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Interacting filaments drive vesicle
morphogenesis

Chengyao Zhang1,3, Guijin Zou 2,3, Yaxin Fang1, Huajian Gao 2 & Xin Yi 1

The interplay between vesicles and their enclosed filaments is fundamental to
the morphogenesis, motility, and mechanical response of biological cells,
artificial cells, and biomimetic robotic systems. By engineering responsiveness
or interaction capabilities—such as long-range filament interactions—these
filaments can function as active elements that regulate system behavior. Here,
we combine theoretical modeling and molecular dynamics simulations to
demonstrate how interacting filament loops within vesicles induce diverse,
system-wide morphological transformations. These transformations are dri-
ven by inter- and intrafilament interactions, as well as the competing defor-
mations of both the vesicle and its encapsulated filaments, with interfilament
interactions playing a dominant role. We observe phenomena including fila-
ment buckling and reorientation, vesicle stretching, and convex-to-concave
shape transitions. Morphological phase diagrams are constructed for both
vesicles under zero osmotic pressure and those with a fixed relative volume,
and we further explore the packing of inhomogeneous filament loops. These
results offer quantitative design principles for artificial cellular systems in
which filament interactions act as levers to control and stabilize emergent
morphologies, laying the groundwork for the development of adaptive soft
robotics.

The interplay between deformablemembranes and enclosed filaments
governs key aspects of morphogenesis, motility, and mechanical
adaptability in biological cells as well as in vesicle-based artificial cel-
lular systems1,2. From a mechanical perspective, cells and vesicles
encapsulate the fundamental physics of membrane-mediated
confinement3–5, while their enclosed filamentous components—whe-
ther cytoskeletal polymers, nucleated microtubules, or engineered
materials—act as structural and functional scaffolds that regulate
system-wide behavior through mechanical and biophysical feedback.
In living cells, this physical dialogue manifests in diverse processes
such as microtubule-driven platelet activation6, actin-mediated pseu-
dopod formation during cell locomotion1, and membrane tubulation
in cell uptake7. Synthetic analogs such as vesicles encapsulating actin
filaments and microtubules8–15, or self-propelled rigid rods and
cargoes16–20, recapitulate similar behaviors on similar length scales yet

with reduced biological complexity. These systems offer valuable
platforms for uncovering design principles of shape-programmable
structures with potential applications in artificial cells. Recent theo-
retical advances have established a full spectrum of packing
morphologies for single flexible filaments—both open and closed—
within vesicles, delineating the conditions for transitions between
configurations21–23.

While these investigations have provided valuable insights, a key
unresolved question is how competing energy hierarchies—spanning
filament flexibility, tunable interfilament interactions, and membrane
deformation—collaborate to orchestrate and stabilize morphological
transitions in filaments–vesicle systems. Understanding these inter-
actions is essential for bridging the gap between the inherent com-
plexity of biological systems and the rational design of synthetic
cellular systems. Notably, long-range interfilament interactions (e.g.,
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electrostatic forces), which are prevalent in biological processes like
polyelectrolyte condensation24,25 and viral genome packaging26,27,
remain underexplored in the context of vesicle morphogenesis.

In this work, we employ theoretical modeling and molecular
dynamics (MD) simulations to elucidate the mechanisms underlying
vesiclemorphogenesis driven by enclosed flexible filament loops, with
long-range interactions capturing both inter- and intrafilament forces.
We systematically explore how variations in filament stiffness, length,
and interaction strength influence system morphologies in vesicles
under zero osmotic pressure or maintained a fixed volume. By estab-
lishing symmetry-based morphological categorizations and phase
diagrams, we highlight key features such as filament buckling, reor-
ientation, and vesicle stretching or inflation. Energy and membrane
tension analysis further reveal the mechanical pathways driving these
transitions. We also discuss possible implications of our results on
programmable cellular systems.

Results
Model and parametrization
Consider two inextensible, uniformly charged filament loops, f1 and f2,
confined within a lipid vesicle of fixed area A(= 4πR2), where R is the
effective vesicle radius. The vesicle can either freely adjust its volume
at zero osmotic pressure difference (Δp =0) or maintain a fixed
volume V. Filaments f1 and f2 have lengths L1 and L2, respectively, and
are uniformly charged with like charges (e.g., negative in Fig. 1) at
densities λ1 and λ2. Here, electrostatic interactions are employed to
model the tunable filament interaction. The nonlocal Coulomb inter-
action causes the filaments to repel each other, while the vesicle
confinement imposes elastic and geometric constraints to the fila-
ments. The competition between the repulsive Coulomb interaction
and the bending resistance of the filaments and vesicle membrane
leads to a complex morphological evolution of the filaments–vesicle
system.

It is important to note that the electrostatic interaction here does
not correspond to a specific physicalmechanism,but rather serves as a
generic, tunable model for long-range filament-filament interactions.
This abstraction enables us to systematically probe how nonlocal
repulsion modulates vesicle morphology. Experimentally, such inter-
actions can be realized using stimulus-responsive microscale fila-
ments, for example, through magnetic self-assembly of lipid-coated
nanoparticles or electrospinning of magnetically or optically active

polymers. Related experimental strategies and their relevance to our
findings are further discussed in the “Discussion”.

Throughout the main text, we focus on the long-range limit,
corresponding to a salt-free environment where electrostatic interac-
tions are effectively unscreened. This regime provides a simplified
setting allowing us to isolate the conceptual role of unscreened elec-
trostatics in filaments-vesicle organization. While not intended to
replicate specific biological conditions, this limit serves as a reference
point for understanding the qualitative role of interaction range in
shaping vesicle morphology.

To assess the robustness of our findings with respect to this
modeling assumption, we also perform simulations incorporating
electrostatic screening, modeled via a screened Coulomb potential
with an adjustable Debye length. The results on screening-dependent
modulation are analyzed in detail in the “Discussion” and Supple-
mentary Information. Briefly, we find that under weak screening, the
filament configurations and vesicle morphologies remain qualitatively
similar to those observed in the unscreened case, indicating that the
shape transitions are robust against mild attenuation. In contrast,
strong screening substantially reduces interfilament repulsion,
requiring higher interaction strength to achieve comparable mor-
phological changes.

The total systemenergy is Etot = Em+ Ef + Eintra + Einter, consistingof
the bending energy of the vesicle membrane Em, bending energy of
two filaments Ef, intrafilament interaction energy Eintra, and interfila-
ment interaction energy Einter. Adopting the Helfrich theory for the
membrane28, the wormlike chain model for the filaments29, and the
Coulomb’s inverse-square law for interaction potentials, these four
energy components are

Em = 2κ
Z

H2dA,

Ef =
Y 1I1
2
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0
C2
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2
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where κ,H, and dA represent the bending rigidity,mean curvature, and
surface element of the membrane, respectively; Ci is the local curva-
ture of the filament fi (i = 1, 2) modeled as a space curve with its cen-
terline position vector rfi ðsiÞ, and Yi, Ii, si, and dsi denote the Young’s
modulus, moment of inertia, arclength, and curve element of the fila-
ment fi, respectively; λi is the uniformly distributed charge density (per
unit length), ε0 is the vacuumpermittivity, εr is the relative permittivity
of the solvent (e.g., εr ≈ 80 for water at room temperature). Herein-
after, the subscripts 1 and 2 refer to quantities pertaining to filaments f1
and f2, respectively. In Eintra, a mollifier M is introduced to regularize
the singular self-interaction electrostatic potential. A specific form is
taken as M =η4

i =ðηi + e
�7ηi Þ4 with ηi = sinðπ∣si � �si∣=LiÞ30,31. For two

circular charged filament loops infinitely far away from each other as a
reference state, the corresponding intrafilament interaction energy
is E0

intra = 0:1286ðλ21L1 + λ22L2Þ=ðε0εrÞ.
For simplicity in the following analysis, we consider two identical

filaments (L1 = L2 = L, Y1I1 = Y2I2 = YI, and λ1 = λ2 = λ) unless otherwise
specified. At zero osmotic pressure (Δp = 0) or a given reduced vesicle
volume v = V/(4πR3/3), the total system energy is

Etot = Etot YI=ðκRÞ, L=ðπRÞ, χ� �
,

a function of the relative stiffness YI/(κR) and length L/(πR) of the
filaments, as well as the dimensionless Coulomb interaction strength
χ = λ2R/(4πε0εrκ).

Fig. 1 | Schematic of two charged filament loops confined within a vesicle of
effective radius R. The filaments f1 and f2, carrying like electrical charges (e.g.,
negative here), repel each other, resulting in a competition between repulsive intra-
and interfilament interactions and the elastic deformationofboth thefilaments and
the confining vesicle.
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Here, we employ both numerical optimization and MD simula-
tions to identify the minimum energy state for a given set of para-
meters (YI/(κR), L/(πR), χ), with methodological details in the Methods
section and Supplementary Figs. S1–S4.

At Δp =0, the spherical filament-free vesicle offers isotropic con-
finement. In contrast, when the vesicle’s reduced volume v is specified,
its shape depends on v: at v = 1, it is spherical, but as v decreases, it
transforms from prolate to oblate and then to a stomatocyte shape32.
These nonspherical forms provide anisotropic confinement. The
behavior of the interacting filaments–vesicle system under both the
isotropic and anisotropic confinements is elucidated in the following
analysis.

Interacting filaments–vesicle system at zero osmotic pressure
difference
We first investigate system morphologies for highly flexible filaments
(YI/(κR) = 0.1) at Δp = 0 (Fig. 2), focusing on how filament-vesicle
interactions are regulated by the relative filament length L/(πR) and
Coulomb interaction strength χ = λ2R/(4πε0εrκ). Based on point group
symmetry, the system morphologies at different (L/(πR), χ) values fall
into four symmetry groups: D∞h, D2, C2h, and Ci. For small values of (L/

(πR), χ) (e.g., morphology at (1,0.4) in Fig. 2a), weak repulsion between
the chargedfilaments results inminimal vesicle deformation, with only
slight stretching due to weak pushing forces on the inner membrane.
As χ increases, the vesicle transitions fromanaxisymmetric convex to a
concavemorphology (e.g., from (1,3) to (1,30) in Fig. 2a). Increasing L/
(πR) leads to lateral inflation and vertical shortening (comparing
morphologies at (1,0.4) and (5/3,0.4)). MD simulations (Fig. 2b) yield
morphologies consistent with numerical results.

With a further increase in L/(πR), the compressive forces exerted
by the vesicle membrane on the filaments intensify, destabilizing their
position and morphology and triggering a system-wide transition. At
small χ, axisymmetric morphologies with inversion symmetry D∞h

transform into thosewithD2 symmetry (e.g.,morphologies at (2,2) and
(7/3,2) in Fig. 2a). At high χ, these D∞h morphologies change into C2h

(e.g.,morphology at (4/3,15)). TheD2 symmetry lacksmirror planes but
features three twofold rotation axes, and C2h has a twofold axis of
rotation and a reflection plane. Regarding the filament loops as hand
contours, the long, flexible filaments in D2 system resemble a palm-to-
palm handholding configuration with curled fingers. Increasing χ, the
inter- and intrafilament interactions strengthen, repelling and
straightening the saddle-shaped filaments. This drives the transition

Fig. 2 | The interacting filaments–vesicle system at Δp = 0. Representative
equilibrium system morphologies for highly flexible filaments (YI/(κR) = 0.1)
obtained from numerical optimization (a) and MD simulations (b).
c–eMorphological phase diagrams in terms of L/(πR) and χ for YI/(κR) = 0.1, 1, and
10, respectively. In (a), respective values of (L/(πR), χ) are provided below each
morphology. In (b), corresponding values of (L/(πR), 1/εr, bs/Σ) are displayed, where

bs is the simulation box size adjusted to accommodate elongated vesicles and Σ is
the length unit in MD simulations. The length scales in (a) and (b) are identical.
Symbols in c–e correspond to the framed morphologies in panel (a), Supplemen-
tary Fig. S7 and Fig. S8, respectively. The solid (dashed) phase boundaries denote
discontinuous (continuous) morphological transitions.
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from D2 to Ci symmetry (e.g., morphology at (2,10)), where the vesicle
adopts a rodlike shape with inversion as its sole symmetry element
besides the identity. For the D2 symmetry system at large L/(πR) and
small χ, the highlyflexiblefilamentswith YI/(κR) = 0.1minimallydeform
the vesicle, and their configurations approximate perturbed spherical
curves (Supplementary Figs. S5 and S6)33,34. For YI/(κR) = 1 and 10,
representative system morphologies are presented in Supplementary
Figs. S7 and S8, respectively.

With knowledge of all possible systemmorphologies atΔp = 0, we
construct the corresponding morphological phase diagrams in
Fig. 2c–e as functions of the relative filament length L/(πR) and Cou-
lomb interaction strength χ. The morphological transitions at YI/
(κR) = 0.1 and 1 exhibit qualitative similarity but differ quantitatively.
One difference is that in the D∞h and D2 phases, with relatively large L/
(πR) and small χ, stiffer filaments deform the vesicle into an oblate
shape (Supplementary Fig. S7a), whereas highly flexible filaments
induce only minor deviations from a spherical morphology (Fig. 2a).
Additionally, increasing YI/(κR) from 0.1 to 1 expands the D∞h region,
shifts the D2 region rightward, and moves the C2h region upward at
large L/(πR), consistent with the increased resistance of stiffer loops to
buckling at longer critical lengths. At YI/(κR) = 10, these trends inten-
sify: the D∞h region further expands, the D2, C2h, and Ci regions shift
rightward and upward, respectively, and the D2 phase disappears
entirely within the studied L/(πR) − χ region (Fig. 2e).

To elucidate themechanismsunderlying themorphological phase
transitions, the total energy change and its components are analyzed
in Fig. 3. In the Δp =0 case, the ground energy state consists of a
spherical vesicle with bending energy 8πκ and two infinitely separated
circular charged filaments, each of length L and charge density λ. The
total energy change is ΔEtot =ΔEm+ΔEf +ΔEintra + Einter, where
ΔEm = Em − 8πκ, ΔEf = Ef − 4π2YI/L, and ΔEintra = Eintra − 1.029πκχL/R.
Energy profiles at χ = 20 (Fig. 3) show that the interfilament interaction
energy Einter dominates ΔEtot throughout the vesicle evolution. As L/
(πR) increases, ΔEtot exhibits a kink, marking a discontinuous mor-
phological transition. In the transition from D∞h (orange) to the C2h

phase (cyan), the filaments reorient and undergo significant in-plane
bending, stretching the vesicle and sharply increasing both ΔEm and
ΔEf. The transition from the C2h to the Ci phase (purple) is continuous.
With increasing filament bending stiffness, the energy contribution

from filament bending grows. In the C2h and Ci phases, ΔEf plays a
minor role at YI/(κR) = 0.1 and 1 (Fig. 3a, b) but becomes comparable to
ΔEm and ΔEintra at YI/(κR) = 10 (Fig. 3c).

The morphological transition can also be understood from the
evolution of the membrane tension. As χ increases, the growing
interfilament repulsion stretches the confining vesicle, raising mem-
brane tension σ (Fig. 4). This increased tension σ enhances radial
contraction of the elongated vesicle. When the resulting distributed
compressive force on the filaments becomes sufficiently large, they
destabilize, undergoing rotation and bending, which drives the sys-
tem’s morphological transitions.

While this general mechanism applies across a range of para-
meters, the specific evolution of the membrane tension during the
transition depends on the filament stiffness. For example, although
both cases with YI/(κR) = 1 and 10 undergo a similar morphological
transition from an oblate axisymmetric shape (D∞h) to a centrosym-
metric elongated shape (C2h) with a central neck, the associated
membrane tension exhibits opposite sharp changes: it drops for flex-
ible filaments but jumps for stiff ones. This contrast arises from how
filament stiffnessmodulates the geometric andmechanical constraints
on the vesicle.

In systemswith flexible filaments, the C2h configuration allows the
filaments to deform and adapt more easily, thereby exerting weaker
geometric and mechanical constraints on the vesicle. This flexibility
leads to a lower membrane tension compared to the case with stiff
filaments, which resist deformation and act as stronger internal con-
straints. As a result, the vesicle must accommodate these stiff struc-
tures by increasing its membrane tension, even when the overall
morphology appears similar, as confirmed in Supplementary Fig. S9.

Supplementary Fig. S9 further indicates that at low filament
stiffness, the vesicle membrane tension is lower than that of the cor-
responding oblate axisymmetric state. As YI/(κR) increases, the tension
surpasses that of the axisymmetric configuration and eventually
saturates at a plateau. This behavior explains the sharp drop observed
at YI/(κR) = 1 and the jump at YI/(κR) = 10 in the σ–χ profiles (Fig. 4).

Interacting filaments–vesicle system at a given vesicle volume
In preceding cases, the vesicles at Δp =0 provide an isotropic con-
finement for the filaments. Here, we investigate how the mechanical

Fig. 3 | System energy profiles atΔp = 0 and χ = 20. a–c show the total energy change ΔEtot and its components ΔEm, ΔEf, ΔEintra, and Einter for relative filament stiffness
values of YI/(κR) = 0.1, 1, and 10, respectively.
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interplay between the charged filaments and the vesicle is influenced
by a nonspherical, anisotropic confinement, achieved by specifying a
reduced vesicle volume at v = 0.9 for example.

Figure 5a, b shows representative systemmorphologies for highly
flexible filaments (YI/(κR) = 0.1) at v = 0.9, and the corresponding
morphological phase diagram is established in Fig. 5c. The system
morphologies at different (L/(πR), χ) values are categorized into sym-
metry groups: D∞h, C2h, D2h, and D2, where D2h symmetry has three
mutually perpendicular reflection planes and an inversion center. At
small L/(πR), the filaments arranged in circular configurations with
axisymmetric prolate vesicles (D∞h symmetry), which transition from
convex at smaller L/(πR) (e.g.,morphologies at (1,1) and (1,10) in Fig. 5a)
to concave shapes at larger L/(πR) (e.g., morphology at (11/8,1)).
Increasing Coulomb interaction strength χ leads to progressive elon-
gation of the axisymmetric vesicles.

As in the Δp =0 case, increasing L/(πR) further destabilizes fila-
ment loops, driving system transitions from D∞h to C2h and D2

morphologies. However, a key difference at v =0.9 is that C2h

morphologies appear at small χ, while D2 morphologies emerge at
large χ (Fig. 5c). This difference arises from the anisotropic confine-
ment provided by the prolate vesicle, which naturally offers the fila-
ment loops suitable inclined positions to form the C2h morphologies
(e.g., morphology at (1.6,1) in Fig. 5a), eliminating the need for high χ,
whereas the round vesicles at Δp =0 require elongation (induced by
stronger interfilament repulsion at high χ) to accommodate the
inclined loops. The D∞h-to-C2h transition is discontinuous, evidenced
by abrupt filament sliding and reorientation (e.g., morphologies at (11/
8,1) and (1.6,1)). Morphologies from MD simulations closely match
those from numerical optimization (Fig. 5b).

The D2 system morphologies, where the filaments resemble a
palm-to-palm handholding configuration, are energetically preferred
by round vesicles. For prolate vesicles at v =0.9, achieving this state
requires longer filament loops and higher χ to induce amore spherical
geometry. This translates to expanded lateral dimensions and a
reduced vertical dimension for the prolate vesicle (e.g., morphologies
at (5/3,10) and (2.033,40) in Fig. 5a). Consequently, the D∞h-to-D2

transition occurs at larger values of (L/(πR), χ), compared to theD∞h-to-
C2h transition (Fig. 5c).

For the C2h morphologies, a further increase in L/(πR) leads to a
transition toD2 at high χ (e.g., morphology at (2.267,10) in Fig. 5a), and

to D2h, then D2, at small χ (e.g., morphologies at (2.1,1) and (2.267,1)),
with longer loops exhibiting greater bending. InD2hmorphologies, the
filaments elongate and reorient parallel to the vesicle’s long axis.
Unlike other discontinuous transitions (solid phase boundaries in
Fig. 5c), the C2h-to-D2h transition is continuous (dashed phase
boundary).

Comparing phase diagrams at YI/(κR) = 1 and 10 in Fig. 5d, e with
that at YI/(κR) = 0.1 in Fig. 5c, structural changes in morphology
emerge as YI/(κR) increases. InD2h and D2 morphologies, the filament
loops experience significant in-plane or out-of-plane bending (Sup-
plementary Figs. S10 and S11). As YI/(κR) increases, this bending
instability necessitates larger L/(πR) and χ, shifting the D2h and D2

regions toward the upper right. The gaps between C2h and D2h, as
well as between C2h andD2, are occupied by theD∞h phase (Fig. 5d, e),
where the filament loops remain circular. Further morphological
results indicate that, for YI/(κR) = 1 and 10 (Fig. 5d, e), the left D∞h-to-
C2h transition is discontinuous, marked by abrupt filament sliding
and reorientation, whereas the right C2h-to-D∞h transition is con-
tinuous, exhibiting smooth filament rearrangement (Supplementary
Figs. S10 and S11).

The energy analysis at v =0.9 is given in Supplementary Fig. S12.
Here, the ground state comprises a prolate vesiclewith bendingenergy
29.90κ32 and two circular, charged filaments (length L, charge density
λ), positioned at infinite separation. Consequently, the changes in
energy are ΔEm= Em − 29.90κ, ΔEf = Ef − 4π2YI/L, and
ΔEintra = Eintra − 1.029πκχL/R. The energy profiles at χ = 1 in Supple-
mentary Fig. S12 indicate that the interfilament interaction energy Einter
dominates the total energy evolution, similar to the Δp =0 case. For
small values of (L/(πR), χ), the filaments in circular configurations are
far apart, resulting in negligible ΔEintra. With increasing L/(πR), the
reorienting filaments undergo pronounced in-plane and out-of-plane
bending,which raisesΔEf. In theD2 phase (green), the two approaching
filaments bend more severely, causing substantial increases in both
ΔEintra and ΔEf. For filaments with YI/(κR) = 1 and 10 (Supplementary
Fig. S12b, c),ΔEf remainsminor relative toΔEm in the C2h region (cyan),
reflecting only slight filament deformation.

For a filament-free vesicle of v = 0.9, themembrane tension is σR2/
κ ≈ −5.11. The presence of repelling filaments increases σ as the vesicle
is stretched. Fig. 6 shows the evolution of themembrane tensionσwith
the relative filament length L/(πR) for different filament stiffnesses at
χ = 1 and 3. Positive (negative) σ means in-plane membrane tension
(compression). Several sharp jumps and drops in σ mark dis-
continuous phase transitions.

Packing of inhomogeneous filament loops
Filaments within cells can experience localized mechanical property
changes due to the influenceof specificproteins35. For instance, cofilin-
decorated filaments are more flexible than native filaments, and in
some cases, cofilin molecules can induce filament breakage36, whereas
tropomyosin-troponin complexes increase the bending stiffness of
actin filaments by stabilizing the filament structure37. To explore how
filament inhomogeneity affects system morphologies, we consider
two identical inhomogeneous filaments confinedwithin a vesicle, each
composed of flexible (s1) and stiffer (s2) segments (Fig. 7).

Figure 7 shows the systemmorphologies atΔp = 0and v = 0.9 for a
given filament interaction strength. At Δp = 0, the filaments have Ys1Is1/
(κR) = 0.1, Ys2Is2/(κR) = 1, and segment lengths Ls1 = Ls2 = 0.95πR at χ = 1.
As shown in Fig. 7a, they resemble a palm-to-palm arrangementwith an
approximate 90∘ relative orientation. At v = 0.9, filaments with Ys1Is1/
(κR) = 1, Ys2Is2/(κR) = 10, and Ls1 = Ls2 = 7πR/6 at χ = 1 exhibit nearly
identical orientations (Fig. 7b), with stiffer segments aligned with each
other and softer segments similarly positioned. In both cases, the
filament deformation localizes at the ends of the relatively flexible
segment (light brown or blue) to minimize the energy cost associated
with bending the stiffer segment.

Fig. 4 | Membrane tension σ versus Coulomb interaction strength χ. The σ–χ

profiles are evaluated at Δp =0 and L/(πR) = 1.867 for YI/(κR) = 0.1, 1, and 10. The
tension σ(= −∂Etot/∂A) is a Lagrange multiplier conjugated to the vesicle area A.
Sharp drops and jumps in the σ–χ profiles mark discontinuous morphological
transitions, with morphologies before and after transitions illustrated by arrows.
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Discussion
The phase diagrams in Figs. 2c–e and 5c–e provide a robust quanti-
tative framework for the rational design of artificial cellular archi-
tectures. This mechanical roadmap facilitates the systematic selection
of filament-vesicle combinations by considering intrinsic material
properties, biochemical modulation strategies, and functional inte-
gration. For instance, the distinct mechanical roles of cytoskeletal
filaments suggest diverse architectural possibilities. Actin filaments,
with their semi-flexible persistence lengths, enable adaptive mem-
brane remodeling through buckling and branch reorganization,
whereas stiffer microtubule assemblies could serve as anchoring
structures to stabilize elongated vesicles. Biochemical strategies—such
as cation-induced actin polymerization or protein-mediated modula-
tion of filament stiffness35—can be synergistically combined with
membrane-modifying agents (e.g., cholesterol, sphingomyelin, or
unsaturated phospholipids) to establish hierarchical stiffness profiles.
Moreover, emerging functionalization techniques that involve encap-
sulating responsive or active filaments within vesicles enable direc-
tional deformability.

With the advent of networks composed of programmed
vesicles38,39, it is now possible to fabricate vesicular machines with
controlled, reversible folding for targeted transport, drug release, and
mobility40,41. Under high interaction strength χ and long filament
length L, the vesicles containing stiff interacting filament loops elon-
gate more than those with flexible filaments. This deformation feature
canbe exploited to construct two-layer vesicle structures, wherein one
layer comprises vesicle aggregates with flexible filament loops and the
other with stiffer filaments. Under high-χ stimuli, these bilayer struc-
tures bend and subsequently recover as χ decreases, thereby facil-
itating gripping, release, and directional transport. Integrating living
cells or organelles with artificial cells could further expand biohybrid
system applications.

Throughout themain text,we adopt a salt-free environment as the
baseline model, in which electrostatic interactions remain effectively
unscreened. This idealized setting allows us to isolate the conceptual
role of nonlocal repulsion without the complexity introduced by ionic
screening. To assess the robustness of our findings under more rea-
listic ionic conditions, we extend our model to incorporate
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Fig. 5 | The interacting filaments–vesicle system at a reduced vesicle volume
v =0.9. Representative equilibrium system morphologies for highly flexible fila-
ments (YI/(κR) = 0.1) from numerical optimization (a) and MD simulations (b).
c–eMorphological phase diagrams in terms of L/(πR) and χ for YI/(κR) = 0.1, 1, and
10, respectively. In a, (L/(πR), χ) values are provided below eachmorphology, while

in (b), corresponding values of (L/(πR), 1/εr, bs/Σ) are given. The length scales in (a)
and (b) are identical. The filament interaction strength in the MD simulations
increases as εr decreases. Symbols in c–e correspond to the framed morphologies
in (a), Supplementary Figs. S10, and Fig. S11. The solid (dashed) phase boundaries
denote discontinuous (continuous) morphological transitions.
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electrostatic screening using a screened Coulomb potential with an
adjustable Debye length λD

24,42. The Debye length quantifies the range
over which electrostatic interactions remain significant; a larger λD
corresponds to weaker screening and thus longer-ranged interactions.
As detailed in Supplementary Fig. S13 and corresponding supple-
mentary discussion, simulations performed at varying λD reveal that,
under weak screening conditions (e.g., λD = 10), filaments-vesicle
morphologies remain qualitatively similar to the unscreened cases,
indicating that the morphological transitions are robust against mild
ionic attenuation. Under strong screening (e.g., λD = 0.1), the effective
filament repulsion is substantially reduced, leading to a downward
shift of the phase boundary and requiring stronger interaction
strength to achieve comparable morphological transitions. These
results quantitatively demonstrate how screening modulates long-
range interactions and confirm that such interactions effectively drive
morphological transitions of the system.

A key step toward experimentally realizing the morphologies
predicted in ourmodel is the constructionofmicroscale filaments that

actively respond to external stimuli such as magnetic fields, electric
fields, or light. Recent advances in soft matter and nanomanufacturing
offer promising strategies for building such reconfigurable and
stimulus-responsive filaments with tunable mechanics. For instance,
Bharti et al. demonstrated the magnetic assembly of ultraflexible
microfilaments composed of lipid-coatedmagnetic nanoparticles held
together by nanocapillary forces43. Thesefilaments exhibit exceptional
flexibility, reversibility, and the ability to self-close into loops or figure-
eight configurations under external magnetic fields. Beyond self-
assembly, other fabrication approaches include embedding super-
paramagnetic nanoparticles into electrospun or wet-spun polymer
nanofibers, and incorporating photoresponsive moieties, gold nanor-
ods, or liquid crystal droplets into filament backbones using techni-
ques such as coaxial electrospinning or direct ink writing. These
methods allow for programmable filament stiffness, curvature adapt-
ability, and responsiveness to environmental cues. Such capabilities
make it feasible to design soft, reconfigurable filaments that recapi-
tulate the confinement-driven shape transformations predicted by our
theory.

To explore the magnetic field-based control of the filament
interaction, we propose a system composed of one paramagnetic and
one diamagnetic filament confined within a vesicle. When exposed to
an external magnetic field, the paramagnetic filament acquires a
magnetic moment aligned with the field, while the diamagnetic fila-
ment develops a moment in the opposite direction (Supplementary
Fig. S14). This antiparallel dipole alignment induces a repulsive
dipole–dipole interaction along the magnetic field axis. By incorpor-
ating the standard dipole–dipole interaction potential44 into both
inter- and intrafilament interactions, we reveal a spectrum of vesicle
morphologies (Supplementary Fig. S15)—including elongation, flat-
tening, and neck formation—that closely mirror those obtained in the
electrostatic case. These results demonstrate that magnetic contrast
between filaments can serve as a physically realizable surrogate for
nonlocal repulsion. In this context, flexible paramagnetic chains
assembled from superparamagnetic beads and diamagnetic filaments
formed from carbon-based materials or polymer-coated colloids may
provide a viable experimental platform for validating the theoretical
predictions.

Although the specific system explored in this study has not yet
been directly realized experimentally, our predictions show strong

Fig. 6 | The vesicle membrane tension σ versus the relative filament length L/
(πR). The σ–L/(πR) profiles for different filament stiffness values are evaluated at
the interaction strengths χ = 1 and 3, with a reduced volume v =0.9.

Fig. 7 | Vesicle morphologies with inhomogeneous filaments. Selected equili-
brium morphologies obtained from numerical optimization (left panels) and MD
simulations (right panels). Cases of Δp =0 (a) and v =0.9 (b). For the theoretical
modeling, χ = 1 is used. In the MD simulations, the simulation box size is bs = 160Σ,

and 1/εr = 0.351 (a) and 0.333 (b). Each inhomogeneous filament has two segments,
more flexible segment #1 (light brown or blue) of length Ls1 and bending stiffness
Ys1Is1 and stiffer segment #2 (dark brown or crimson) of length Ls2 and bending
stiffness Ys2Is2.
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parallels with deformation observed in related biological and biomi-
metic systems. For example, during mitosis, forces generated by the
mitotic spindle lead to elongation and necking of the nuclear
envelope45,46, resembling the vesicle morphologies induced by inter-
acting filament loops in ourmodel. Similarly, giant unilamellar vesicles
subjected to extensional flow develop elongated and asymmetric
morphologies due to flow-induced membrane tension47,48. In both
cases, the membrane deformation is driven by internally generated
forces (e.g., microtubule polymerization and sliding) or externally
imposed hydrodynamic forces. These mechanisms are conceptually
similar to the repulsive interactions produced by confined filament
loops in our model.

Additional parallels can be drawn with endocytosis, which
involves membrane shape transformations such as elongation, neck-
ing, and symmetry breaking that are qualitatively similar to those
observed in our simulations. Membrane-associated filaments such as
dynamin and endosomal sorting complexes required for transport
(ESCRT-III) play central roles in driving these transitions. For instance,
dynamin helices constrict membrane necks during vesicle scission
events49, while ESCRT-III filaments undergo supercoiling and reorga-
nization to remodel membrane geometry50. These examples illustrate
how filament-membrane coupling, whether driven actively or arising
passively through geometric constraints, can produce complex shape
transitions analogous to those captured in our mechanical model.
Together, these biological analogies underscore the broader applic-
ability of our framework and suggest that its underlying mechanical
principles may be experimentally accessible using either biological
analogs or synthetic reconstitution platforms.

Biological and synthetic systems also support the plausibility of
ring-like filament structures. For example, Miyazaki et al. showed that
polymerizing actin filaments confined within spherical droplets can
spontaneously self-organize into equatorial rings driven by filament
elasticity and confinement8. Similarly, experimental observations
demonstrated that actin filaments cross-linked by proteins such as α-
actinin and muscle filamin can form stable ring-like bundles within
giant unilamellar vesicles under appropriate conditions9. Another
relevant example is the marginal band in blood platelets, a peripheral
ring of microtubules that provides internal mechanical support and
undergoes buckling transitions during activation6. These examples
illustrate thatwhile the closed-loopgeometry in ourmodel is idealized,
the underlying mechanisms—elastic confinement, curvature-induced
organization, and topological coupling—are broadly realized in both
synthetic and biological contexts.

In addition to spatial organization, the dynamical nature of
filament-vesicle systems also merits consideration. While the present
study focuses on equilibrium morphologies, many biological vesicle-
filament systems exhibit dynamic remodeling driven by active pro-
cesses such as filament polymerization, motor-protein forces, and
ATP-dependent turnover1. Nonetheless, our results demonstrate that
passive mechanical and physical interactions, specifically long-range
filament repulsion and elasticity under confinement, are already suf-
ficient to induce robust shape transformations, filament localization,
and symmetry breaking. These phenomenamirror qualitative features
commonly observed in active systems, suggesting that certain mor-
phogenetic patterns may emerge purely from mechanical coupling,
independent of nonequilibrium driving. From this perspective, our
model provides aminimalmechanical framework that isolates the role
of internal stress and offers a baseline for understanding more com-
plex systems.

Recent studies have indeed shown that active cytoskeletal net-
works, such as microtubule-motor assemblies, can induce dynamic
vesicle shape fluctuations through internally generated stresses15.
These systems display pronounced time-dependent behaviors and
fluctuation spectra characteristic of nonequilibrium dynamics. In
contrast, our equilibrium-based model enables the controlled

programming of stable vesiclemorphologies through tunable filament
interactions. Together, the active and equilibrium perspectives define
a broader design space for vesicle-based systems, spanning from
fluctuation-induced remodeling and dynamic reconfigurability to
shape locking via filament-mediated mechanical feedback.

Building on this foundation, future extensions of ourmodel could
incorporate active components such as filament-length evolution,
polymerization-driven remodeling, and motor-induced force genera-
tion. These additions would allow for the exploration of none-
quilibrium shape fluctuations, remodeling pathways, and adaptive
morphologies, thereby bridging equilibrium-based design principles
with the spatiotemporal complexity of living systems.

In summary, this study reveals how enclosed interacting filament
loops drive vesicle morphogenesis, with phase diagrams illustrating
the influence of filament stiffness, length, and interaction strength on
morphological transitions. For short filaments, increasing interaction
strength transforms the vesicle from an axisymmetric convex to a
concave shape. At higher filament lengths and interaction strengths,
filament loops destabilize, leading to asymmetric morphologies char-
acterizedby in- andout-of-planebuckling and reorientation. In vesicles
with specified relative volumes, geometric anisotropy alters the
sequence of morphological phases compared to those at zero pres-
sure. Energy analysis shows that interfilament interactions are the
primary drivers of total energy changes. Our results provide a quan-
titative foundation for the rational design of artificial, programmable
cellular systems and enhance our understanding of cell shaping and
stability.

Methods
Numerical optimization
In the numerical optimization, the vesicle morphology is depicted by
the membrane position vector rm using a spherical harmonic
parameterization21,51,52. In a Cartesian coordinate system Oxyz (Fig. 1),
coordinates of rm = (xm, ym, zm) are xm =

Plmax
l =0

Pl
m=�l C

x
lmylmðθ,φÞ

(lmax = 5 is taken) and similar forms for ym and zm by replacing Cx
lm with

Cy
lm and Cz

lm, respectively. Here, ylm(θ, φ) denotes the real spherical
harmonic basis function in terms of the polar angle θ ∈ [0, π] and
azimuthal angle φ ∈ [0, 2π] of the spherical coordinate system (see
SupplementaryNote 1). The charged filaments,which repel each other,
bend against the vesiclemembrane and are assumed to be constrained
to the membrane surface in our theoretical model, consistent with
qualitative suggestions from MD simulations. The filaments could
freely slip along the vesicle surface. Each filament fi (i = 1, 2) is char-
acterized by its position vector rfi ðφÞ= rmðθi,φÞ, with a specified polar
angle θi. The vesicle surface and filament geometries can then be
derived from rm(θ, φ) and rfi ðφÞ using classical differential geometry
(Supplementary Note 1). Consequently, the total energy Etot is
expressed as a function of undetermined coefficients Cx, y, z

lm and mini-
mized numerically via sequential quadratic programming. The fixed
vesicle area A and filament length Li serve as equality constraints, with
vesicle volumeV included if a reduced volume is specified.Once values
of Cx, y, z

lm are obtained, the system morphology and corresponding
energy components are determined.

MD simulations
In the coarse-grained MD simulations, the lipid vesicle membrane is
represented by a one-particle-thick layer53–55, where each lipid mole-
cule is modeled as a particle with translational and rotational degrees
of freedom. The interaction between these lipid particles depends on
their relative distances and orientations. For vesicles atΔp =0, solvent
is not introduced; for vesicles with a reduced volume v, solvent is
included to control volume56. Filaments aremodeled as chains of unit-
charged particles connected by harmonic bonds and angles. The
electrostatic interaction is computed using the Particle-Particle Parti-
cle-Mesh method57 with the interaction strength proportional to 1/εr.
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The discretization of charges, finite simulation box size, and periodic
boundary conditions complicate the mapping of the interaction
strength from MD simulations to the theoretical model58. Lennard-
Jones potentials govern lipid, solvent, and filament interactions54. For
elongated vesicle morphologies at Δp =0, the simulation box size bs is
adjusted to adequately accommodate the morphologies. All MD
simulations are conducted with the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)59 and visualized usingOVITO60.
For clarity, simulation boxes and solvent particles are not shown in the
main text. More detailed descriptions can be found in Supplementary
Note 2 and Figs. S1–S4.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Simulation data generated in this study have been deposited in the
PKU NetDisk database under accession code https://disk.pku.edu.cn/
link/AA4B4C4DFE38E34C05B6A5C8CF0564813B.
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Note 1. Geometrical characterization of the vesicle and filament morphologies in modeling 

In our theoretical modeling, we employ spherical harmonic parameterization to describe the 

vesicle morphology. The position vector rm of the vesicle membrane is given by  
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Here, θ[0,π] and φ[0,2π] denote the polar and azimuthal angles in the spherical coordinate 

system, respectively, and ylm(θ,φ) is the real spherical harmonic basis function expressed as 
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  Using the expression of rm(θ,φ), geometrical properties of the vesicle such as surface area, 

volume, and local curvature are derived. Subsequently, the bending energy of the vesicle 

membrane is obtained using the Helfrich theory. 

The surface area A and volume V of the vesicle are given by  

2
m m

, ,
0 0

| | d dA
 

   =   r r   and  
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m m m
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( )d d

3
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   =    r r r , 

respectively. Here, a subscript comma followed by a variable denotes partial differentiation with 

respect to that variable (e.g., m m

, /   r r ). 

  The local mean curvature H of the vesicle surface is  
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where 
m m

, ,E  = r r  , 
m m

, ,F  = r r  , and 
m m

, ,G  = r r   are coefficients of the first fundamental 

form of the surface at the point rm, and 
m m

,L = r n  , 
m m

,M = r n  , and 
m m

,N = r n   are 

coefficients of the second fundamental form with 
m m m m m

, , , ,/ | |   =  n r r r r   as the unit normal 

vector of the surface. 

The bending energy Em of the vesicle membrane is  

2
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m
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The morphology of each surface-constrained filament fi (i = 1,2) is characterized by its position 

vector ri
f(φ) = rm(θi,φ), where θi is the specified polar angle. The length Li of the filament fi is  

2
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The local curvature Ci of the filament fi is given by  
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and the total bending energy of the filaments f1 and f2 is 
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  If the filament fi is inhomogeneous, consisting of two segments with different bending 

stiffnesses, the above integrals for Li and Ef with respect to φ are evaluated over the intervals [0,φj] 

and [φj,2π], where φj is the specified azimuthal angle. 

Note 2. Coarse-grained molecular dynamics (MD) simulations 

Coarse-grained model of lipid membranes. We employ a one-particle-thick lipid membrane 

model [1-3] to simulate lipid membranes. This model represents each lipid molecule as a single 

spherical particle, which possesses both translational and rotational degrees of freedom (Fig. S1). 

The interactions between lipid particles depend on their relative distances and orientations. The 

potential energy between two lipid particles i and j is given by 

R min
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where r is the distance between lipid particles i and j, UR(r) and UA(r) represent the distance-

dependent repulsive and attractive potentials, respectively. The parameter rmin denotes the range 

of the repulsive force, while rc is the cutoff distance for pairwise interaction. The function 

𝜙(𝐫̂𝑖𝑗, 𝐧𝑖, 𝐧𝑗) adjusts the interaction based on the relative orientation of particles i and j, with 

𝐫̂𝑖𝑗 = 𝐫𝑖𝑗/𝑟  serving as the direction vector of the relative distance vector rij, and ni and nj 

indicating the orientations of particles i and j, respectively. The distance-dependent potentials 

UR(r) and UA(r) are defined as 

4 2
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R min( ) 2 ,

r r
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−

, 

where rmin = (2)1/6Σ and rc = 2.6Σ. In our MD simulations, ε and Σ are the energy and length units, 

respectively. The orientation-dependent function is  

ˆ ˆ( , , ) 1 [ ( , , ) 1]ij i j ij i ja = + −r n n r n n , 

where 
2

0 0
ˆ ˆ ˆ ˆ( , , ) ( ) ( ) ( ) sin sinij i j i ij j ij j i ija  =    + −  −r n n n r n r n n r . 

The function aϕ (and consequently ϕ) reaches its maximum value of 1 when the angle between 

two lipid particles is θ0, and is less than 1 otherwise. Thus, θ0 directly correlates with the 

spontaneous curvature of the membrane. 

In summary, the inter-particle pair potentials between the coarse-grained lipid particles in this 

study are characterized by four parameters: rc, ζ, μ, and θ0. A typical set of values is rc = 2.6, ζ = 4, 

μ = 3, and θ0 = 0 at a temperature T = 0.23ε/kB, where kB is the Boltzmann constant. The energy 

ε, length Σ, and mass m for each lipid particle are set to be unity, while the time scale is τ = 

[ε/(mΣ2)]1/2. By correlating typical membrane thickness and lateral diffusion observed in 

experiments, we have the basic length unit Σ ≈ 5 nm and time unit τ ≈ 0.1 μs [1, 2]. 

 

Fig. S1 | Coarse-grained model of lipid membranes. (a) Schematic of the one-particle lipid 

model alongside a snapshot of a fluctuating lipid membrane. (b) Fitted bending rigidity of the 

lipid membranes with explicit and implicit solvents. 

For vesicles at zero osmotic pressure difference (Δp = 0), no solvent particles are introduced in 

the simulations (the implicit solvent model). In contrast, for vesicles maintaining a fixed volume 

(e.g., reduced volume v = 0.9), the explicit solvent model is utilized, which facilitates volume 

control by adjusting the number of solvent particles within the vesicle. 

The interactions among lipid and solvent particles are governed by the 12-6 type Lennard-Jones 

potential ULJ [2]  

12 6

eq eq

LJ p c( ) 4 ,U r r r
r r


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Here, εp = 0.2 is taken for all kinds of particle interactions, with Σeq = 2.7 for the solvent-solvent 

interaction, and Σeq = 1 for the solvent-lipid interaction. 

Note that the bending rigidity of the lipid membranes varies when solvent particles are 

introduced, even though the lipid parameters remain consistent. We determine the bending rigidity 

κ from the membrane fluctuation spectrum, defined as the time-averaged squared modulus of the 

Fourier-transformed membrane height field h(qw) with qw as the wavevector and its magnitude 

qw = |qw| (Fig. S1b). The solvent-free model exhibits a membrane bending rigidity of 26 kBT, 

whereas the explicit solvent model results in a bending rigidity of 45 kBT. 

Coarse-grained model of filaments. In the MD simulations, filaments are modeled as chains of 

coarse-grained particles connected by harmonic bonds and angles of potentials Ebond = kb(r – r0)2 

and Eangle = ka(θ – θ0)2, respectively, where kb and r0 = Σ denote the bond stiffness and the 

equilibrium bond distance, respectively; ka and θ0 = π are the angle stiffness and the equilibrium 

angle value (Fig. S2a). The bending stiffness of the filament is primarily governed by the angle 

stiffness. In this model, the bond stiffness is fixed at a constant value of 1000ε/Σ2 for all 

simulations.  

 
Fig. S2 | Coarse-grained model of filaments. (a) Schematic of the filament model as a chain of 

particles connected by harmonic bonds and angles. (b) Circular filament rings of varying numbers 

N of the filament particles. (c) Temporal evolution of the potential energy of filament rings in 

simulations. (d) Fitted bending stiffness of the filaments, derived from the average potential 

energy. (e) Fitted linear relationship between the filament bending stiffness and the angle bond 

stiffness, as determined from the simulations. 
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To establish the relationship between the bending stiffness of the filament and the angle 

stiffness, the filaments are bent into circular rings with varying lengths L and angle stiffness values. 

The system is then relaxed at temperature T = 0.23ε/kB for one million steps to achieve equilibrium, 

as evidenced by the evolution of the potential energy (Fig. S2b,c). The elastic energy of a circular 

filament ring is given by Efilament = 2π2YI/L, where YI and L represent the bending stiffness and 

length of the filament, respectively. The slopes in Fig. S2d give the bending stiffness of the 

filaments, showing that the bending stiffness is linearly dependent on the angle stiffness (Fig. S2e). 

To model the electrostatic interaction, each particle of the filament is assigned a unit charge q 

= (4πε0εrΣ)1/2, resulting in a charge density of λ = qN/(NΣ) = (4πε0εr/Σ)1/2. The total electrostatic 

self-interaction energy Es of a filament ring can be written as 

2 2 2
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E


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
= = 

r r
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where εr is the dielectric constant. The electrostatic interaction is computed using the Particle-

Particle Particle-Mesh method [4] with a precision of 10–4 in simulations. The electrostatic 

interaction strength is qualitatively inversely proportional to εr for a given system size.  

The interactions among lipid, solvent, and filament particles are also governed by the 12-6 type 

Lennard-Jones potential ULJ described above, where εp = 0.2 is applied to all particle interactions, 

and Σeq = 1 is used for filament-solvent, filament-lipid, filament-filament interactions. 

MD simulation protocols–All MD simulations are conducted using the open-sourced software 

LAMMPS [5] with periodic boundary conditions. The time integration step is set at Δt = 0.005τ 

for most simulations, and it is reduced to 0.002τ for cases involving large angle stiffness (ka > 

2000) to ensure stability in time integration. The vesicle model consists of 33400 lipid particles, 

corresponding to an approximate radius of 50Σ. To achieve a reduced volume of v = 0.9, 10% of 

the solvent particles within the vesicle are removed using the built-in LAMMPS function ‘fix 

evaporate’. After equilibrium, the vesicle attains a prolate shape (Fig. S3), consistent with 

theoretical predictions. In simulations of vesicles at zero osmotic pressure difference, all solvent 

particles are removed. 

 

Fig. S3 | Modeling of vesicles at given reduced volumes v. (a) v = 1, and (b) v = 0.9. Solvent 

particles outside the vesicles are colored green, while those inside are colored red. The simulation 

box has a size of bs = 160Σ. 

For the filament–vesicle systems, filaments of varying lengths are positioned inside the vesicle 

containing solvents, with ka = 25 and εr = 1. The system undergoes an initial energy minimization 

using the conjugate gradient algorithm, with stopping tolerances set at 10–4 for energy and 10–6 
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for force. Following minimization, the solvent is relaxed at a temperature of T = 0.23ε/kB using 

the NPT ensemble (isothermal-isobaric ensemble) for 104 steps, after which the temperature of 

the filament is ramped from 0.02ε/kB to 0.23ε/kB in 3×104 steps. The entire system is then relaxed 

for an additional 5×105 steps before the production run (Fig. S4a). As detailed in previous sections, 

the filament stiffness and electrostatic interaction strength are modified based on the angle 

stiffness ka and the dielectric constant εr. For cases with a reduced volume v = 0.9, 10% of the 

solvent particles inside the vesicle are removed (Fig. S4b). In scenarios involving zero osmotic 

pressure, all solvent particles are removed. Additionally, for configurations featuring elongated 

vesicle morphologies, the simulation box size bs is adjusted to adequately accommodate these 

morphologies (Fig. S4c). Each system—varying in filament length, stiffness, and electrostatic 

interaction strength—is simulated for at least 5000τ to ensure equilibrium is achieved. 

Morphologies of the filament-vesicle system are visualized using OVITO [6]; for clarity, viewing 

angles are adjusted and solvent particles are not shown in these visualizations in the main text. 

 

Fig. S4 | Simulation procedures and representative examples. (a) Initial setup of the filaments–

vesicle system with normalized filament length 1, angle stiffness ka = 25, and dielectric constant 

εr = 1. The relaxation process includes energy minimization and sequential release of constraints 

on the solvents, filaments, and lipid membrane within a simulation box of size bs = 160Σ. (b) 

Representative temporal evolution of the filaments–vesicle system at reduced volume v = 0.9, 

with parameters ka = 260 and εr = 1. (c) Representative temporal evolution of the filaments–vesicle 

system under zero osmotic pressure, with an increased box size of bs = 300Σ and parameter values 

of ka = 1700 and εr = 0.084. The final steps highlight the system morphologies with adjusted 

viewing angles. In panels (a) and (b), solvent particles outside the vesicles are colored green, 

while those inside are colored red. 
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Note 3. Numerical and simulation results 

At relatively large L/(πR) and small χ, the highly flexible filaments slightly deform the confining 

vesicle at Δp = 0 (e.g., D2 morphologies in Fig. 2 in the main text). Using a Cartesian coordinate 

system centered on the nearly spherical vesicle, the coordinates 
f f f f( ,  ,  )i i i ix y z=r  of filament 

i can be represented by truncated Fourier series as [7] 

f

f

f
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                       (1) 

Here, a is a reference parameter, b, c, and ξ are the amplitude parameters, k is the integer wave 

number, φ is the azimuthal angle, and δ is the average z-coordinate of the filaments. When c = δ 

= 0, k = 2, and ξ = 2(ab)1/2, Eq. (1) simplifies to a tennis ball seam line curve, which closely 

approximates the equilibrium configuration of a filament loop constrained to a spherical 

surface [8]. Performing a perturbation analysis on the filament configuration based on a reference 

circle, one has two constraint equations 

f 2 2 2| d / d | / (2 )i L r    and   
f 2 2| |i Rr .             (2) 

Substituting Eq. (1) into Eq. (2) and matching coefficients of constant terms, one obtains 
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The saddle-shaped filament configurations suggest that k = 2 is the dominant Fourier mode. Once 

δ is determined, the values of ξ, a, b, and c, as well as the filament configurations, are known. 

Here, the following power form is adopted for δ = δ(L/(πR), χ), 

2 2

4 4

0 1 3 5 .

c c

c cL L
c c c

R R
   

 

   
= + + +   

   
               (3) 

Eq. (3) well fits the numerical results (Fig. S5). The filament configurations based on Eq. (1) are 

then obtained and agree well with optimization results (Fig. S6).  

 

Fig. S5 | Data points and multivariable regression. The regression of the function δ versus the 

dimensionless Coulomb interaction strength χ and relative filament length L/(πR) for high flexible 

filaments (YI/(κR) = 0.1) in the confining vesicle at Δp = 0. Values of the fitting parameters are 

listed in the right table.  
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Fig. S6 | System morphology comparison. Morphologies for highly flexible filaments for YI/(κR) 

= 0.1 at Δp = 0 obtained through numerical optimization and compared with Eq. (3) 

approximations. The corresponding values of (L/(πR), χ) are provided below each morphology. 

The rightmost morphology with Fourier mode k = 3 is energetically metastable. 

 

 

 

Fig. S7 | Selected equilibrium morphologies of the interacting filaments–vesicle system at 

Δp = 0 for YI/(κR) = 1 from numerical optimization (a) and MD simulations (b). In panel (a), 

the respective values of (L/(πR), χ) are provided below each morphology. In panel (b), the 

corresponding values of (L/(πR), 1/εr, bs/Σ) are displayed, where bs denotes the simulation box 

size adjusted to accommodate elongated vesicles. Morphologies within orange frames in (a) are 

axisymmetric. The length scales in panels (a) and (b) are identical. The morphologies within the 

orange, green, cyan, and purple frames exhibit D∞h, D2, C2h, and Ci symmetry, respectively. 
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Fig. S8 | Selected equilibrium morphologies of the interacting filaments–vesicle system at 

Δp = 0 for YI/(κR) = 10 from numerical optimization (a) and MD simulations (b). In panel 

(a), the respective values of (L/(πR), χ) are provided below each morphology. In panel (b), the 

corresponding values of (L/(πR), 1/εr, bs/Σ) are displayed, where bs denotes the simulation box 

size adjusted to accommodate elongated vesicles. Morphologies within orange frames in (a) are 

axisymmetric. The length scales in panels (a) and (b) are identical. The morphologies within the 

orange, green, cyan, and purple frames exhibit D∞h, D2, C2h, and Ci symmetry, respectively. 

 

 

 

Fig. S9 | Evolution of vesicle membrane tension σ with varying filament bending stiffness, 

YI/(κR), at Δp = 0, χ = 10 and L/(πR) = 1.867. System morphologies at YI/(κR) = 1, 10, and 100 

are shown as insets and indicated by arrows. 
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Fig. S10 | Selected equilibrium morphologies of the interacting filaments–vesicle system at 

v = 0.9 for YI/(κR) = 1 from numerical optimization (a) and MD simulations (b). In (a), the 

corresponding values of (L/(πR), χ) are provided below each morphology, while in (b), the 

corresponding values of (L/(πR), 1/εr) with the simulation box size bs = 160Σ are given. 

Morphologies within orange frames in (a) are axisymmetric. The length scales in panels (a) and 

(b) are identical. 

 

 

Fig. S11 | Selected equilibrium morphologies of the interacting filaments–vesicle system at 

v = 0.9 for YI/(κR) = 10 from numerical optimization (a) and MD simulations (b). In (a), the 

corresponding values of (L/(πR), χ) are provided below each morphology, while in (b), the 

corresponding values of (L/(πR), 1/εr) with the simulation box size bs = 160Σ are given. 

Morphologies within orange frames in (a) are axisymmetric. The length scales in panels (a) and 

(b) are identical. 
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Fig. S12 | Energy component profiles of the charged filaments–vesicle system at v = 0.9 and 

χ = 1. The relative filament stiffness values are YI/(κR) = 0.1 (a), 1 (b), and 10 (c). 

Note 4. Electrostatic interactions with ionic screening effects 

This section examines how ionic screening modifies the electrostatic interactions between 

charged filament segments and affects the resulting morphological behavior of the system. To 

capture this effect, we extend our model by replacing the bare Coulomb potential with the 

screened Coulomb potential, which accounts for ionic attenuation in aqueous environments.  

By incorporating screened electrostatic interactions, the intrafilament interaction energy Eintra 

and interfilament interaction energy Einter become 
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where D is the Debye length, quantifying the effective range of electrostatic interactions. It reads 

D = [4πBƩ(csqs
2)]-1/2, where B is the Bjerrum length, and cs and qs are the concentration and 

valence of small ions, respectively. At 25 °C and pH 7, pure water’s autoionization yields an ionic 

concentration of approximately 10⁻7 M, giving D ≈ 1 μm and thus minimal electrostatic screening. 
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Using this screened interaction model with an exponential decay factor, we performed 

additional numerical simulations to examine how varying screening conditions influence filament 

conformations and vesicle morphologies. The results, summarized in Fig. S13, reveal the 

following trends:  

(1) Under weak screening (e.g., D/R = 10), the resulting filament configurations and vesicle 

shapes are qualitatively similar to those in the unscreened case, demonstrating that the shape 

transitions remain robust when electrostatic interactions are weakly screened. 

(2) Under strong screening (D/R = 0.1), the effective interfilament repulsion is significantly 

reduced, which results in a downward shift of the phase boundary and necessitates stronger 

interaction strength to achieve comparable morphological transitions. 

These results provide quantitative insight into how electrostatic screening modulates shape 

transitions and support the physical intuition that long-range interactions are particularly effective 

at driving large-scale morphological changes under confinement. While our main model employs 

unscreened Coulomb interactions to isolate the role of nonlocal repulsion, additional simulations 

with screened potentials demonstrate that the underlying morphological mechanisms remain 

robust across a wide range of interaction ranges and decay lengths. 

 

Fig. S13 | Representative equilibrium system morphologies for highly flexible filaments 

(YI/(κR) = 0.1) at different screening lengths D/R = 10, 1, and 0.1. The corresponding values 

of (L/(πR), χ) are listed below each morphology. 
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Note 5. Modeling of magnetically responsive filament systems 

Long-range repulsive forces between filaments can also be engineered using magnetically 

responsive systems. Specifically, we consider a system composed of one paramagnetic filament 

and one diamagnetic filament. These filaments can be fabricated using established colloidal 

techniques—for instance, by linking superparamagnetic beads into flexible chains to form the 

paramagnetic component, and constructing the diamagnetic filament from polymer-coated 

particles or carbon-based structures.  

When placed in an external magnetic field, the paramagnetic filament acquires a magnetic 

moment aligned with the field, while the diamagnetic filament develops a moment in the opposite 

direction. This antiparallel dipole alignment along the field axis gives rise to a net repulsive 

dipole–dipole interaction between the filaments (Fig. S14). 

 

Fig. S14 | Schematic of two magnetically responsive filaments confined within a vesicle. 

Filament f1 is paramagnetic, while filament f2 is diamagnetic. Their oppositely induced magnetic 

moments lead to a net repulsive dipole–dipole interaction under an external magnetic field of flux 

density B. 

Here, we assume that the filament f1 has a uniform magnetization density m1 aligned with the 

magnetic field B, while filament f2 has a uniform magnetization density m2 anti-aligned with B. 

Both magnetization densities are assumed to have the same constant magnitude 𝑚>0, such that 

m1 = m(B/|B|) and m2 = −m(B/|B|), where B/|B| is the unit vector in the direction of the applied 

magnetic field. 

In general, the magnetic interaction energy between two magnetic dipoles Mi and Mj located 

at positions ri and rj is given by the dipole–dipole potential [9] 
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where μ0 is the vacuum permeability. 

In our case (Fig. S14), both intra- and inter-filament magnetic interactions are computed using 

this potential as 
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In Fig. S15, we systematically explore the equilibrium configurations of vesicles containing 

magnetic filaments of bending stiffness YI/(κR) = 10. Our results demonstrate that magnetic 

interactions between filaments can qualitatively reproduce the same spectrum of vesicle 

deformation—such as elongation, flattening, and neck formation—that closely resemble those 

induced by long-range electrostatic repulsion discussed in the main text. These findings suggest 

that directional repulsion arising from magnetic contrast (e.g., between paramagnetic and 

diamagnetic components) can serve as an effective surrogate for nonlocal filament–filament 

repulsion, offering a viable route for experimental realization through magnetic design. 

 

 

Fig. S15 | Magnetically responsive filaments–vesicle system for filaments of YI/(κR) = 10 at 

Δp = 0. Representative system morphologies in equilibrium obtained from numerical optimization, 

with the corresponding values of (L/(πR), η) provided below each image. Here, η = μ0m2/(4πRκ) 

denotes the dimensionless magnetic interaction strength. 
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