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1 Methods and Material

1.1 Anillin purification

Anillin (ANLN) is an actin-binding protein that bundles filaments. We use it as an (unspecific) mi-
crotubule crosslinker. We clone ANLN using the following (His-Tag containing) amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMDPFTEKLLERTRARRENLQKKMADRPTAGTRTAAL
NKRPREPLLEANHQPPAPAEEAKPSSKPSPSKRRCSDNASTPDAGAENKQPKTPEL
PKTELSAVASHQQLRATNQTPQVSLLSSDKELTASDVKDASSVKTRMQKLADQRRY
WDNNVSPSSSPPAHVPPKDIIVSPPKPQIPDVGNDTPVGRRGRFANLAATIGSWED
DLSHPFVKPNNKQEKPGTACLSKESTTSSASASMNSRSVKQDTTSCSQRPKDTTVN
KAVCSGQLKNILPASKPASSVASTEVSGKSKPLAIKSPTVVTSKPNENVLPASSSL

KPVSANSSPQKTERPASRIYSYQSASARNELNNNTPVQTQQKDKVATSGGVGIKSF
LERFGEKCQEHSPAPLNQGHRTAVLTPNTKSIQERLLKQNDISSTALEHHHHHH

We use a pET28b(+) vector. Plasmids are amplified with chemically competent E. coli XL-1
blue cells for DNA production and E. coli BL-21 CodonPlus for protein expression, both purchased
from Agilent Technologies.

Experimental methods

2 Fluctuation spectroscopy and data analysis

2.1 Extraction of GUV’s contour

We acquire movies of the equatorial plane of fluctuating vesicles, starting from the membrane chan-
nel. The procedure is the same for active or passive vesicles. To extract the contour, we use
previously developed algorithms [1]. The program was coded and compiled on MATLAB (Math-
works, USA) with the help of in-built MATLAB functions or using Python3 scripts. The software
performs three important steps to detect the contour; (i) image processing, (ii) pixel and sub-pixel
resolution contour detection and (iii) fitting the vesicle contour by a Fourier series. The details are
as follows:

After acquiring the raw confocal fluorescence images of the membrane, we implement an inbuilt
MATLAB sobel disk filter fspecial (′sobel′) and image normalization to increase the contrast of
the contour. Initially, an estimated radius is determined by converting 10-100 consecutive contours
into binary images. A skeletonization (bwmorph) and circle fitting algorithm (least square method)
is used to determine an approximate radius of the vesicle. The first approximated radius is used
to implement an inbuilt MATLAB function imfindcircles(). The function uses circular Hough
transform to give an improved approximated radius Rves and first guess of the centroid of the circle.
This forms our preliminary image detection technique. The analysis becomes more precise by using
the approximated centroid and Rves. The cartesian plane in the MATLAB grid is converted to polar
grid where the centroid is placed at the origin. The software proceeds to find the pixel location of
minimum intensity in N regions of size dϕ=2π/N (wedges). It is to be noted that N is determined in
powers of 2 to implement the Discrete Fast Fourier Transform (FFT) algorithm. The new centroid is
determined by averaging the coordinates of the minimum pixel location. The improved approximated
radius is found by determining the mean of each found pixel location from the new centroid. This
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Supp.Fig. 1: A)Anillin bundles microtubules. Adding different concentrations of anillin to a mixture
of 8 mg/ml of microtubules leads to the formation of bundles. Each conditions has been repeated
twice. B) Active vesicles are observed for a range of ANLN and MT concentration. All GUVs
contain 60 nM Kinesin in addition to the indicated concentrations.

process is iterated until the centroid point converges with a difference 0.001%. It is important to note
that the contour is contained within an annulus (Region of Interest) of inner radius Ri and outer
radius Ro; Ri<Rves<Ro. This optimizes the software to work faster and prevents the algorithm
from finding some defects or impurities in the images as the pixel location of the minimum intensity.
After getting a converged centroid, the same algorithm of finding pixel location of minimum intensity
is utilized. This is the gross signal of the contour with a pixel resolution accuracy. For the sub-pixel
accuracy detection, we have implemented the algorithm from Gracia et al [2]. In summary, the sub-
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Supp.Fig. 2: A) Fluctuation spectra of an active and two passive GUVs (ref Fig. 2 of main text).
The blue dots indicate a tension-dominated GUV with the spectrum scaling as ∼ 1/q obtained by
choosing bigger GUVs so that the crossover mode between bending and tension-dominated regime is
observable. B) Fluctuation spectra for two passive vesicles encapsulating microtubules but without
crosslinkers and motors (open gray circles), showing that passive, un-bundled microtubules do not
significantly modify the fluctuations. An empty passive vesicle (blue) and an active (red) spectra
are shown as references. C-D) Fluctuation spectra (C) and correlation times (D) of three different
active GUVs, showing comparable scaling and timescale.

pixel algorithm works as follows: we perform a fitting of the gray value intensity profile around the
gross location of the contour points. This yields sub-pixel accuracy of the Fourier signal. The pixel
accuracy algorithm detects the minimum point of the valley of the profile. The sub-pixel resolution
contour detection is determined by fitting two slope lines around the minimum intensity pixel.

2.2 Growing semiflexible filaments

2.3 Fluctuation spectra and decay times

To perform flickering spectroscopy, we use a previously developed method as detailed in [1]. In
summary, a time series of fluctuating vesicles at the equatorial cross section is recorded. The

fluctuating contour is represented in Fourier modes, r(ϕ) = R
(
1 +

∑
q uq(t) exp(iqϕ)

)
using a Fast

Fourier Transform or explicitly performing the discrete integrals aq(t) = (1/π)
∫
R(ϕ, t) sin(qϕ)dϕ

and bq(t) = (1/π)
∫
R(ϕ, t) cos(qϕ)dϕ, using the trapezoidal rule (trapz() from the Numpy library of

Python3) from which we obtain uq = (−aq, bq).
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Supp.Fig. 3: Left) Fluctuation spectra in different conditions including a change in crosslinkers
(cA = 2.5 µM) with respect of the GUV shown in main text (cA = 1.5;µM , cK = 120 nM,
cMT =0.8 mg/ml), a variation in the number of microtubules (cMT = 0.4 mg/ml). In all cases the
ratio of MTs to motors is kept fixed (0.8 mg/ml:120 nM). Most spectra collapse on a ∼ q−3 curve
roughly one order of magnitude above the passive reference (black). Right) Correlation times for
the same vesicles. All active GUVs exhibit a similar ∼ q−1 scaling despite parameter variations.
Colors are the same as in left plot, passive is shown in black.

The amplitude of the fluctuations uq can be presented with mean square amplitude that depends

on the membrane bending rigidity κ and the tension σ, ⟨|uq|2⟩ ∼ kBT
κ(q3+σ̄q) , where kBT is the thermal

energy (kB is the Boltzmann constant and T is the temperature), and σ̄ = σR2/κ. Images are
acquired with confocal microscopy at 10-30 fps for 5-10 mins. Only vesicles with low tension value
ranging from 10−7 − 10−10 N/m are chosen. This results in a small cross over mode given by
qc =

√
σ̄ where the shape fluctuation modes are dominated by bending rigidity. We have ignored

the ellipsoidal mode (q =2) as it is weighted with most excess area which leads to fluctuations with
an increased amplitude.

Using the same time series data, one can also compute the temporal autocorrelation function
which gives information about time evolution of the modes, ⟨uq(0)u∗q(t)⟩ = ⟨|uq|2⟩ exp(−t/τq) . If
q ≫ 1, the correlation time tends to that of a planar membrane τ−1

q = κ
(
q3 + σ̄q

)
/4R3

0η. For
tensionless vesicles, the correlation time would scale as τ−1

q ∼ κq3/4R3
0η.

2.4 Broken Detailed Balance

The non-equilibrium nature of the vesicle fluctuations can be quantified by the method of broken
detailed balance. The method states that for a system in equilibrium, driven by thermal forces, ob-
servable microscopic configurations must be pairwise balanced. This refers to equal likelihood for the
forward and backward transition between two processes. In our case, the microscopic configurations
refer to the shapes defined by different Fourier modes. A non-equilibrium system, however, would
display a probability flux cycle in the phase space of shapes; this refers to unequal rate of transitions
between forward and backward shape changes. On the other hand, the probability is defined as the
fraction of the time spent at a given shape configuration. A nonzero value of the contour integral of

the probability current, Ω =
∮
C

j·dl∮
C

|j| dl
, indicates a system out of equilibrium. More details about the

method can be found in [3, 4].
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Supp.Fig. 4: Map and histogram of the flux Ω between different modes for passive vesicles (top) and
active ones (bottom). Only active ones show overall net flux between modes. The maps illustrates
the probability density between the two chosen Fourier modes. Colors indicate the probability of a
given point in phase space (ui, uj), the size of the arrows indicate the currents across box boundaries
determined by counting statistics - that is, the transitions between boxes.

2.5 Analysis of the angular density of microtubules

From the position of the membrane R(ϕ, t) we compute the angular density of microtubules close to
the membrane ρ(ϕ, t) by averaging the microtubule fluorescence intensity inside a box of size 2 µm
centered at R(ϕ, t). The density is normalized by the mean intensity over all boxes. The spacing
between boxes is the same as the angular resolution dϕ used to compute the membrane position.

2.6 Analysis of bulk fluid

To analyse the bulk fluid and compare it to the GUV, starting from time-lapse movies of the bulk
fluid the angular intensity of microtubules is computed by measuring the fluorescence intensity
inside virtual circles of radius ≈ 25 µm and thickness dR = 2 µm. The virtual circles mimic the
procedure based on the GUV membrane as above. Having acquired the angular density ρB(ϕ, t),
it is decomposed in Fourier modes as above and the spectrum and correlation times are computed
(Fig. S7).
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Supp.Fig. 5: A) Correlation function over time for modes q = 3, 5, 10 of both the membrane
coefficients uq (left) and the microtubules density ρq (right) showing they decay similarly and they
have a roughly exponential decay especially at higher modes. B) Comparison for different values
of q between the membrane (red) and the density (blue) correlation functions, showing that in the
presence of activity both quantities decay in the same way. C) Correlation function in real space
of the radial deformations, showing the radial deformations are correlated for ≈ 5 seconds in real
space.

Simulations

3 Dynamically triangulated membrane model of a fluid vesi-
cle

A lipid membrane is modeled by a dynamically triangulated network of Nv linked vertices [5, 6].
The links are represented by a tethering potential [7, 6] as

Uatt(r) =

{
kb

exp [1/(lc0−r)]
lmax−r if r > lc0

0 if r ≤ lc0
, (1)

Urep(r) =

{
kb

exp [1/(r−lc1 )]
r−lmin

if r < lc1
0 if r ≥ lc1

, (2)

where kb is the bond stiffness, lmin and lmax are the minimum and maximum bond lengths, and
lc1 and lc0 are the potential cutoff lengths. Thus, membrane vertices can move freely in the range
[lc1 , lc0 ].
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Supp.Fig. 6: Comparison betwen membrane and MT density correlation times in different conditions.
In all cases the two quantities are synchronised and exhibit the q−1 scaling described. Conditions
are: A-B-C: cMT = 0.8 mg/ml, cK =120 nM, cA =1.5 µM , same day. D: same conditions, different
day E: cMT 0.4 mg/ml, cK =120 nM , cA =1.5 µM . F: cMT 0.8 mg/ml, cK =120 nM, cA =4 µM

Supp.Fig. 7: Scheme of the analysis of bulk MT fluid in Fourier space. Starting from confocal planes
of the bulk fluid (left), we extract the MT intensity inside circles of radius 20 µm and thickness
2 µm (center, right) and use it to compute the angular intensity as done for GUVs. This density
is then converted in Fourier modes whose fluctuations are analysed. This analysis has been carried
out for a single MT fluid in the same conditions as the GUV shown.

Bending elasticity is represented by the Helfrich curvature energy [8] as

Ubend = 2κ

∮
A

c̄2dA, (3)
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Supp.Fig. 8: A) Membrane channel, microtubule channel and extracted flow. In all cases, the
membrane is identified and density and flow are computed everywhere, but then only points close
to the membrane are considered. The flow is extracte dusing an optical flow algorithm and is
computed only in vicinity of the membrane. Arrows’ size indicate the magnitude of the speed and
colors indicate domains of clockwise and counterclockwise direction of the flow. B) Example of
extracted flow. C) By extracting the MT flow v = (vx, vy) inside GUVs, we can compute the ratio
of the kinetic energy between the tangential speed vt = v · n and the radial speed vr = v · r where
r and n are the radial and tangential versors (n · r = 0) (shown in red for a GUV). We find that
roughly ≈70% of the kinetic energy is stored in motion tangential to the membrane. In comparison,
the bulk system (gray) shows as expected ≈50% (where the origin of the radial and tangential versor
have been chosen at the center of the image). Scale bars are 20 µm.

where κ is the bending rigidity, c̄ = (c1 + c2)/2 is the local mean curvature, and A is the total
membrane area. The bending energy is discretized on a triangulated network [9, 10] as

Ubend =

Nv∑
i=1

2κc̄2iA

Nv
=
κ

2

Nv∑
i=1

1

σi

ni ·

∑
j(i)

σij
rij

rij

2

, (4)

where c̄i is the mean curvature at vertex i with an area A/Nv, ni is a unit normal of the membrane at

vertex i, and σi =
(∑

j(i) σijrij

)
/4 is the area of dual cell of vertex i. j(i) stands for all neighboring
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vertices linked to the vertex i, σij = rij [cot(θ1) + cot(θ2)]/2 is the length of the bond in dual lattice
with angles θ1 and θ2 being the two angles opposite to the shared bond vector rij . More details
about discretization of the Helfrich curvature energy can be found in Refs. [9, 6, 11].

Furthermore, local triangle area conservation is imposed by a soft harmonic potential given by

Uloc. area =
kl
2

Nt∑
i=1

(Ai −A′)
2

A′ , (5)

where kl is the local-area conservation coefficient, and A′ = A/Nv and Ai are the desired and
instantaneous local areas, respectively. The sum runs over all Nt = 2(Nv − 2) triangles within the
network. In most simulations, a constraint on the total vesicle volume V has been employed as

Uvolume =
kv (V − V0)

2

2V0
, (6)

where kv is the volume-constraint coefficient and V0 is the desired total volume.
For simulations without hydrodynamics, motion of membrane vertices is modeled by the Langevin

equation,
mmr̈i = −∇iUtot − γmṙi +

√
2γmkBTξi(t), (7)

where mm is the vertex mass, ∇i is the spatial derivative at the position of vertex i, and Utot is the
sum of all interaction potentials. The friction coefficient γm mimics embedding of the membrane
into a viscous fluid through the free-draining approximation. ξi(t) is a Gaussian random process
with ⟨ξi(t)⟩ = 0 and ⟨ξi(t)ξj(t′)⟩ = 1δijδ(t− t′) that represents membrane thermal fluctuations.
The positions and velocities of all particles are integrated using the velocity-Verlet algorithm [12].
The mass is chosen small enough for inertial effects to be negligible. For several simulations with
hydrodynamic interactions, the dissipative particle dynamics (DPD) method [13, 14] has been used
to model fluid surroundings, see Section 3.1 for details.

Supp.Fig. 9: Bond flipping process to represent lipid membrane fluidity. For a pair of triangles
sharing a bond ij (red dashed line), this bond can be removed and a new bond kl (green line) can be
created following an energy-based Monte-Carlo algorithm. The bond flipping leads to the creation
of two new triangles.

The membrane model described above with a fixed network connectivity does not represent mem-
brane fluidity where particles can diffuse within the membrane plane. In order to model membrane
fluidity, bonds shared by each pair of triangles are flipped as illustrated in Fig. S9. The flipping
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procedure is performed with a time frequency ν, i.e. every few time steps. During the flipping
procedure, every bond in the membrane network is attempted to be flipped with a probability ψ,
where the acceptance of bond flipping follows a Monte-Carlo algorithm. In the Monte-Carlo al-
gorithm, changes in the tethering (i.e. ∆Uatt + ∆Urep) and local area (i.e. ∆Uloc. area) energies
due to attempted bond flipping are computed, and the bond flipping is accepted with a probability
exp [−(∆Uatt +∆Urep +∆Uloc. area)/kBT ]. Note that changes in the bending and volume-constraint
energies are omitted due to simplicity, as bond flipping has a negligible effect on the local membrane
curvature and the total volume of a vesicle. The resulting membrane fluidity for selected parameters
ν and ψ can be characterized by a 2D membrane viscosity, see Refs. [15, 7] for details.

3.1 Dissipative particle dynamics method for fluid modeling

To represent fluid surroundings, we employ the dissipative particle dynamics (DPD) method [13, 14],
which is a mesoscopic hydrodynamics simulation technique. DPD is a particle-based Lagrangian
method, where each particle represents a small fluid volume. DPD particles i and j interact through
three types (conservative, dissipative, and random) of pairwise forces given by

FC(rij) = aWC(rij)r̂ij , (8)

FD(rij) = −γWD(rij)(r̂ij · vij)r̂ij , (9)

FR(rij) = σrW
R(rij)ξij r̂ij/

√
∆t, (10)

where a, γ, and σr are the force amplitudes, rij = ri − rj is the relative position vector, rij = |rij |,
r̂ij = rij/rij , and vij = vi − vj is the velocity difference. ξij = ξji is a symmetric Gaussian
random variable with zero mean and unit variance, and ∆t is the time step. All forces act within a
cutoff radius rc and vanish beyond it. The conservative force controlls fluid compressibility, while the
dissipative and random forces form a thermostat, so that the DPD fluid has an isotropic temperature
T . Thus, FD and FR are related through the fluctuation-dissipation theorem [14] as

σ2
r = 2γkBT, WD(rij) = [WR(rij)]

2. (11)

The weight functions are defined as

W (rij) =WR(rij) =

{
(1− rij/rc)

s, rij < rc,

0, rij ≥ rc,
(12)

with an exponent s. For the conservative force, WC(rij) =W (rij) with s = 1.
Time evolution of each DPD particle follows the Newton’s second law

dri
dt

= vi, mi
dvi

dt
=

∑
j ̸=i

(
FC(rij) + FD(rij) + FR(rij)

)
, (13)

where mi is the mass of particle i. Time integration is performed using the velocity-Verlet algorithm
[12].

DPD parameters for the interactions between fluid particles are a = 60kBT/rc (kBT = 1 and
rc = 1 in simulations), γ = 22

√
mkBT/rc (m = 1 in all simulations), and s = 0.15. The number den-

sity of fluid particles is n = 3/r3c . These DPD parameters yield a fluid viscosity of η = 9.5
√
mkBT/r

2
c .

Furthermore, friction coupling of vesicle particles to fluid particles is performed using DPD param-
eters a = 0, γ = 18

√
mkBT/rc, and s = 0.1. The coupling of filaments to fluid particles assumes

a = 0, γ = 10
√
mkBT/rc, and s = 0.1. The time step for integration is 10−3rc

√
m/kBT .
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Supp.Fig. 10: A) Fluctuation spectra as the target volume V0 is changed with respect to v0 = 4.05∗R3
0

and for the cases without volume constraint applied. Passive vesicle spectrum is also shown. B)
Fluctuation spectra as the number of growing filaments is changed. Passive vesicle spectrum is also
shown. C) Fluctuation spectra as the maximum length of growing filaments is changed. Passive
vesicle spectrum is also shown. D) Correlation times as the number of growing filaments is changed.
Passive vesicle spectrum is also shown. E) Correlation times in the active and passive case with and
without hydrodynamic interactions (HD). As expected the scaling for a passive vesicle changes from
q−4 to q−3 as HD is introduced, while in the active case, the presence of HD is irrelevant for the
scaling. F) Correlation times as the maximum length of growing filaments is changed. D = 2R0.
Passive vesicle times are also shown. The q−1 and q−3 scalings are also shown in all plots by solid
and dashed lines, respectively.

3.2 Growing semiflexible filaments

Growing semiflexible filaments are modeled by bead-spring chains composed of Nb beads. The beads
are subject to bond and bending potentials; however, no repulsion between beads is applied. The
bond energy controls the length of the filaments, and is represented by a harmonic bond potential

Us = ks

Nb−1∑
i=1

(|ri| − ls(t))
2, (14)

where ks is the spring constant, ls(t) is the time-dependent bond length, and ri is the bond vector
from monomer i to i+ 1.

The curvature (or bending) energy is given by

Ub =
κf
ls(t)

Nb−1∑
i=2

(θi − θ0)
2
, (15)

where κf is the 2D bending rigidity of filaments, θi is the angle formed by consecutive beads i− 1,
i, and i + 1, and θ0 is the preferred angle. In all simulations, θ0 = π, corresponding to a straight
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Supp.Fig. 11: Fluctuation spectra for a passive (purple) and two active (red) vesicles (Tstr = 10.2
s) for two different filament bending rigidities κf = 160kBTR0 (triangles) and κf = 640kBTR0

(squares). Data show that the fluctuation amplitudes increase for high mode numbers with increasing
filament rigidity.

filament in equilibrium. Note that the division by ls(t) in Eq. (15) ensures a constant bending
rigidity κf of filaments, independently of their length.

The active vesicle always contains Nfil growing filaments. Filament growth is implemented trough
the time-dependent bond length ls(t), which has a cycle of three phases: (i) growth delay, (ii) growth,
and (iii) shrinkage. Initially, each filament is generated with a randomly distributed orientation and
ls = rmin the minimum bond length. The center of mass of each filament is offset by doffset from the
center of mass of the vesicle in a random direction, so that filaments are not always placed centrally
within the vesicle. First, each filament is assigned a growth delay time tdelay during which ls = rmin

remains unchanged, i.e. the filament does not grow. tdelay is drawn from a uniform distribution
U [t̄delay −∆tdelay, t̄delay +∆tdelay], where t̄delay is the average delay time and ∆tdelay defines growth
delay range. Non-constant delay times ensure decorrelation of growth of different filaments. After
the growth delay time has passed, the filament growth starts, such that ls increases linearly from
rmin to rmax (the maximum bond length) during the growth time tgrowth. When the growth is over,
the filament shrinks, such that ls decreases linearly from rmax to rmin during the shrinkage time
tshrink. When this cycle of three phases is finished, the filament is deleted and a new filament with
a random orientation is generated to follow a new growth cycle.

Excluded-volume interactions between the filament beads and vesicle particles are implemented
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through a repulsive part of the 12-6 Lennard-Jones (LJ) potential given by

ULJ(r) =

{
ϵLJ

[(
rLJ

r

)12 − 2
(
rLJ

r

)6]
if r < 6

√
2rLJ

0 if r ≥ 6
√
2rLJ

, (16)

where ϵLJ is the strength of the LJ potential and rLJ is a characteristic length of repulsion. For
simplicity, there is no repulsion between beads within each filament and between different filaments.
This means that filaments are allowed to cross each other.

For simulations without hydrodynamic interactions, dynamics of growing semiflexible filaments
is governed by the Langevin equation (7) with the bead mass mf and friction γf . To have a
constant friction per unit length, we set γf = lsγ

′
f/rmin, where γ

′
f is a constant friction coefficient.

For simulations with hydrodynamics, filament beads are coupled to the DPD fluid through the
dissipative and random forces, similar to the vesicle-fluid coupling. The conservative force for the
filament-fluid coupling is turned off.

Supp.Fig. 12: Simulation snapshot, where blue particles represent the vesicle and red particles form
growing filaments.

3.3 Simulation setup and extracted quantities

Simulation setup consists of a vesicle with Nv = 6536 and Nfil growing filaments each with Nb = 101,
see a snapshot in Fig. S12. Table S1 summarizes simulation parameters used. A length scale is set
by the vesicle radius R0 in equilibrium, the energy scale by kBT = 1, and the time scale is defined as
τ = ηR3

0/κ, where η is the dynamic viscosity (η = 9.5 was selected for simulations). The simulation
domain is set to 5R0 × 5R0 × 5R0. To restrict spontaneous motion of the vesicle in the simulation
domain, its center of mass xCM is tethered to the coordinate origin, using a harmonic potential
Utether = ktetherx

2
CM.

For Langevin simulations without hydrodynamics, friction on each vesicle particle is assumed to
be γm = 6πηR0/Nv, while friction on each filament bead γ′f = 3πηLf/Nb = 3πηrmin, where Lf is
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the minimum filament length. Note that the reduced volume of the vesicle V0/(4/3πR0) = 0.97 is
chosen slightly below unity, such that the vesicle remains nearly spherical and does not develop a
measurable tension in equilibrium. The time step in simulations is ∆t = 2.63 × 10−7τ . The total
simulation time corresponds to approximately 13τ .

Table 1: Simulation parameters.

Parameter Model units Physical units

Principal properties
vesicle radius in equil. R0 20 20 µm
therm. energy kBT 1.0 4.05× 10−21 J
dynamic viscosity η 9.5 10−3 Pa · s
time scale, τ = ηR3

0/κ 3800 192.9 s
Vesicle properties

no. of vertices Nv 6536 6536
bending rigidity κ 20kBT 8.1× 10−20 J

avg. bond length lb 4R0

√
π

Nt
√
3

1.18 µm

bond stiffness kb 80kBT 3.24× 10−19 J
min. bond length lmin 0.6lb 0.71 µm
potential cutoff length lc1 0.8lb 0.94 µm
potential cutoff length lc0 1.2lb 1.41 µm
max. bond length lmax 1.4lb 1.65 µm
equil. area A 4πR2

0 7.85× 10−9 m2

loc. triangle area A′ A/Nv 6.01× 10−13 m2

target volume V0 4.05R3
0 6.33× 10−14 m3

local area stiffness kl 4.0× 104 kBT/R
2
0 2.3× 10−7 J/m2

volume stiffness kv 8.0× 105 kBT/R
3
0 0.21 J/m3

translat. fric. on mem. vertex γm 6πηR0/Nv 7.21× 10−11 J · s ·m−2

flipping frequency ν 3.8× 105 τ−1 2.0× 103 s−1

flipping probability ψ 0.3 0.3
tethering spring constant ktether 2.0× 106 kBT/R

2
0 1.15× 10−5 J/m2

Filament properties
number of filaments Nfil 0− 40 0− 40
number of beads Nb 101 101
spring constant ks 4.0× 106 kBT/R

2
0 2.3× 10−5 J/m2

min. spring length rmin 0.01R0 0.25 µm
max. spring length rmax 0.025R0 − 0.08R0 0.625− 2 µm
mean delay time t̄delay 0.026τ 5 s
delay deviation time ∆tdelay 0.013τ 2.5 s
growth time tgrowth 0.0026τ − 0.11τ 0.5− 21 s
shrinkage time tshrink 0.0013τ 0.25 s
bending rigidity κf 160 kBTR0 1.62× 10−23 Jm
LJ potential energy ϵLJ 1kBT 4.05× 10−21 J
LJ repulsion length rLJ 0.075R0 1.875 µm
translat. fric. γ′f 3πηrmin 2.36× 10−9 J · s ·m−2

3.4 Computation of spectra and correlation times

The membrane fluctuation spectrum is computed from simulated data using the radial positions of
the membrane R(ϕm, ti) at an equatorial plane for polar angles ϕm = 2πm/Nang (m = 0 . . . Nang−1,
Nang = 200) and different times ti. The values of R(ϕm, ti) at the vesicle cross-section are obtained
by local surface interpolation within the section plane. Then, the vesicle contour R(ϕm, ti) is fast
Fourier transformed for each time ti to obtain uq(ti) coefficients, which are normalized by the
vesicle radius R0 and used to compute the fluctuation spectrum. Furthermore, temporal correlation
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functions are computed for each uq coefficient, and used to extract the values of the correlation time
τq by exponential fitting. The obtained values are then converted in physical units using the length
scale R0, the energy scale kBT , and the time scale τ .

3.5 Computation of the active force and the corresponding τaq values

Active force on each vesicle vertex is computed as the force exerted by growing filaments on the
membrane. Absolute values of the active force on membrane vertices are computed during simula-
tions and saved for different times ti. To obtain a cross-sectional cut from active forces distributed
on the vesicle, we use force values at the membrane vertices located within an equatorial section
of thickness h = 0.1R0. These membrane vertices are divided into 100 polar bins, in which the
active forces are summed up. Then, the active force contour is fast Fourier transformed for each
time ti to obtain uaq (ti) coefficients. Finally, temporal correlation functions are computed for each
uaq coefficient, and used to extract the values of the correlation time τaq by exponential fitting.

3.6 Computation of the tension

Membrane tension in simulations is computed from the local virial contribution to the stress. Thus,
local tension is computed for each membrane particle and then, averaged over the whole vesicle (i.e.,
over all membrane vertices). For a passive vesicle, the computed membrane tension is σ ≈ 10−8 N/m,
which is somewhat smaller than that estimated in experiments but still provides a good fit in the
bending dominated case.

3.7 Computation of the crossover mode

To compute the crossover mode for various κ, the first 5 points (i.e., those at low mode numbers q)
are fitted in log-scale with a line, i.e. as log(τq) = −m log(q) + c, with parameters m and c. The
crossover mode is defined by the first mode with q > 4, for which |log(τq) +m log(q) − c| > 1 (in
simulation units).
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