrane-deformation-induced interactions among colloidal
spheres. Using optical traps in combination with confocal
microscopy, we position colloids beneath a deflated GUV
placed on top of a flat substrate. The presence of the colloidal
spheres causes significant deformations of the GUV while
allowing for membrane remodeling due to the absence of an
attachment to the membrane. Because the particles remain in
the same imaging plane, two-, three-, four-, and many-particle
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arrangements can be measured with high accuracy. We find
that the particles organize in compact hexagonally closed
packed clusters which become progressively more disordered
with increasing number of particles. The forces measured
between two and three particles are in quantitative agreement
with forces determined from numerical minimization of the
membrane bending energy at constrained volume of the
solvent pockets in which the particles are confined. The
minimization results indicate that the increase in disorder with
increasing number of particles in clusters can be understood
from a coalescence of these solvent pockets, which allows for
longer-ranged, energetically less costly membrane deforma-
tions around larger particle clusters. Together, our combined
experimental and numerical study quantitatively demonstrates
the surprising effects of nonadditivity on the interactions and
arrangements of membrane-deforming particles.

RESULTS AND DISCUSSION

Our model system to measure many-body membrane-
mediated interactions consists of 1.25 ym fluorescently labeled
colloidal polystyrene spheres (depicted in green) and model
lipid membranes experimentally realized by fluorescently
labeled Giant Unilamellar Vesicles (GUVs, depicted in
magenta), see Figure lac. GUVs 30—50 um in diameter
were produced by electroswelling a mixture of 97.5 wt % A 9-
cis 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 2 wt %
DOPE-PEG2000 (1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-[ (poly(ethylene glycol))-2000]) to prevent adhesion
of the colloidal particles, and 0.5 wt % DOPE-Rhodamine as
fluorescent label (see Figure 1b and methods for details). The
surrounding medium consisted of a saline solution (80% vol of
an aqueous 310 mM glucose solution and 20% vol of a 150
mM NaCl solution (pH 7.0)), which leads to a Debye
screening length of less than 5 nm to suppress unwanted
interactions by electrical charge. The inside solution of the
GUVs was designed such that it had a higher density than the
surrounding medium. Upon deflation of the vesicle due to an
intentional osmotic pressure difference between inside (300
mOsm sucrose) and outside (308 mOsm glucose mixture), the
density difference between inner and outer solution Ap = 22.6
kg/ m? leads to sedimentation and flattening of the GUVs onto
the coverslip. As a consequence, a large area where the
membrane is flat appears as shown in Figure la.

This flattened membrane of the sessile vesicle allows us to
induce deformations by colloidal particles without requiring
chemical bonding between the particle and the membrane. We
achieve this by dragging the colloidal spheres underneath the
vesicle using optical tweezers, such that the particles are
sandwiched between the deflated GUV and the coverslip, see
Figure 1 and Movie S1. To prevent adhesion of membrane or
particles, the glass substrate was coated by an acrylamide
brush. Similarly, the particles were sterically stabilized by a
brush of poly(ethylene glycol) (PEG3000),"” and the vesicles
were doped with 2% PEGylated lipids to decrease nonspecific
interactions (see Materials and Methods section for exper-
imental details).

Placing the colloidal particles underneath the membrane
incurs an energetic cost for bending the membrane around the
particle. In addition, the confinement of the particle to quasi
two-dimensional (2D) lowers its entropy compared to the
freely dispersed state. With no energetic gain, this state is thus
unfavorable compared to the state where the particles are freely
dispersed, and the colloidal particles will therefore ultimately

escape the confinement. However, this only occurs after the
colloid has diffused toward the outside of the vesicle, typically
taking more than 200 s or longer. While the particle is confined
underneath the membrane, it interacts with other membrane-
deforming particles, allowing us to observe in a single confocal
imaging plane the interactions and arrangements of multiple
colloidal particles, see Figure 1d.

We start by measuring the interaction between two spherical
membrane-deforming particles as a reference. In contrast to
our earlier work,”'" here the membrane is not attached to the
particle and hence can change its contact area on the particles
by remodeling its shape. We measure the force F between two
particles for different distances s by measuring the displace-
ment of the particle from the center of the optical trap,
assuming a linear force regime, see Movie S2 and Materials and
Methods section. To ensure that the laser did not leave
additional indentations at the interface, the intensity of the trap
laser never exceeded 1 mW. We find that the attractive force
appears when particles come closer than 4—5 ym and increases
upon approach. It has a maximum of F = 0.2 pN at about s =
2.7 pym and then decreases slightly to stay almost constant at
about 0.17 pN for even smaller values of 5. Once two particles
are in touch, they do not separate spontaneously again.

To better understand this membrane-mediated interaction,
we numerically determined the minimum-energy shapes of the
membrane around two particles (Figure le). In our numerical
approach, the shape of the membrane is described by its local
height h above the substrate plane, and the nonlinear bending
energy of the membrane is minimized after discretization at a
length scale of 100 nm, which is much smaller than the particle
diameter (Materials and Methods section). The spherical
shape of the particles is taken into account by constraints on
the height of the membrane above the particles during
minimization. Besides the particle distance, an important
parameter in the minimization approach turns out to be the
volume v of the membrane-covered solvent pocket in which
each particle is confined. To estimate this volume from
experiments, we fitted the vesicle’s contour around a single
particle to a parabola and revolved it around the z-axis, see
Figure S2 in the SI, and found it to be on average 7.8 + 1.6
um?®, Figure 1f shows the membrane bending energy as a
function of particle distance s for different values of
confinement volume v per particle, which is constrained in
the minimization (Materials and Methods section), around this
experimental estimate. For values of v close to the experimental
estimate and bending rigidities x in the range 18 to 22 kgT
previously measured for DOPC membranes,"*'” the force
curves in Figure 1g obtained from the derivatives of the energy
curves in Figure 1f are in good agreement with the
experimentally measured forces (data points). Our minimiza-
tion results indicate that the range of the interaction decreases
with the confinement volume v per particles, while the
interaction strength increases. We have neglected the
membrane tension o, which can affect curvature-mediated
interactions,””*" in our calculations, because this tension
appears to be very low in our setup (6 < 1 nN/m, measured
from the fluctuation spectrum). For such small tension values,

the characteristic length scale 4 = \/k/o for the crossover
from bending- to tension-dominated membrane energies
exceeds 9 ym and is, thus, larger than the particle interaction
range.

With the interaction force between two spheres known, we
now turn to three spherical particles to start investigating
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Figure 2. Membrane-mediated interaction between three spheres. (a) Snapshots in time taken from a movie (SI Movie S3) showing the
rearrangements of three spheres after releasing the optical traps: particles rearrange from a linear arrangement into an equilateral triangle;
scale bars are § um, vesicle with h, = 36 ym and 2R = 52 um. (b) Polar plot of the force (F) acting on a sphere in the vicinity of two particles
trapped in close contact by optical tweezers, where / is the distance between the center of the sphere and the center of the mid line of the two
touching spheres (illustrated in the schematic) and @ is the angle between the major axis of the two touching spheres and the sphere; Blue
shading indicates the area from which the center of the third particle is excluded due to steric constraints. (c,d) Minimum-energy membrane
shapes for three spheres at @ = 0° in (c) and € = 90° in (d) for distance / = 5 um and confinement volume v = 7 um® per sphere. (e, f)
Minimum bending energy G versus distance / for three spheres at @ = 0° in (e) and 6 = 90° in (f) for confinement volume v = 6 (blue), 7
(yellow), 8 (green), and 9 gm?® (red) per sphere. Lines represent 12th order polynomial fits of minimization results (points). Insets show
contour plots of the minimum-energy shapes in (c, d). (g, h) Comparison of measured (data points) and calculated forces (lines) versus
particle distance. The force curves correspond to derivatives of the energy curves in (e, f) for the membrane bending rigidities k = 18 kgT
(dashed lines) and 22 kT (full lines). The data points represent mean values with error of the mean at distance/ for 6 = 0° to 6° in (g) and 6
= 84° to 90° in (h).

9% 1.2 1.4 1.6
L} (um)
2a

Figure 3. Membrane-mediated interactions between four spheres. (a) Snapshots of the time series evolution of a cluster consisting of four
spheres underneath a vesicle with h, = 22 ym and 2R = 31 pm; scale bar is 2 pm. (b) Interaction energy (ﬁ) as a function of d;/2a and ¢,.
B

(c) Schematic illustration of the most prominent mode for four particles (arrows) and indication of parameters to describe the quadrilateral
configuration, with sides of d; and inner angles of ¢, see SI Figure S4 for additional details.

many-body effects. To determine the preferred configuration tweezers (Figure 2a, t = 0 s). After release from the tweezers,
of three particles, we initially arranged these particles in a line the particles first move inward while maintaining the linear
at a distance of about 3 times their diameter with optical arrangement before quickly rearranging into a close-packed
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Figure 4. Membrane-mediated interactions between many spheres. Confocal microscopy images of (a) nine, (b) 11, (c) 24, and (d) thirty-six
spheres confined underneath a vesicle (h, = 34.0 yum and 2R = 49.8 um) show compact clusters. (e, f) From left to right (e) y® and (f)
Voronoi diagram for nine, 11, 24 and thirty-six spheres. Colors in (h) indicate number of neighbors: (5) green, (6) white, (7) red, others
shown in blue. (g) Radial density profile p(r) as a function of normalized distance i where a is the particle radius. Scale bars are 5 ym. (h)

Average order parameter (ly®l) (red data, left axis) and average number of particles with six neighbors {ns) divided by the maximum
possible number of particles with six neighbors N, (blue data, right axis) as a function of number of particles N. (i) Average mean square
displacements (MSD) of spheres in the clusters with N = 9, 11, 24, and 36 spheres. Inset shows the diffusion exponent . (j) Bending energy
G of the membrane around clusters of N particles obtained from energy minimization at different values of the confinement volume v per

particle.

equilateral triangle at t = 4 s (see Figure 2a and SI Movie S3).
Once formed, this particle triangle remained stable.

We measure the force experienced by a third particle in the
presence of two touching spheres (a "dumbbell”) by holding all
particles in separate optical traps (SI Movie S4). To do so, we
introduce two parameters: /, which is the distance from the
center of the third particle to the center of mass of the particle
dumbbell, and 6, which is the angle between the long axis of
the dumbbell and the center of the particle, see Figure 2b inset.
We find that the particle is always attracted toward the pair of
particles, as shown in the polar plot of the force as a function of
! (binned per 0.3 ym) and & (binned per 15°). Arrows indicate
both the direction and magnitude of the force, see Figure 2b.
At larger distances of / > 2.5 um, the force along the long and
the short axis of the pair is the same within error bounds and
continuously increases with shorter distances. Notably,
compared to the two-body force, the magnitude of the force
at close distances did not increase but was rather reduced,
which is a fingerprint of nonadditivity.

We again compare our experimental results to numerical
calculations by determining the minimum-energy shapes of
three particles in linear orientation, i.e., with 8 = 0° (Figure
2c), and triangular orientation, i.e., with @ = 90° (Figure 2d).
At large distances /, the bending energy G is identical for the
two orientations at the same values of v (Figure 2e,f). At
particle contact, which occurs at a distance / = 1.88 ym for 6
= 0° and / = 1.08 um for @ = 90°, however, the bending
energy of the triangular conformation is significantly lower. For
example, at the confinement volume v = 7 ym?® per particle, the
bending energy is lower by 0.69 k x14 kT for k & 20 kzT
which explains the experimental observation of Figure 2a. The
calculated force profiles determined from derivatives of the
bending energy profiles are in overall good agreement with the
measured forces (Figure 2gh). At very close distances,
however, the force measurements may be affected by

diffraction of the trapping laser light by nearby beads, which
can cause additional unaccounted-for attractive forces. As this
effect is expected to only occur on a small range, it would most
strongly affect the first 1—2 data points taken in the triangular
arrangement.

Having established from the measurements of two and three
particles that the interaction is strong, nonadditive and that
more compact arrangements seem to be favored, we now turn
to four membrane-deforming particles. Bringing four spheres
underneath a vesicle, we observe a quick formation of a
compact cluster. The four particles form a square that
dynamically rearranges into the two opposing diamond
configurations, see Figure 3a and SI Movie S5. We quantify
the arrangements by measuring the distances d; and interior
angles ®; between all particles, where i labels the particle
number. We calculated the free energy from the probability of
finding ®; and the side lengths of the quadrilateral normalized
by the particle diameter, d;/24, see Figure 3b,c. The minima of
the interaction potential were found at 65 and 115° and d/2a
between 1.1 and 1.2, corresponding to the diamond
configurations. The minima have a depth of —6 kzT and the
differences between the diamond and the square configuration
are less than 1kgT, allowing for easy reconfiguration, see SI
Figure S3 and Movie SS. These results are in agreement with
our minimization approach, where the energy difference
between the diamond and square configurations is found to
be less than 0.3 kgT for all considered values of the
confinement volume v per particle between 6 and 9 yum?.

To better understand the reconfiguration of the four-body
cluster, we measure the modes occurring in the structure and
the stiffness associated with them by quantifying the
eigenvalues and eigenvectors of the covariance matrix.”” The
most prominent mode is shown in Figure 3¢, which represents
a diagonal motion of two opposing particles toward or away
from each other, ie, a reconfiguration between square and
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diamond arrangements. A projection of the particle position
onto this mode reveals a double peak each with stiffness 30
nN/m each, which needs only 30 fN to move 1 ym toward this
mode. All modes and the corresponding stiffnesses are shown
in Figure S3. The four-particle cluster does not assume
noncompact configurations such as a line as they would be
energetically unfavorable, but can dynamically rearrange
between different compact arrangements.

Our model system allows us to straightforwardly study
many-particle arrangements by simply dragging more spheres
under a GUV. We show snapshots of the resulting clusters of N
=9, 11, 24, and 36 particles in Figure 4a—d. For small numbers
of particles, we see compact clusters with hexagonal order. The
hexagonal order is in line with our observations of the triangle
and diamond to be the preferred arrangements for three and
four spheres as they are just a part of a hexagonal lattice. The
compact shape on the other hand minimizes the overall
bending energy of the membrane. For increasing numbers of
particles, from N = 9, 11, 24, and 36 particles, it becomes
apparent that the resulting particle cluster remains compact,
but has increasingly disordered arrangements as more particles
are added (see Figure 4a—d). Hexagonal ordering has been
observed in experiments with colloids electrostatically
adsorbed onto surfactant vesicles'> and deformable microgel
spheres attached to GUVs,>** however, other interactions in
addition to those stemming from membrane-deformations
likely were present there as well. The triangular and linear
arrangements observed for three fully membrane-wrapped
spheres11 also agree with hexagonal order, despite the absence
of an adhesive energy in the present study.

Our system is characterized by an interplay of gravitational
pressure, volume constraints and the contribution of bending
energy due to the deformation of the membrane. In the
absence of chemical bonds and adhesion energy, the
membrane can freely remodel its shape around the particles,
reducing the overall bending energy by promoting compact,
close-packed clusters. This mechanism can be regarded as a
type of deformation-mediated interaction. Therefore, the
different assemblies observed in previous studies, such as the
linear a1‘rangement8’9’11 or the arrangement in a tube,”'*%° are
not due to a discrepancy, but rather reflect the different
underlying mechanisms.

To quantify the order, we compute the radial density profile
p(r), which represents the number of particles within a certain
radial distance r from the center of the cluster. The radial
density profile is a parameter to probe crystalline order because
it has very sharp peaks in an ordered solid and softens in the
disordered liquid phase. It is defined as p(r) = An(r)/AA(r)
where An(r) represents the number of particles found in a
shell of thickness dr and area AA(r) at a distance r from the
center particle. As can be seen in Figure 4g, the radial density
profiles p(r) for N = 9 and 11 spheres exhibit sharp peaks for
both the nearest neighbors at r = 1.25 um as well as the next
nearest neighbors. However, as the number of colloids
increases, the peaks in p(r) become wider, indicating a less
structured liquid-like particle arrangement (see Figure 4g and
semilog presentation in SI Figure SS). In addition, the second
and third neighbors peaks in the radial density profile become
shifted to larger distances r with increasing N. Measurements
on nonfluorescently labeled colloids revealed that the
membrane is still deformed by the colloids as shown in Figure
S6, and we thus conclude that particles still interact by

membrane-bending induced interactions, albeit at a possibly
reduced strength, and with effective minima at larger distances.

To quantify the hexagonal order of the particle clusters, we
use the local bond orientational order parameter

Y(i) = %Zj exp[6i(9ij],26 which measures the average devia-

tion of the angular orientation of neighboring membrane-
deforming spheres from perfect hexagonal order, such that a
value of 1 represents perfect hexagonal packing and a value of
zero indicates disorder. In Figure 4e and SI Movies S6, S7, S8,
and S9, it can be seen that the hexagonal order per particle
decreases with increasing N, which can be quantified by the
decrease of the averaged order parameter (I¥4l) from about 0.8
for small particle numbers to about 0.6 for N = 36, where the
average is taken over all particles in the cluster and frames, see
Figure 4h. Similarly, the average number of particles with 6
nearest neighbors, (ng), divided by the maximum possible
number of particles with 6 nearest neighbors for a cluster of the
same size, N, decreases from 1 to 0.63 with increasing
particle number. While the number of particles with 6
neighbors attains the maximal value, (114)/Ng .y for clusters
with N = 9 and 11 particles (Movies S10 and S11), the cluster
composed of N = 24 spheres on average had only 8.1 + 1.4
particles with 6 nearest neighbors while the maximum would
have been ten particles with six neighbors (Movie S12). For N
= 36 we measured an average of 12.0 + 2.3 particles with 6
nearest neighbors, compared to N ., = 19 (Movie S13) see
Figure 4 h. The decrease of (n4)/Ny . With increasing particle
number of the clusters does not result from a noncircular shape
of the larger clusters, because the circularity remains almost
constant for all clusters, but is rather caused by the reduced
order of the particles in the cluster. Circularity is a measure of
how close the shape of an object is to a perfect circle. The

circularity ¢ is calculated using the following formula:

= 4”P>;A where A is the area of the object and P the

perimeter. A perfect circle has a circularity value of 1, while
values less than 1 indicate shapes that deviate from a perfect
circle. We have measured this value for each frame separately.
The average circularity values for clusters with 9, 11, 24, and 36
particles were found to be 0.92 + 0.01, 0.88 + 0.02, 0.92 +
0.02, and 0.93 + 0.01, respectively, demonstrating that all
clusters feature close-to-circular shapes.

The reduced degree of order in larger particle clusters leads
to the appearance of defects. We identify them using a Voronoi
tessellation of the surface and color the resulting tiles according
to the number of neighbors, ie., Four neighbors are colored
blue, S neighbors are colored green, 6 white, 7 red, and 8
purple. The cluster of 9 particles consistently had one central
particle with six neighboring spheres, as seen in Movie S10,
and the cluster with 11 particles contained two spheres with six
neighboring spheres, Movie S11. The defects appearing for N
= 9 and 11 only stem from the fact the clusters were one
particle short to form a convex arrangement. In contrast, for N
= 24 and 36, pairs of 5—7 fold defects appear on the inside of
the cluster, see Figure 4f and Movies S12 and S13, in line with
the reduced order identified by p(r) and {I¥l).

The increasing disorder in the particle arrangement with
increasing N is accompanied by a gradual increase in the
diffusive motion of the particles. We quantify this by
calculating the average mean squared displacement (MSD)
of the particles in the cluster, see Figure 4i, and find that the
generalized diffusion coefficient increases with N. We fit the
obtained data with Ar> = 4D At®, where As? is the mean
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squared displacement, D is the generalized diffusion coefficient,
and a is the diffusion exponent, and find that a is smaller that
1, which implies that the confinement of the particles induces
subdiffusive motion. With increasing N, a tends to 1, i.e, the
particle’s motion approaches the diffusive regime, as shown in
the inset of Figure 4i.

To understand the origin of these observations we
determine the minimum energy shapes of the membrane
around densely packed, regular clusters of 7, 14, and 23
particles for different values of the confinement volume v per
particle for comparison. Figure 4j shows the overall bending
energy per particle G(N) of the membrane for these particle
clusters, as well as for a single particle, two particles in contact,
three contacting particles in triangular conformation, and four
particles in diamond conformation. We find that G(N)
strongly decreases with increasing number N of particles in
the cluster. For a confinement volume v = 7 um?® per particle,
for example, the bending energy of the membrane around a
single particle is G(1) = 3.97 k, while the membrane bending
energy for two particles in contact decreases to G(2) = 3.30 k,
and the bending energy G(N) of the membrane around
clusters of N = 3, 4, 7, 14, and 23 particles is 2.58, 2.24, 1.35,
1.00, and 0.72 k;, respectively. We attribute this strong decrease
in membrane bending energy with N to the many-body effects
in membrane-bending induced interactions. The solvent
pockets around the particles play a crucial role here as their
coalescence allows for longer-ranged, energetically significantly
less costly membrane deformations around larger particle
clusters. The increased disorder of the larger particle clusters
observed in our experiments can be understood from the fact
that there are more particles that can take up thermal energy,
while the overall membrane bending energy that holds the
increased particle cluster together is reduced, which combined
leads to a stronger role of entropic particle repulsion in larger
clusters.

To quantify the contribution of many-body effects we
calculate the membrane bending energy that is released upon
bringing N single particles from a large distance where they do
not interact into contact, which is G(N) — NG(1), listed in the
first line of Table 1. Clearly, this total interaction energy is

Table 1. Interaction Energies in Particle Clusters for v = 7

pm*
N particles 2 3 4 7 14 23
total —4.64 -9.3 —13.6 —26.4 —54.6 —-90.6
two-body —4.64 —139 —26.2 —80.6 —240.1 —462.3
many-body 0 46 12.6 54.2 185.5 3717

“The first row lists the total membrane bending energy for a cluster of
size N released when single particles are brought in contact. The
second row lists the interaction energy expected from summing up
two-body interactions. The third row lists the difference between row
1 and row 2 which can be attributed to many-body effects. All
energies are given in units of k.

dominated by the term —NG(1) for large N, because G(N)
strongly decreases with N. We then determine the sum of the
two-body interactions in the particle clusters using the two-
particle interaction energy profiles of Figure 1f. For N = 3
particles, for example, the overall two-body interaction energy
of —13.9 k (see Table 1) is three times the two-particle
interaction energy —4.64 k, because all three particles are in
contact. The many-body interaction of the three particles, i.e.,

the three-body interaction, then simply is the difference
between the total interaction energy and the sum of the two-
body interactions. This three-particle interaction of 4.6 k is
positive, which reflects cooperativity effects leading to total
interaction energies that are less than the sum of the two-body
interactions. With increasing N, the overall many-body
interactions in the clusters increase in magnitude due to a
larger and larger mismatch between the total interaction energy
and the sum of the two-body interactions.

CONCLUSIONS

We have designed and exploited a simple model system of
spherical colloids pulled underneath sessile GUVs to quantify
the membrane deformation-mediated interactions of spherical,
symmetric particles. We quantified the force and interaction
energy between two and three particles and found that due to
the large deformation caused by the particles the attraction
extends over several particle diameters and is of the order of
100 kT at close particle distances. We found that the
nonadditivity strongly reduces the attraction upon addition of
particles. For small particle numbers, we observe hexagonally
close-packed arrangements of compact, spherical clusters,
pointing at the dominant influence of membrane bending
energy. With increasing number of particles, the hexagonal
order unexpectedly decreased due to a combination of a
repulsive many-body effect and the additional solvent volume
accessible to the particles. While maintaining a compact
circular cluster shape at all times, the particles can rearrange
between multiple conformations and with increasing number
of particles, defects appear and the diffusion coefficient
increases.

Our results which were obtained at micron length scales also
provide interesting insights into much smaller systems. The
interactions and principles observed in our microscale
experiments can be extended to the nanometer length scale
as long as the membrane can be approximated as a thin elastic
sheet and molecular details are not predominant. However, at
smaller nanoscales, the effects of volume exchange may
become more pronounced due to the smaller volume that
needs to be transported for volume equilibration, which may
potentially alter the interaction dynamics.

Our powerful model system does not require adhesive
interactions between particles and membranes, and hence can
be straightforwardly extended to study the membrane-
mediated interactions between anisotropic objects, which
more closely mimic the complex shapes of proteins and can
be realized for example by direct laser writing of colloids.””
They can then be compared with synthetic membrane shaper”®
made from DNA origami. In addition, deformable colloids or
vesicles could be used to identify the influence of elasticity.”’
The addition of an adhesive force between membrane and
particles would be a way to break the membrane-bending
induced confinement into circular arrangements and allow us
to test predictions about linear aggregates and membrane
tubulation.

MATERIALS AND METHODS

Chemical. p-Glucose, sucrose, chloroform (CHCI;), acetic acid,
KOH, poly(acrylamide) solution, EDC N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (98%), Sulfo-NHS (N-Hydrox-
ysulfosuccinimide sodium salt), N,N,N’,N’-Tetramethyl ethylenedi-
amine (TEMED), and ammonium persulfate (APS),3-
(trimethoxysilyl)propyl methacrylate (TPM) were purchased from
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Sigma-Aldrich. DOPE-rhodamine (1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissaminerhodamine B sulfonyl)), DOPC (A
9-cis 1,2-dioleoyl-sn-glycero-3-phosphocholine), DOPE-PEG2000
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[ (poly(ethylene
glycol))-2000]) were provided from Avanti Polar Lipids. Sodium
azide (NaNj) 99% extra pure, and Potassium chloride (KCl) 99+%,
was obtained from Acros Organics, phosphate buffered saline (PBS)
tablets from Merck Millipore, ethanol (C,H;OH) from VWR.
mPEGS000-NH, Methoxypoly(ethylene glycol) amine M.W. 5000
bought Alfa Aesar. All water (H,O) used was filtered with a Milli-Q
MilliPore apparatus (resistivity 18.2 MQ-cm). All chemicals were used
as received.

Vesicle Preparation. DOPC, DOPE-PEG2000-biotin, and
DOPE-Rhodamine were mixed in chloroform at concentrations of
97.5, 2, and 0.5 wt %, respectively. The lipid mixture was dried on
indium tin oxide (ITO) electrodes in a vacuum for at least 2 h.
Afterward, giant vesicles were obtained from the dried lipids by
electroformation by applying an alternating current at 1.1 V.. and 10
Hz for 2 h.

Coverslip Functionalization. We functionalized the coverslips to
prevent adhesion of GUVs and particles by first coating the coverslips
with TPM before polymerizing a layer of acrylamide on top, as
described in*° In summary, coverglasses were first cleaned by
sonication in 1 M KOH solution, followed by washing once with
ethanol and three times with Milli-Q water. Then, functionalization
with is achieved by submerging the coverslides in ethanol containing
1%v/v acetic acid and 0.5%v/v TPM for 15 min, before washing the
slides three times with ethanol, and incubating them for one hour at
80 °C. Subsequently, polymerization of acrylamide is carried out for 2
h in a 2%w/w acrylamide solution (evacuated in vacuum for 30 min
to remove oxygen), with 0.035%v/w TEMED and 0.070%w/w APS.
The resulting cover glasses were stored in a fridge immersed in the
polymerization solution. We rinsed the coverglasses with water before
using it.

Colloidal Particle Preparation. Polystyrene (PS) particles were
prepared by surfactant-free radical polymerization yielding spheres
1.25 + 0.05 um in diameter and highly carboxylated surface.”’ The
fluorescent dye BODIPY was also added during synthesis for imaging.
Subsequently, PS particles were functionalized with mPEGS000
according to the procedure described in.>"”

Microscopy and Optical Trapping. Images were acquired using
an AIR Nikon confocal scanner on a Ti-E microscope with a 60X
water immersion objective (N.A. 1.2). To increase the scanning
speed, the confocal scanner was operated in resonance mode,
resulting in 29 frames/s 512 X 512 pixels in size, with a pixel size
of 102 px/nm. Particles were stained with BODYPI excited with a 488
nm laser, and emission light was collected at 500—550 nm. Vesicles
were doped with 0.5% wt rhodamine which was excited with a 561 nm
laser, and the emission was collected in the range of 570—620 nm.
Two separate photodetectors were used to simultaneously detect two
fluorophores.a A 1064 nm laser beam from LaserQUANTUM was
expanded to fill the aperture of a Meadowlark Spatial Light Modulator
(SLM) (HS1920). The SLM modulates the phase of the laser
wavefront and is imaged onto the back focal plane of the microscope
objective through two plano-convex lenses. In the front focal point of
the first lens, the nondiffracted light was filtered out. The light then is
directed into the light path of the microscope via a dichroic mirror to
allow simultaneous imaging and trapping. The SLM has been
programmed by RedTweezers software’> run on a Geforce
RTX4000 GPU. This setup generates 120 holograms per second
while the SLM refreshing speed is 120 frames/sec.

Force Measurement. The force exerted on a trapped particle in
one direction is given by

F= ktrap(x - xO) (1)
where x is the position of the particle and x, denotes the equilibrium
position and k,,, is the stiffness of the trap. This force can be acquired
in both x and y directions. Optical traps can be easily calibrated by the

equipartition theorem to quantify ki, Here we used the position

23074

variance o2 to estimate it by kmp =

k:—zT where kz is Boltzmann
constant and T is the experimental temperature.

Energy Minimization. We describe the membrane shape in
Monge parametrization by the height h(x, y) above a reference x—y
plane, i.e., the midplane of the flat membrane on the substrate away
from the particle positions. In this parametrization, the mean
curvature of the membrane shape can be expressed as

iy = L ROy + (U Bhy — 2Rk,
21 + b} + )*?

)

with subscripts x and y indicating partial derivatives to determine the
membrane bending energy using the Helfrich Hamiltonian

G= /ZKHZdA (3)

with bending rigidity k and membrane area element

_ 2, ;2
dA = /1 + h; + hydxdy (4)

In our numerical energy-minimization approach, we discretize the
reference plane into a square lattice with lattice constant 100 nm and
express the partial derivatives in the bending energy by standard
multivariate finite differences. To constrain the confinement volume v
per particle, we use a pressure p as Lagrange multiplier to adjust v, i.e.,
we minimize the energy E = G + pVwith V=n,v = f h dx dy where n,,
is the number of particles, and determine V and G as functions of p for
interpolation to values of p at which the desired value of v is obtained.
All minimizations are performed with the function FindMinimum of
Mathematica 13.%* In these minimizations, the position and spherical
shape of the particles are taken into account by constraints on the
height h(x, y), i.e., by lower bounds for  at lattice sites located under
the particles to prevent an overlap of the membrane with the particles.
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Video of the experimental observation by confocal
microscopy of the attraction between two membrane-
deforming colloidal spheres pulled underneath a GUV
with two optical traps (Movie S1) (ZIP)

Video of experimental force measurement between two
particles with optical tweezers. The spherical particle on
the left is placed in a trap with a fixed position and the
force exerted on it is measured using the displacements
from its equilibrium position. The right particle is moved
to vary the distance between the particles (Movie S2)
(Z1P)

Confocal microscope video of the observation of the
attraction of three membrane-deforming colloidal
spheres after they were pulled under a GUV and initially
held in line in three optical traps. After the optical traps
were turned off, the particles first decreased the distance
and then formed a compact triangular cluster (Movie
$3) (zIP)

Video of experimental force measurement between three
membrane deforming particles taken by confocal
microscopy. Two particles are held in two moving
traps and form a “dumbbell”. The single particle is held
in a fixed trap as a force sensor at different distances and
angles with respect tothe dumbbell (Movie S4) (ZIP)

Experimental observation by confocal microscopy of
four particles underneath of a GUV showing a
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rearrangement between two compact diamond states
(Movie SS) (ZIP)

Video showing the local bond orientational order
parameter W in time, where 1 corresponds to the
perfect hexagonal ordering for 9 membrane-deforming
particles (Movie S6) (ZIP)

Video showing the local bond orientational order
parameter W, in time, where 1 corresponds to the
perfect hexagonal ordering for 11 membrane-deforming
particles (Movie S7) (ZIP)

Video showing the local bond orientational order
parameter W4 in time, where 1 corresponds to the
perfect hexagonal ordering for 24 membrane-deforming
particles (Movie S8) (ZIP)

Video showing the local bond orientational order
parameter ¥4 in time, where 1 corresponds to the
perfect hexagonal ordering for 36 membrane-deforming
particles (Movie S9) (ZIP)

Video showing of the number of nearest neighbors in
time for 9 particles confined underneath a GUV
obtained by Voronoi tessellation, where tiles of (5)
neighbors are colored green, (6) white, (7) red, others in
blue (Movie S10) (ZIP)

Video showing the number of nearest neighbors in time
for 11 particles confined underneath a GUV obtained by
Voronoi tessellation, where tiles of (S) neighbors are
colored green, (6) white, (7) red, others in blue (Movie
S11) (ZIP)

Video showing the number of nearest neighbors in time
for 24 particles confined underneath a GUV obtained by
Voronoi tessellation, where tiles of (5) neighbors are
colored green, (6)white, (7) red, others in blue (Movie
S12) (ZIP)

Video showing the number of nearest neighbors in time
for 36 particles confined underneath a GUV obtained by
Voronoi tessellation, where tiles of (5) neighbors are
colored green, (6)white, (7) red, others in blue (Movie
S13) (ZIP)

Additional experimental observations such as a confocal
image of the zx plane and of membrane deformations
induced by the particles, plots of the interaction energy
and mode analysis for four membrane-deforming
particles, radial density profile on a semilogarithmic
scale, and modeling results under the assumption of
constant gravitational pressure compared to experimen-
tal results (PDF)
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