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Closed capsules, such as lipid vesicles, soap bubbles, and emulsion droplets, are
ubiquitous throughout biology, engineered matter, and everyday life. Their creation
and disintegration are defined by a singularity that separates a topologically distinct
extended liquid film from a boundary-free closed shell. Such topology-changing
processes are of fundamental interest. They are also essential for intercellular transport,
transcellular communication, and drug delivery. However, studies of vesicle formation
are challenging because of the rapid dynamics and small length scale involved.
We develop fluid colloidosomes, micrometer-sized analogues of lipid vesicles. The
mechanics of colloidosomes and lipid vesicles are described by the same theoretical
model. We study colloidosomes close to their disk-to-sphere topological transition.
Intrinsic colloidal length and time scales slow down the dynamics to reveal colloidosome
conformations in real time during their assembly and disassembly. Remarkably, the
lowest-energy pathway by which a closed vesicle transforms into a flat disk involves
a topologically distinct cylinder-like intermediate. These results reveal aspects of
topological changes that are relevant to all liquid capsules. They also provide a robust
platform for the encapsulation, transport, and delivery of nanosized cargoes.

vesicles | topological transformations | shape morphing | kinetic pathways

Controlling the shape and topology of thin elastic sheets is essential for creating
reconfigurable and adaptable materials. For inspiration, one can turn toward living
matter, where shape morphing enables diverse life-sustaining processes. On macroscopic
scales, plants grow sheet-like tissues into intricate leaves and flowers that reconfigure
in response to sunlight (1, 2). At the mesoscopic scale, micrometer-thick epithelial
sheets undergo highly choreographed morphological and topological transitions to
assume complex shapes that define three-dimensional organs (3, 4). At subcellular scales,
nanometer-thick lipid bilayers are a distinct category of thin sheets that lack in-plane shear
modulus but form complex shapes and topologies (5-9). Translating these structures into
the realm of synthetic materials represents a challenge but also a unique opportunity to
generate new categories of responsive soft materials. For example, patterning in-plane
strains into mesoscale stimuli-responsive solid-elastomeric sheets generated designable
and controllable three-dimensional shape morphing materials (10-13). On microscopic
scales, lipid vesicles inspired the creation of synthetic analogues with potential applications
in transport, encapsulation, and drug delivery (14-19).

We seek to control the morphology and topology of fluid membranes by balancing
the bending and edge energy. The edge energy of a flat disk increases with its size,
while the bending energy of the edgeless spherical vesicles is size independent (20—
23). Thus, with increasing size, the edge energy destabilizes a flat disk, inducing a
mechanical instability that generates edgeless vesicles. To study such transitions, we
develop fluid colloidosomes, which are colloidal analogs of lipid vesicles, assembled from
monodisperse submicrometer-long rod-like particles. By modulating colloidosome size
in situ, we balance the edge and bending energy to control transitions between vesicle-like
spheres and disks in real-time. In particular, we elucidate the complex vesicle disassembly
pathways involving intermediate states, whose topologies are more complex than both
the initial and the final state. The rich energy landscape associated with the vesicle-to-disk
transition provides a unique platform for controlling the morphology and topology of
fluid membranes. Colloidosomes combine desirable features of fluid bilayers, including
reconfigurability, self-healing, and topological transitions, with those of solid elastic
sheets, such as programmability and control. They may also provide insight into assembly
and disassembly pathways relevant to diverse categories of closed vesicle-like materials.
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Significance

Lipid membranes are
nanometer-thin soap-like films
composed of molecules with
hydrophilic and hydrophobic
segments. To minimize their edge
energy, lipid membranes form
closed spherical shells or vesicles,
ubiquitous and versatile
structures in cells with
applications in encapsulation,
molecular transport, and drug
delivery. Controlling vesicle
topology is essential in these
processes. Rapid dynamics and
small scales make it challenging
to study the topological
transitions of lipid vesicles. We
developed fluid colloidosomes,
which are micrometer-sized
analogs of lipid vesicles
assembled from rod-like
particles. Their unique features
enable real-time visualization of
colloidosome assembly and
disassembly pathways.
Intriguingly, closed vesicles
transition to flat disks via an
intermediate state that is
topologically distinct from the
initial and final states.
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Colloidosomes Minimize Elastic Energy

In the presence of nonadsorbing polymers, charged rod-shaped
particles experience attractive depletion interactions that favor
their lateral association (24). Such effective interactions can drive
the assembly of one-rod-length-thick fluid monolayer mem-
branes, which assume a flat disk-like shape (25-27). Similarly
to lipid bilayers (28, 29), colloidal monolayers are described by
the Helfrich free energy:

E:/[g(ZH)Z—i—ch]dA—H//dL, [1]

where H and K are the mean and Gaussian curvatures, k¥ and k&
are the associated moduli, y is the edge tension and 44 and dL are
the surface and boundary elements. It follows that the energy of

a flat disk-shaped membrane is Epem = 2y~/7A, where A is the
disk area, while the edgeless spherical vesicle energy is Eyegicle =
47(2k + k). The vesicle bending energy is size-independent,
while the disk energy increases with its size. Therefore, beyond a
critical size:

P =dr(2c + 52/ 2]

flat disks are metastable with respect to closed vesicles. Once A >
A5 = 447, the disk-to-vesicle transition barrier disappears, and
flat disks are unstable. These considerations explain the stability
of closed lipid-bilayer vesicles compared to 2D disk-shaped
colloidal membranes (30, 31). Both systems have a comparable
edge energy of a few hundred kg 7'/pm (32) (SI Appendix, Fig.
S1), but widely different bending moduli. General arguments
predict that membrane bending modulus k¥ o (thickness)”,
where n > 2.5 (33, 34). Therefore, micrometer-thick colloidal
membranes have a bending rigidity that is orders of magnitude
greater compared to nanometer-thick lipid bilayers (35), and a
much larger A7.

To create colloidosomes, we reduced the critical area where flat
disk become unstable A}. For this, we assembled membranes from
385 nm long virus-like rods (nano385), instead of previously
used micron-long rods (25). This decreased x and thus also
Aj. Simultaneously, to assemble flat membranes beyond their
stability, we improved the purity of critical components used
in the assembly process (Materials and Methods). Upon mixing
nano385 and dextran, small disk-shaped membranes formed
throughout the sample. Such membranes coalesced laterally
(36), growing in size while sedimenting toward the bottom of
the chamber. Once at the bottom, the now-large membranes
formed dome-like structures (SI Appendix, Fig. S4). Reasoning
that the gravity suppressed vesicle closure, we inverted the
sample and waited for an additional 18h. At that point, we
observed large unilamellar and multilamellar vesicle-like colloidal
membranes or colloidosomes (Movie S1). Smaller colloidosomes
were nearly spherical (Fig. 1D), while larger ones were shaped as
biconcave disks (Fig. 1E). Isolated axisymmetric colloidosomes
are described by their cross-sectional contours (S Appendix, Fig.
S3). In a field of view, we observed hundreds of partially or fully
closed structures (Movie S1).

To calculate colloidosome shapes, we modified the conven-
tional Helfrich energy to account for gravity and to enforce the
constant area and volume (S/ Appendix, Eq. $20) (37). Although
the membranes are slightly compressible, bending is less costly
than stretching, so we used a Lagrange multiplier to fix the area.
Colloidal membranes are porous to the solvent. Their surface-to-
surface virus spacing is ~10 nm, thus they are impermeable to

the depleting polymer (500 kDa dextran, R, ~ 20 nm) (38).
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Fig. 1. Colloidosomes minimize membrane elastic energy. (A) Electron
microscopy image of rod-like nano385. (B) Fluid membranes transition from
a flat disk to edgeless vesicles with increasing area. (C) The maximum
diameter of the vesicle, D, decreases with decreasing virus length. (D and )
Smaller colloidosomes have rounded shapes while larger ones sag under
gravity. (F) Predicted colloidosome shapes with varying « and fixed 4 = 1.
(G) Colloidosome shapes with varying inflation parameter 1 at fixed a = 40.
(H) Cross sections of three colloidosomes using measured values of «, V,
and A. From Left to Right: (Left) A = 7.87 x 103 ymZ, V = 7.0 x 104 ym3; (center)
A =549 x 104um2, V = 1.1 x 106 ym3; and (Right) A = 6.35 x 104 um2, V =
8.3 x 10° um3. Dashed lines show the energy-minimizing contour.

Therefore, colloidosomes can support differences in osmotic
pressure; they can inflate or deflate.

The colloidosome shape is controlled by two parameters: a
dimensionless surface area a = A(cg/x)*? and an inflation pa-
rameter A = V' /Vp. Here, o is the membrane areal mass density,
¢ is gravitational acceleration and A and V are the measured
area and volume. V is the volume of the numerically computed
energy-minimizing contour computed for the measured surface
area, at zero osmotic pressure difference between interior and
exterior. For small @, or equivalently small area, curvature energy
dominates, generating sphere-like colloidosomes. For large a,
the gravitational energy causes sagging deformations (Fig. 1F).
Similarly, deflated colloidosomes (4 < 1) assume more biconcave
shapes while inflated ones (4 > 1) are more spherical (Fig. 1G).

To test these predictions, we first determined the bending
moduli k¥ and k. Measurements of thermal fluctuations yielded
a mean curvature modulus of x = 11,000 &£ 1,000 k57T
(81 Appendix, section 1B). Theoretical arguments estimate k¥ =
50k T (SI Appendix, section 1D) (39). Since k/k < 1,
the Gaussian curvature energy contributes little to the overall
shape profile. We then imaged colloidosomes using confocal
microscopy, extracted their 2D mesh, and measured their
shape, area, and volume (Materials and Methods). Theoretical
model quantitatively described measured cross-sections without
adjustable parameters (Fig. 1H). The goodness-of-fit average
value was (d?)/A = 0.015 with the largest value being
max ({d?)/A) = 0.05, where 4 is the distance between the ex-
perimentally measured vesicle contour and the predicted contour
(SI Appendix, Fig. S5). All colloidosomes were underinflated,
with A decreasing with increasing size. We conclude that
colloidosomes minimize the modified Helfrich energy, given a
fixed volume and area that are independently extracted from
experimental images.
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We measured the size distribution of dozens of colloidosomes
(n = 42) obtaining a mean diameter D = 250 pm (Fig. 1C),
which corresponds to the mean area A = 64,000 pm?.
The minimum observed diameter was D = 110 pm, which
corresponds to the surface area 4 = 31,500 pm?. We compare
these values to the critical area above which flat disks become
metastable (Eq. 2). To determine A} we quantified the thermal
fluctuation of a membrane edge to measure the line tension
y = 70040 kg T'/pum (SI Appendix, section 1C) (40, 41). When
combined with a known value of k¥ we obtain A7 = 12,500 pm?2,
which is less than the smallest experimentally observed vesicle.

Eq. 2 provides a prescription for controlling vesicle size. In
particular, decreasing the membrane thickness should strongly
reduce the mean curvature modulus k, generating smaller
vesicles. To qualitatively test this prediction, we assembled
vesicles composed of 315 and 200 nm long particles. Indeed,
we found that the mean and minimum size decreased with
decreasing filament length, providing a method to robustly tune
the colloidosome size (Fig. 1C).

Gravity-Assisted Colloidosome Assembly

The slow dynamics and large length scales revealed a multistep
kinetic pathway leading to colloidosome formation. Immedi-
ately after inverting the chamber, the pendent colloidosomes
underwent gravity-induced elongation, producing hollow tube-
like tethers (Fig. 2A). These are similar to uniform diameter
tethers produced by applying a point force to a lipid vesicle (42—
44). However, the diameter of a pendent colloidosome tether
increased with height due to the increasing gravitational stresses.
The pendent colloidosomes continued extending until either
reaching an equilibrium length (87 Appendix, Fig. S6) or the
chamber bottom. The latter relieved the gravitational stresses
and halted extension. A second more rapid phase began with the
formation of a crack at the membrane’s attachment point with
the ceiling, where the gravitational stresses were largest (Fig. 25).
Once nucleated, the crack propagated downward, unwrapping
the tube-like tether, leaving a twisted ribbon connecting the par-
tially closed colloidosome to the ceiling (Fig. 2C) (38). The rib-
bon kept a single pore open. In the final closure phase, the ribbon
thinned and twisted over minutes to hours, eventually rupturing.
Subsequently, the pore rapidly closed, completing the topological
change to a closed colloidosome (Fig. 2C and Movie S2).

To understand the dynamics of pendent colloidosome exten-
sion, we numerically solved the modified Helfrich equation with
boundary conditions that account for the ceiling attachment (§7
Appendix, Eqs. $26-832), and varied dimensionless parameters,
a and A (SI Appendix, section 3B). Large a, associated with
increasing surface area, produced elongated shapes (Fig. 2D).
Similarly, deflated colloidosomes extended along the z direction
(A < 1), while inflated ones retracted and became bulbous
(A > 1) (Fig. 2E). We fitted a time series of extending pendent
colloidosomes shapes to theoretical predictions. We measured
colloidosome area and volume, calculating a and using A as
an adjustable parameter to fit theory to experiments (Fig. 2F).
Theoretically predicted contours matched experiments, indicat-
ing that the extending dynamics was sufficiently slow for a
colloidosome to minimize its energy given the particular area and
volume (Fig. 24). The area and volume increased throughout
the extension (Fig. 2F), showing that pendent colloidosomes
recruited membrane material from the attachment at the ceiling.
Increasing the volume with a constant mass of enveloped dextran
would decrease 1. However, measured A remained close to
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unity (Fig. 2G), suggesting that configurations which perturb
the volume incur a significant energetic penalty that resist
gravity-driven extension. To maintain the osmotic pressure
difference during extension, the dextran must enter the extending
colloidosome whose volume is increasing. The membrane is
impermeable to the depletant. We conjecture that dextran enters
the interior through the opening at the ceiling. Consequently,
the extension rate is determined by the rate at which dextran can
flow through the top of the pendent colloidosome to equalize the
osmotic pressure difference.

Pathways of Colloidosome Disassembly

To control colloidosome morphology and topology in situ,
we explored a regime where disks and edgeless vesicles have
comparable energetic costs. A buffer exchange device reduced the
salt concentration, increasing the electrostatic repulsion between
charged rods, causing their evaporation into the background and
therefore decreasing the colloidosome area (Fig. 34). Decreasing
the area increased the concentration and osmotic pressure of
the interior dextran, producing a pressure difference across
the membrane, and increasing its tension. Above a critical
value, the fluid membrane ruptured, generating a pore which
relieved the osmotic pressure difference. The pore remained open
until the decreasing membrane area approached the critical area
A7. At that point, the pore size increased until the colloidosome
transformed into a flat sheet (Fig. 3B and Movies S3 and $4).

Slowing the rate of decrease of the vesicle area revealed a
distinct multistage disassembly pathway (Fig. 3G). Inidally,
similar to the first pathway, pores nucleated in a slowly
shrinking vesicle (Fig. 3H and Movie S5). The concentration
difference caused the dextran outflow through the pore, reducing
the membrane tension and resealing the pore. As the vesicle
continuously shrank, this cycle repeated itself. Similar cascades
have been observed in lipid vesicles (45—47). The seconds-long
transient pores were analogous to the milliseconds-long dynamics
observed in lipid vesicles under osmotic shock, mechanical stress,
or electroporation (48—53). The second stage was initiated as the
vesicle approached the critical area, A7. In this limit, the pores did
not reseal. Rather, a second pore, diametrically opposed to the
first, nucleated, generating a topologically distinct intermediate
structure with two boundaries. With continued area decrease,
both pores grew, yielding a cylinder-like intermediate structure,
similar to those observed in liposome—talin mixtures (54).
Eventually, the cylindrical symmetry of the intermediate hollow
cylinder-like was broken as one pore grew in size while the other
shrank. The smaller pore resealed, completing the topological
transition into a flat disk (Fig. 37 and Movie S6).

To gain insight into disassembly pathways, we imaged the
intermediate shapes of colloidosomes. Then, using the measured
radii of the pore opening as boundary conditions, we calculated
the membrane shape that minimized the elastic energy at fixed
area. We disregarded gravity in these calculations. The quanti-
tative agreement between the measured and calculated shapes
demonstrates that disassembly follows quasi-static (adiabatic)
dynamics that can be understood by the energy landscape (S Ap-
pendix, Fig. S7). Motivated by this observation, we first calculated
the energy associated with a single-opening pathway. For large
membranes (29,000 pm?) the global minimum is at zero pore
size, indicating the stability of closed colloidosomes (Fig. 3D).
Decreasing the area to ~7,000 pm? creates a local minimum with
anonzero poressize (Fig. 3E). At this point, the global minimum is
a flac disk, but the vesicle does not unwrap, presumably because

https://doi.org/10.1073/pnas.2427024122
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Fig. 2. Gravity-induced extension of pendent colloidosomes. (A) A pendent colloidosome extends under gravity. Red lines are theory predictions using
measured surface area and 4 as a fitting parameter. (B) A pendent colloidosome undergoes fracture. (C) A twisted ribbon-like tether ruptures, leaving behind
a closed colloidosome. (D and E) Predicted pendent colloidosome shapes with varying « and fixed volume and varying 4 and fixed « = 33. (F and G) Time
dependence of surface area, volume, and inflation parameter 4 for the extending colloidosome shown in panel (A).

thermal fluctuations cannot overcome the energy barrier (55).
Decreasing area further (<5,800 pmz) eliminates the barrier, at
which point the vesicle rapidly unwraps into a flat membrane
(Fig. 3F). Equally spaced configurations along the energy land-
scape predicted shapes that agree with the experiment (Fig. 3C
and Movie S4). Experimentally observed rapid increase in pore
size occurs at a critical area, we define at Aj, where the energy
barrier disappears (A} & 5,800 pm?) (SI Appendix, Fig. S8).

To understand the two-pore disassembly pathway, we con-
structed a 2D energy landscape with varying radii 7, and 7, of
the two pores for a fixed size (S Appendix, section 3E). Large-area
vesicles (210,000 pm?) have a global energy minimum at zero
pore size, indicating stable colloidosomes. For intermediate areas
(7,000 pm?), the local energy minimum moves away from the
origin producing a metastable state with two equal-sized pores
(Fig. 3/). Notably, one-pore configurations are energetically less
favorable than the two-pore state, which explains the preference
for two pores given enough time to nucleate them (20). Even
though the global minimum for these parameters is a flat disk,
vesicle unwrapping is suppressed by an energy barrier. With
continuously decreasing area (6,200 pm?) the energy barrier
first disappears along the pathway where both 7, and r; increase
concurrently (Fig. 3K). Once the barrier disappears the steepest
gradient descent drives the system toward the saddle point, which
corresponds to a tube-like configuration. Subsequently, a sponta-
neous symmetry breaking expanded one pore while the other one
shrank and resealed, thus completing the unwrapping dynamics.
Taking equally spaced configurations along a gradient descent of
the energy landscape explains experimental observations (Fig. 3L
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and Movie S6). Our work shows that vesicle unwrapping is
controlled by two time scales; the rate of area change and the time
to nucleate a pore. Importantly, the two-pore configuration has
lower energy than the single-pore configuration (S/ Appendix, Fig.
S9). Therefore, slowly shrinking vesicles can overcome the energy
barrier associated with second-pore nucleation, which lowers the
barrier for disassembly.

Size-Selective Encapsulating Colloidosomes

We investigated the colloidosome’s ability to selectively en-
capsulate and release nano-sized cargoes. We included a low-
volume fraction of poly(ethylene glycol) (PEG) labeled with a
photoactivatable fluorescent tag into the virus-dextran mixture
(Materials and Methods). Once vesicles formed, the PEG was
photoactivated by UV irradiation, and the fluorescence intensity
was visualized. We first used a 1 kDa PEG with a radius-of-
gyration R, ~ 1 nm (56). Twenty-three hours after activation,
the interior fluorescent intensity of the colloidosome was com-
parable to the exterior intensity, indicating that the molecules
had diffused away through the colloidosome (Fig. 4 A and B).
Next, we used 20 kDa PEG with R, = 6.3 nm. In contrast to the
smaller PEG chains, uniform fluorescent signal remained through
the colloidosome interior, demonstrating encapsulation (Fig. 4
C and D). The observed size-selective permeability is consistent
with previously measured surface-to-surface spacing between the
virus rods of ~10 nm (35). These observations demonstrate that
colloidosomes are contiguous size-selective structures that can
persistently envelop cargoes and lack defects. While previous
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(K) denotes a cutoff in the algorithm at large rqy and r,, where the energy landscape does not influence the shape dynamics. (L) Predicted two-pore pathway,
following the gradient of steepest descent on the energy landscape in (K). The conformations correspond to the four red points along the energy landscape in
(K). (M) Summary of observed membrane states and the transitions between them as a function of area. The vertical gray line represents the critical area, A3,
below which the energetic minima is a flat disk and above which the energetic minima is a closed vesicle. The dotted lines represent metastable states, since

vesicles can exist below A7 and flat membranes can exist above A3.

studies have made nano-porous materials from sheets of hollow
viral rods, our colloidosomes are porous due to the interstitial
spacing between viral particles (57). This interparticle spacing is
determined by the balance of electrostatic repulsion and depletion
attraction, opening the possibility of using colloidosomes as
stimuli-responsive size-selective encapsulating agents.

Discussion and Conclusions

We studied pathways that transform a disk-shaped colloidal
membrane into a closed colloidal vesicle or colloidosome, as
well as the transition back to a flat disk. By balancing edge and
bending energy, we prepared marginally stable colloidosomes
close to the topological transition associated with their creation
and destruction. Experiments and theory revealed the pathway for
vesicle disassembly with the lowest energy barrier. Surprisingly,
this pathway involves a transient conformation that is topologi-
cally distinct from both the initial and the final states.

Let us briefly compare and contrast colloidosomes to exten-
sively studied liposomes. The continuum deformations of both
systems are described by the Helfrich energy. However, the
colloidal system can be affected by gravity, which needs to be
included in theoretical modeling. While they have comparable
edge energy, the colloidal membranes have a much larger

PNAS 2025 Vol. 122 No. 36 e2427024122

mean curvature modulus k. For colloidal membranes x ~
10,000 k7" while for lipid membranes the bending modulus
is 210 kg T (34, 58, 59). This difference dramatically increases
the critical area A}, where a flat disk becomes unstable. For
liposomes, A7 =~ 0.1 pmz, which is magnitudes smaller than
A¥ ~ 12,000 pm? for colloidosomes. The increase in the critical
area and the associated slowdown in the dynamics revealed real-
time conformations during the topological transitions associated
with the vesicle creation and destruction.

Colloidosome assembly and disassembly take place within
a complex Jenergy landscape. Above the critical area A7 ~
12,500 um?, a spherical colloidosome has a lower energy than
the disk Eyesicle < Edisk- However, flat disks with larger sizes
can be observed since a large energetic barrier persists between
these two configurations. The range of metastable disk states
is bounded on the upper end by 4% = 44} ~ 44,000 pm?.
At this point, the energy barrier for transforming a flac disk
into a sphere disappears in the absence of gravity. Gravity
considerably influences these transitions. Disk-shaped colloidal
membranes settle on the chamber bottom, where they minimize
gravitational energy by lying horizontally. Thereafter, gravity
suppresses the closure reaction. For this reason, we were not
able to experimentally investigate the disk-to-vesicle transition.
The assembly of the colloidosome required sample inversion.

https://doi.org/10.1073/pnas.2427024122 5 of 8
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Fig. 4. Encapsulation by colloidosomes. (A) Vesicle containing 1 kDa photo
activatable PEG. Initially (Inset), the photoactivated PEG is inside the vesicle.
Over time, the PEG diffuses through the membrane, mixing the active
and inactive PEG. (B) Lack of contrast between the interior and exterior
indicates that the labeled PEG has diffused after 23 h. (C) Vesicle containing
20 kDa photoactivatable PEG. Initially (/nset), the photoactivated PEG (red)
is inside the vesicle. The 20 kDa PEG cannot pass through the membrane,
so the photoactivated PEG remains separated from the inactive PEG. (D)
Fluorescence imaging shows that photoactivated PEG is encapsulated in the
vesicle for 23 h.

Changing ionic strength decreases the colloidosome area. This
enabled a study of the reverse transition from a closed vesicle to
a flat disk. With decreasing area, the vesicle remains metastable
even for areas smaller than Aj. At some point, below a lower
critical lower A7, vesicles with one or two pores have a lower
energy than the closed vesicle. In this regime, vesicles with pores
are metastable with respect to flat disks. Decreasing the size fur-
ther eliminates the barrier, and a partially open vesicle transitions
into a flat disk. Numerical work indicates that colloidosomes
with one pore become unstable once their size is 25,800 pm?
(Fig. 3F). Experimentally, we observe that the one-pore vesicles
transform into flat disks near this surface area (S7 Appendix, Fig.
S8). Colloidosomes with two pores become unstable for areas
smaller than ~6,200 pm? (Fig. 3K). Notably, both of these
values are considerably lower than 4} &~ 12,500 pm?. For small
colloidosomes close to the edge of their stability, the gravitational
force is not significant, and the gravity-free model more accurately
reproduces experimental observations.

More broadly, we note that previous efforts revealed methods
for controlling edge structure and tension of colloidal mem-
branes, as well as their in-plane phase separation, and their
Gaussian curvature modulus (39, 60—62). These advances, taken
together with a method for creating colloidosomes described here,
provide a robust platform for forming structured 2D fluid films
and controlling their three-dimensional shapes and topologies.
Besides fundamental interest, the principles by which the area
and edge tension control the vesicle shape and topology provide
a robust platform for encapsulating, transporting, and delivering
nanosized cargoes.

Materials and Methods

Phage Production. To produce viral particles, the nano385 phagemid was
transfected into cells and then grown in conjunction with a helper phage. The
helper phage M13KO7 was grown in Escherichia coli strain ER2738 following
previously established protocols (63). After viral proliferation, bacteria were
removed from the growth media by centrifugation. The helper phage was

https://doi.org/10.1073/pnas.2427024122

precipitated out of the media by adding 20 g/L PEG (8 kDa, Sigma-Aldrich)
and 20 g/L NaCl, and pelleted by centrifugation (45,000 g for 15 min). The
resulting pelletwas rinsed and resuspended in virus buffer (2.4 mg/mL Tris-HCl,
pH 8.0) at 60 mg/mL to form the helper phage stock solution.

The nano385 plasmid was transformed into a competent F' £. coli strain
(NEB C2992H) and grown overnight in 5mL 2XYT starter cultures containing
100 pg/mL ampicillin (63, 64). Starter flasks containing 50 mL 2XYT were
infected with 1 mL of overnight starter culture and helper phage stock solution
was added to a final concentration of 2 pg/mL M13KO7 and incubated for
1h. The 1L growth flasks containing 2XYT, 100 pg/mL ampicillin, 25 pg/mL
kanamycin, 200 pg/mLMgCl,-H, 0 and 120 pg/mL MgSO,4 were infected with
5 mLof the starter flask content, and grown with constant shaking at 37 °C. Both
nano385 and M13K07 are extruded from infected bacteria throughout growth.
Upon reaching OD 1.5, flasks were removed from incubation and cooled on ice.

To purify the nano385 phagemid, bacteria were removed with one round of
low-speed centrifugation (10 min at 4,000 x g, Fiberlite F9-6 x 1000 LEX fixed
angle rotor, Thermo Scientific) followed by a second high-speed round (15 min,
12,000 g). The supernatant was filtered through a 0.22 pm filter to remove
any remaining bacteria. The phage was precipitated by adding 50 g/LPEG 8 kDa
and 30 g/L NaCl and pelleted by centrifugation (30 min at 12,000 g) and
resuspended in Tris buffer (2.4 mg/mL tris-HCI, pH 8). To increase the phage
purity, we performed two additional centrifugation steps (45,000 x gfor 15 min)
to remove bacterial debris, followed by the addition of 50 g/L PEG 8 kDa and
30 g/LNaCl and a second spin to pellet the phage.

After purification, the virus suspension contained a mixture of both M13K07
and nano385. Adding dextran (MW ~ 500k, Sigma-Aldrich) to the mixed
growth product induces the isotropic to nematic phase transition in M13KO07
atalower dextran concentration than the nano385. Dextran was added in steps
of 5 mg/mL and centrifuged (22,000x g, 15 min), to condense the nematic
phase at the bottom of the centrifuge tube at each step. Gel electrophoresis
was used to confirm the separation of M13K07 and nano385 for each fraction.
The fractions that contained only nano385 (typically the 45 mg/mL fraction)
were centrifuged (280,000 g, 1h) to pellet the phage and resuspended in
nano385 buffer (7.3 mg/mL NaCl, 2.4 mg/mL Tris-HCl, pH 8.0). Optionally, an
additional purification step using anion exchange chromatography could be
performed (POROS, GoPure XQ) (65). This procedure dramatically increased
membrane size and the frequency of colloidosome formation (Movie S1).

Phage Labeling. To label phages for fluorescent microscopy, we labeled
the primary amines of the virus major coat protein with an amine-reactive
fluorophore (DyLight-NHS ester 550; Thermo Fisher) according to the dye
manufacturer's instructions. Each virus was labeled at a low percent fraction
(~5% of ~1,150 major coat proteins per phage) to ensure the fluorescent dye
does notalter the membrane properties. The labeling percentage was confirmed
by a spectrophotometer (Nanodrop One; Thermo Fisher).

Sample Preparation. Samples comprised fluorescently labeled nano385 and
500 kDa dextran in nano385 buffer (7.3 mg/mL NaCl, 2.4 mg/mL tris-HCI, pH
8). Dextran acts as a polymer depletant, inducing an entropic attraction between
phages (25). Low-polydispersity dextran (MW 500,000 Da, Sigma-Aldrich) was
made using ethanol precipitation which producedsignificantly cleanerandlarger
membranes, resulting in more frequent colloidosome formation. To fractionate,
ethanol wasadded dropwise toasolution of 0.2% dextran undervigorousstirring
at 23 °C. After reaching 31% (w/w) ethanol, dextran precipitates were removed
by centrifugation (20 min at 17,000 g, Fiberlite F9-6 x 1000 LEX fixed angle
rotor, Thermo Scientific). Ethanol was then added to a concentration of 32%
(w/w) and the precipitate was again collected by centrifugation. The solvent was
removed by freeze-dry lyophilization, and the resulting powdered dextran was
reconstituted in nano385 buffer to a concentration of 100 mg/mL dextran.
Chambers were made using a microscope slide and coverslip that were
coated with acrylamide brush to suppress adsorption and separated by parafilm
spacers (66). The number of parafilm layers set the chamber thickness. Four
parafilm layers generated ~500 pm thick chambers which consistently yielded
closed colloidosomes. To study the extension dynamics of pendent colloidosome,
3 mm thick chambers were used. Due to membrane sedimentation, 3 mm
chambers required a lower final phagemid concentration (0.4 mg/mL) than
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500 pm chambers (1 mg/mL) to achieve a similar density of membranes at the
surface. All samples were prepared with the final concentration of 54 mg/mL
fractionated dextran.

After preparation, the sample was stored overnight with the coverslip facing
upward. The next day, curved membranes layered the microscope-glass-side of
the chamber (S/ Appendix, Fig. S4). The sample was then inverted so that the
coverslip faced downward. Toimage membrane extension and tearing, samples
were imaged immediately. To image fully formed colloidosomes, the chamber
was leftinverted fora day ormore, and the resulting colloidosomes were imaged.

Production of Vesicles from Shorter Phagemids. To produce vesicles from
viral particles shorter than 385 nm, we decreased the length of the phagemid
DNA. To produce viral particles that were ~315 nm in length, we removed the
LacZa site from the nano385 plasmid, shortening the length of the phagemid
from 2,814 bp to 2,302. This 19% reduction in phagemid length shortened the
length of the resulting phage by 19%, resulting in phage of estimated length
315 nm. The phagemid was then transformed into a competent E. coli strain,
and grown and purified according to an identical protocol as nano385. When
making samples, a higher dextran concentration of 65 mg/mL was required to
form membranes.

To make phages that were 200 nm in length, we used the pScaf-1512-
1 phagemid [Addgene #111402] along with the helper plasmid HP17K07
[Addgene #120346] in the bacterial host XL1Blue (67, 68). These were grown
as described previously. Vesicles were formed at 77.1 mg/mL dextran and in a
buffer of 7.89 mg/mL NaCl, 2.4 mg/mL Tris-HCI, pH 8.0.

Dialysis Chamber. To perform buffer exchange experiments, we builta custom
dialysis device suitable for vesicle formation. Two holes were drilled into a
standard microscope glass slide, which was then coated with an acrylamide
brush (66). A20 kDa dialysis membrane was glued on the top surface of the slide,
covering the drilled holes. APDMS buffer exchange chamberwasthen glued over
the top of the dialysis membrane. On the opposing side of the microscope slide,
achamberwas formed using a coverslip with 500 pm of parafilm as a spacer. The
bottom chamberwasfilled with the sample (0.4 mg/mLnano385, 54 mg/mLdex-
tranin7.3mg/mLNaCl,202.4 mg/mL, pH8), and sealed with Norland optical ad-
hesive [NOA 61]glue. The top buffer-exchange chamberwas filled with nano385
buffer (7.3 mg/mLNaCl, 2.4 mg/mL, pH 8), and sealed with a flexible epoxy. The
sample was stored overnight with the coverslip facing up to form membranes on
the microscope glass. The chamber was then inverted so that the coverslip faced
downward and was stored for an additional day, to form colloidosomes on the
bottom coverslip. The flexible epoxy covering the holes in the dialysis chamber
was removed, and the chamber was flushed and filled with 2.4 mg/mL Tris-HCl,
pH 8 buffer. Salt diffused out of the sample chamber over the course of several
hours, while the colloidosome shape change was imaged from below.

Imaging Colloidosomes. To image the fluorescent membranes, we used a
spinning disk confocal microscope (Crest X-Light V2) and a Hamamatsu ORCA-
Flash4.0 V3 attached to a Nikon Ti2 base. To achieve the speed of imaging
required for 3D scans, the camera and the spinning disk were triggered using
a Nikon Breakout Box (NI-BB). All images were taken using a water immersion
objective to minimize axial distortion. To image sedimented colloidosomes or
colloidosome disassembly we used a short-working distance, high NA objective
(N4OXLWD-NIR, Nikon). To image the several millimeter depth required to study
colloidosome extension, we mounted a long-range objective scanner on the
scope (V-308 Voice Coil, Physik Instrumente) using a custom bracket, along with
a long-working distance water dipping objective (NAOX-NIR, Nikon).

Encapsulation Experiments. For encapsulation experiments, we prepared
vesicle samples as described previously, with the addition of 5 pg/mL
photoactivatable PEG. Photoactivatable PEG was made in lab by conjugating
amine-PEG of desired molecular weight with PA Janelia Fluor 646 NHS Ester.
Unconjugated dye was removed by overnight dialysis against nano385 buffer,
and flash frozen in a stock concentration of 50 ug/mL. Vesicles were formed as
before, now with photoactivatable PEG homogeneously distributed throughout
the sample. The PA-PEG was activated across a region of interest containing the
vesicleusingthe 365nm laserline onaCrestX-LightV2 spinning diskmicroscope,

PNAS 2025 Vol. 122 No. 36 e2427024122

with a40x objective. The sample was then monitored for fluorescence over the
next day. PEG which was sufficiently small diffused through the vesicle and out
of the field of view, while large fluorescent PEG molecules remained trapped
within the vesicle.

Contouring Colloidosomes. To contour colloidosomes, the 3D confocalimages
were imported into Fiji (69). Initial rough contours of fluorescent objects in each
image were found using the Ridge Detector plugin (70). This generated a
mask that roughly contoured the colloidosome but included noise and other
membrane objects. To filter these out, we recognize that the z-scans of the
colloidosomes are composed of roughly circular cross sections. We then fit each
ridge detection image in the z-scan with a circle fit using a RANSAC algorithm
in Python. This picked out colloidosome-like objects while rejecting noise and
line-like cross-sections that make up other membranes. The Z-stacks of the
circular fits acted as an initial point cloud which was converted into a mesh
using MeshLab (71). This point cloud was cleaned from outliers using the filters
"simplify point cloud” and "Compute Normal for Point Set.” These points were
then used to construct a surface using the filter "Ball Pivoting.” Each mesh was
then visually inspected, and self-intersections or holes were manually repaired.

The cleaned meshes were then put through a final round of processing. In
the above-described contouring scheme, colloidosomes were assumed to have
perfectly circular cross-sections, which introduces unrealistic constraints on the
final contour and leads to artifacts. To remedy this, we developed an iterative
algorithm to evolve the initial mesh by attracting it toward regions of high
intensity. To begin, first-order directional derivatives of the image were taken
using a difference-of-Gaussian filter. Each point on the mesh is acted on by a

— —

force, F = &V I, where & is a tuned constant and / is the image intensity.
This acts to draw each point on the mesh surface toward local regions of high
intensity. This algorithm was iterated until convergence. In practice, with the
proper choice of & each point moved only several pixels, settling within one
hundred iterations. As a final quality control step, each mesh was superimposed
onthe rawimagesand manually inspected foralignment. The areaand volume of
the colloidosomes were then measured from the mesh, using the filter"Compute
Geometric Measures.”

Data, Materials, and Software Availability. Raw and analyzed data have
been deposited in Dryad (DOI: 10.5061/dryad.g4f4qrg03) (72).
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