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Lipid membranes, the barrier defining living cells and many of their subcompartments, bind to a wide
variety of nano- and micrometer sized objects. In the presence of strong adhesive forces, membranes can
strongly deform and wrap the particles, an essential step in crossing the membrane for a variety of healthy
and disease-related processes. A large body of theoretical and numerical work has focused on identifying
the physical properties that underly wrapping. Using a model system of micron-sized colloidal particles and
giant unilamellar lipid vesicles with tunable adhesive forces, we measure a wrapping phase diagram and
make quantitative comparisons to theoretical models. Our data are consistent with a model of membrane-
particle interactions accounting for the adhesive energy per unit area, membrane bending rigidity, particle

size, and vesicle radius.
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The interaction of nano- and microobjects with lipid
membranes plays an important role in many biological
processes. Examples range from the disease-related entry of
viruses and bacteria into cells [1,2] to healthy docking and
priming during vesicular trafficking [3]. The adhesion of
membranes to curvature-stabilizing proteins, such as the
BAR family, plays a central role in many membrane-
shaping processes of eukaryotic cells [4-8]. Finally, nano-
and microparticles can bind to membranes, acting as
potential vectors for drug delivery [9].

The interaction of particles with membranes therefore
has far-reaching consequences in biology and medicine.
This has motivated a rich body of theoretical and computa-
tional physical models of membrane-particle interactions
[10-21]. Some of the most basic questions revolve around
the adhesion of individual particles with bilayer
membranes. The simplest theory addressing this question
considers the interaction of a spherical particle, of radius
Rp, with an initially flat membrane connected to a constant
tension reservoir [22]. Attractive forces driving adhesion
are assumed to be short ranged, and are quantified by the
adhesive energy per unit area, @. Positive adhesion energies
drive the membrane to wrap the particle. On the other hand,
membrane deformation is resisted by its bending rigidity,
K}, and tension, o. These two membrane properties can be
combined to create an important bendocapillary length
scale, 4, = \/kp/0 [22]. At length scales smaller than 4,
membrane deformations are primarily resisted by bending
energy, while at longer length scales, deformations are
mainly opposed by tension. For low tension or small
particles (Rp < ), wrapping is therefore governed by a
balance of only adhesion and bending energy, captured by
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a second length scale, 4, = +/2k,/w. In that case,
membranes should spontaneously wrap particles whenever
Rp > 1, [10,22]. As tension increases, wrapping may
require external forces for activation, and wrapped particles
may partially unwrap or totally unbind from the membrane.

The assumption of a constant tension reservoir can break
down when vesicles are sufficiently deflated, and have
enough excess area to wrap a particle without fluctuations
being hindered or the membrane being stretched. In that
case, tension no longer plays a role and a pure competition
between only bending and adhesion is recovered. Recent
theoretical studies have shown that finite curvature of the
membrane can be important for particle wrapping in this
limit [23,24].

Recent experiments have begun to explore membrane-
particle interactions, reviewed in Ref. [25]. While elucidat-
ing a range of higher-order phenomena, these experiments
have not tested basic theories of adhesion. Experiments
have either employed extremely strong irreversible inter-
actions between particles and membranes [26-29],
operated with very tense membranes where there is no
significant membrane deformation at the single-particle
scale [30,31], or worked with nanoparticles where the
interaction between individual particles and membranes
cannot be resolved [32].

In this Letter, we experimentally investigate the wrap-
ping of micron-sized particles by giant unilamellar vesicles
(GUV5s) in the biologically relevant limit of low membrane
tension and weak reversible adhesion. The interaction
of particles and membranes is tuned continuously using
the depletion effect. We observe three regimes of inter-
action between particles and membranes: nonwrapping,
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spontaneous wrapping, and activated wrapping. In the latter
case, an external force is required to drive a particle from an
unwrapped state to its equilibrium wrapped state. Detailed
comparison with theory suggests an essential role for
membrane curvature.

Our model system consists of a dispersion of micron-
sized polystyrene particles (1.08 £0.04 ym and 2.07 £
0.03 ym in diameter) and GUVs in polymer solutions.
The GUVs, consisting of 1-palmitoyl-2-oleyl-sn-glycero-3-
phosphocholine (POPC) with 1% 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Rhodamine PE), are made by electroformation in a 280
mOsm/kg sucrose solution [33-35]. The osmolality of
the solvent is adjusted through the addition of glucose
(approximately 270 mM) to a slightly hypertonic value of
290 mOsm/kg. Over the course of hours, this slight
osmotic imbalance drives the deflation of vesicles, leading
to very low tensions, demonstrated in later sections.

To achieve tunable weak adhesion between particles and
GUVs, we employ depletion interactions [30]. Generally,
the depletion interaction between two objects has the form,
E,; = TIAV [36,37], where I1 is the osmotic pressure of the
depletant and AV is the change of the depletant’s excluded
volume due to contact. For low concentrations, n, of
depletant, the osmotic pressure is well approximated with
the ideal form, I1 = nkzT. The excluded volume, AV =
—A.f where, ¢ is the range of range of the depletion
interaction, and A, is the contact area (i.e., the area over
which the two surfaces are within depletion range of each
other). Thus, the adhesion energy density, w = —E,;/Aco»
has the form

o = nlkgT (1)

For hard sphere depletants, £ is expected to be equal to their
diameter. For polymer depletants in a good solvent, £ ~ R,
[38]. As the depletion agent, we use polyethylene
glycol (PEG) with a molecular weight of 10° g/mol, which
has a radius of gyration R, of about 16 nm, and an
overlap concentration of 0.99 wt % [39,40]. We used a
range of PEG concentrations between 0.14-0.65 wt %
(£0.016 wt %) in the samples, yielding adhesion energies
from 0.6 to 2.6 uJ/m?. See the Supplemental Material for
the exact sample composition [41]. In this range, micron-
sized particles can strongly bind membranes while still
enjoying reversible interactions with each of its constitutive
lipid molecules.

The main challenge in using depletion interactions for
studies of particle-vesicle adhesion is their nonspecificity.
Depletion forces not only drive adhesion of particles to
vesicles, but also the adhesion of vesicles to the surface of
the sample chamber. At the depletion strengths used here,
vesicles spread on flat glass surfaces. This significantly
increases their tension, and usually leads to rupture [46],
as shown in Supplemental Fig. S1. To suppress adhesion

between vesicles and the walls of the sample chamber, we
coat it with a loose network of poly(ethylene glycol)
diacrylate (PEG-DA), described in the Supplemental
Material. On this surface, adhesion is strongly reduced
and vesicles remain floppy, even after sedimenting against
the surface. An example of such a GUV, imaged with a
confocal microscope, is shown in Figs. 1(a) and 1(b). As
shown in Fig. 1(c), we hypothesize that the PEG-DA
network is permeable to the depletion agent, reducing its
effect.

With a robust mechanism for controlling the adhesion
energy, we can now determine which conditions lead to the
wrapping of particles by the membrane. The state of
wrapping is easily inferred from fluorescent images of
the particle and membrane. Figure 1(d) shows confocal
micrographs of a 1.08 ym diameter fluorescent polystyrene
particle in proximity to a fluorescently tagged GUV. In this
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FIG. 1. Model system. (a),(b) Cross sections of a confocal
image stack of a GUV sedimented on a PEG-DA hydrogel
featuring obvious thermal fluctuations, despite the presence of
0.65 wt % PEG. Scale bars are 10 ym in length. (c) Schematic
demonstrating a hypothesized mechanism for reduced depletion
interactions against a hydrogel. (d),(e) Confocal images of
1.08 um PS particles (green) and POPC membranes (red). The
inside and outside of the GUV are indicated by “i” and “o,”
respectively. The particle in (d) with 0.24 wt % PEG100K does
not deform the membrane. The membrane wraps the particle in
(e) at 0.53 wt% PEGI00K. The scale bar is 2 ym in length.
(f) Empirical phase diagram based on the particle radius and
amount of PEG depletant in the system. Numbers next to each
data point indicate the number of membrane-particle pairs that
were probed in each condition.
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case, the particle is “unwrapped”: the center of mass of the
particle remains outside the convex hull of the GUV and
there is no significant membrane deformation. By contrast,
Fig. 1(e) shows a “wrapped” particle. Not only has the
particle been pulled to the other side of the membrane’s
convex hull, but the membrane is strongly deformed and
covers a large portion of the particle surface.

An empirical phase diagram showing the dependence of
wrapping behavior on particle size and polymer concen-
tration is shown in Fig. 1(f). To efficiently explore the
interactions while minimizing unobserved membrane-par-
ticle binding events, we worked at low particle volume
fractions ¢ < 10™ and used optical tweezers to bring
particles close to the GUV surface. At high polymer
concentrations, we observe spontaneous wrapping of par-
ticles by membranes, shown by the filled circles in Fig. 1(f)
(see Supplemental movie S1). At intermediate polymer
concentrations, we observe activated wrapping, indicated
by the open circles in Fig. 1(f). In this case, releasing a
particle close to a GUV was insufficient to induce wrapping.
Instead, wrapping could only be initiated by pushing the
particle against the GUV with the optical tweezers.
Nevertheless, particles remain stably wrapped after the laser
was turned off (see Supplemental movie S2). At low
polymer concentrations, there is no wrapping, as indicated
by the X’s in Fig. 1(f). In these cases, we can force the
membrane to wrap a particle using optical tweezers.
However, as soon as the trap is turned off, the membrane
returns to its initial state and the particle diffuses away (see
Supplemental movie S3). Note that the minimal polymer
concentration needed to drive wrapping increases as the
particle size decreases. This is qualitatively consistent with a
simple competition of adhesion and bending rigidity, as
summarized in the introduction. In that picture, activated
wrapping should only occur at finite membrane tension [22].

The tension and bending rigidity of lipid bilayer mem-
branes of individual vesicles, with radii Ry, can be
extracted by an analysis of their thermal shape fluctuations
[47-49]. For moderately tense vesicles, where 1, ~ 0.1Ry,
both the tension and bending rigidity can be reliably
determined by comparing the mean amplitudes of the
Fourier fluctuation modes to the expected Boltzmann
distribution. 4, needs to be sufficiently small to ensure a
reasonable number of fluctuation modes with a wavelength
A > .. This approach is called vesicle fluctuation analysis
(VFA) and is summarized in the Supplemental Material
[41]. Application of VFA to individual vesicles under the
conditions in our experiments consistently reports x;, =
33 £ 8kyT as shown in Supplemental Fig. S3. The result-
ing tensions are consistent with zero tension, with uncer-
tainties varying from 10~ to 1077 N/m, shown in
Supplemental Fig. S3.

To efficiently place an upper limit on the membrane
tension for the vesicles used in the adhesion experiments,
we inferred the most likely tension of the ensemble from
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FIG. 2. Geometry and tension of GUVs (a),(b) Histograms of
vesicle radii Ry, and normalized ellipticities. GUVs wrapping
0.54 and 1.04 ym radii particles are indicated in red and blue,
respectively. The micrographs show examples of GUVs just
before a spontaneous wrapping event. The scale bars are 10 ym in
length. (c) Histogram of simulated ellipticities for reduced
tensions, GR%,/K,, =0.12, 1.15, 11.52. Black lines are exponen-
tial fits to the high-ellipticity tails. (d) Logarithm of the likelihood
for a range of membrane tensions for the entire data set (red) and
for 1000 randomly selected subsets of the data (light gray), each
using half of the data set. Values have been shifted so that the
most likely tension of each data set has a value of zero.

simple measures of vesicle shape. We extracted the major
and minor axes (a and b) of each GUYV, just before it came
into contact with the particle. Histograms of the mean
vesicle radii, Ry = (a/2 + b/2)/2, and the normalized
ellipticity (a — b)/(a + b), are shown in Figs. 2(a) and
2(b). The vesicles’ mean radii range from 5 to 25 ym and
the normalized ellipticity varies from 1073 to 0.55. Using a
Monte Carlo simulation of vesicle fluctuations near equi-
librium based on the same assumptions of VFA, described
in the Supplemental Material, we calculated the probability
distribution of the normalized ellipticities for a range of
membrane tensions. Three probability distributions are
shown in Fig. 2(c). The likelihood of each tension is
determined by multiplying the probabilities of all the
experimentally observed ellipticities. The log-likelihoods
of tensions between 107! and 10-® N/m are shown in
Fig. 2(d). A tension of 3.2 x 107! N/m is the most likely
tension to describe all GUVs observed.

The VFA and maximum likelihood results show that
tensions are very low, compatible with zero and comparable
to the bending scale x/R? ~ 1.25 x 10~ N/m, suggesting
that our vesicles are in the deflated, floppy regime. This is
apparent from the strong deviations from sphericity
observed [Fig. 2(b), movie S2]. As described in the
introduction, in this regime the concept of an effective
tension ceases to be useful and the system can be regarded
as tensionless.
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FIG. 3. Comparison of experiment and theory. (a) Phase dia-

gram for flat membranes [22] compared to data from Fig. 1(f)
using a membrane tension of 10~ N/m and adhesion energy
density w from depletion [Eq. (1)]. Inset shows the narrow region
of activated wrapping. Shading indicates theoretical predictions:
dark gray for spontaneous wrapping (sw), light gray for non-
wrapping (nw), and white for activated wrapping (aw). (b) Same
with corrected adhesion energy density @* incorporating steric
interactions [Eq. (2) and ¢ = 0.04]. (c) Phase diagram for curved
membranes [23] using the corrected adhesion energy density @™
of Eq. (2) with ¢ = 0.04.

Indeed, using 10~ N/m as a representative value of
tension, plotting our results in the theoretical phase diagram
of [22] shows that, at such low tensions, the predictions are
indistinguishable from those for a tensionless membrane
[Fig. 3(a)]. The region of activated wrapping exists only
in a tiny band around the boundary R%/12 = 1, see the
inset of Fig. 3(a), corresponding to a difference in PEG
concentration of 0.0023 wt %, which is much is smaller
than our precision in defining the polymer concentration.

Furthermore, we find that we consistently need higher
adhesion energies for spontaneous wrapping than predicted
by the theory. This shift can be understood as a conse-
quence of thermal fluctuations. Shape fluctuations increase
the range of steric repulsions with a membrane, scaling like
1/x%, where x is the surface to surface separation [50].
For x < Z, the net energy per unit area is

&I

E(x)/A = —nkgT (¢ — x) + ¢
KpX

The first term captures the separation dependence of the
depletion force. The second term is the steric repulsion and
features an unspecified dimensionless constant ¢, predicted
to be in the range of 0.01-0.23 [30,50]. Minimizing
with respect to the separation, we find a reduced adhesion
energy,

. ckgT\1/3

w* = nkBT[f 3<4”’<h> } (3)
Accounting for this additional repulsive interaction, we find
a good fit between theory and experiments for the transition
from free particles to activated wrapping using a value of
¢ = 0.04 for both particle sizes, as shown in Fig. 3(b).
Theory and experiment are consistent for a range of ¢ from
0.028 to 0.055 (see Supplemental Material). These ¢ values
are also consistent with previous Monte Carlo simulations
of membrane-solid wall repulsion, [51-53].

However, this correction for thermal fluctuations does
not address the presence of a robust activated-wrapping
regime. To understand this, we turn to recent theoretical
advances on particle wrapping by deflated vesicles, for
which membrane area and volume are conserved and
tension does not play a role [23,24]. There, activated
wrapping can occur when the membrane curves away
from the particle at their point of initial contact, such as
when a particle attaches to a GUV from the outside. The
corresponding phase diagram is shown in Fig. 3(c). It is
spanned by two variables, the relative size of the particle
and the vesicle (Rp/Ry), and the relative size of the
adhesion length scale and the vesicle (4,/Ry). The
transition from no wrapping (light gray) to activated
wrapping (white) occurs at Rp/Ry = 1/[1 + (1,/Ry)~].
The transition from activated wrapping to spontaneous
wrapping (dark gray) occurs at larger particles sizes,
Rp/Ry = 1/[(A,/Ry)~" = 1]. As vesicles become more
strongly curved, the two transitions move further apart,
broadening the range of adhesion energies where activated
wrapping is expected. In the limit of low curvatures, the
two transitions merge, and reduce to the result for a
tensionless planar membrane of Ref. [22], Rp/Ry =
Aw/Ry, shown here as a dashed line. Superimposing the
data from Fig. 1(f) on top of this phase diagram, we find
good agreement. This theory can be expanded to incorpo-
rate nonzero spontaneous curvature, [23]. but this correc-
tion is not necessary to describe our data (see Supplemental
Material) [41].

We have introduced a model system to probe the
wrapping of spherical particles by lipid bilayer membranes
featuring tunable adhesive interactions and low membrane
tensions. Our experiments agree with theory accounting
for the vesicle curvature and weakened depletion inter-
actions due to thermal shape fluctuations. Our micron-scale
experiments not only have clear connections to the inter-
actions of microplastics with living cells [54,55], but they
are also relevant to nanoscale interactions of proteins and
lipid membranes. Like the latter case, our experiments are
dominated by bending, i.e., Rp < 4,. Our experiments also
start to probe regimes where the particle size is comparable
to but smaller than the membrane radius of curvature, the
typical regime for curvature stabilizing proteins. However,
an isotropic sphere is a poor approximation for most folded
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proteins. Additionally, many proteins do not simply adsorb
to the membrane but also anchor themselves with hydro-
phobic tails. Despite these limitations, work on such model
systems helps to establish the physical foundations for an
understanding of membrane-particle interactions over a
wide range of scales. Future studies should aim to clarify
the nature of membrane-mediated particle interactions and
the coupling of adsorption and self-assembly of particles to
generate large-scale shape transformations of membranes.
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