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Many biological functions rely on the reshaping of cell membranes, in particular into nanotubes, which are
covered in vivo by dynamic actin networks. Nanotubes are subject to thermal fluctuations, but the effect of these
on cell functions is unknown. Here, we form nanotubes from liposomes using an optically trapped bead adhering
to the liposome membrane. From the power spectral density of this bead, we study the nanotube fluctuations in
the range of membrane tensions measured in vivo. We show that an actin sleeve covering the nanotube damps its
high-frequency fluctuations because of the network viscoelasticity. Our work paves the way for further studies
of the effect of nanotube fluctuations on cellular functions.

DOI: 10.1103/PhysRevE.102.052402

Living organisms are dynamic systems which constantly
adapt their morphology. Their shape changes rely on the
remodeling of the lipid membranes that delineate cell bound-
aries as well as intracellular compartments. Inside the cell,
membranes are often found in narrow tubules which are
cylinders made of a single lipid bilayer, here referred to as
nanotubes [1]. Some tubules are transient, like the ones ex-
truded from the plasma membrane or from the Golgi apparatus
[2], while some other tubular structures have a permanent
cylindrical shape, such as the tubular network of the endo-
plasmic reticulum (ER), a complex organelle extended all
over the cell from the vicinity of the nucleus towards the cell
membrane [3]. The ER is made of interconnected nanotubes
fluctuating at a 0.1 to 1 s timescale, thus making the whole
organelle highly dynamic [4,5]. Despite the high dynamics,
the effect of these fluctuations on nanotube fates is unknown.
Moreover, actin networks directly interact with nanotubes in
the cell [2,6–10], but the mechanical effect of this interaction
also remains unclear. In this article, we assess nanotube fluc-
tuations at membrane tension in the range of tension measured
in vivo (0.2−50 × 10−6 N/m), and in the presence of an
actin network. This approach is inspired by experimental and
theoretical work on membrane fluctuations [11–18].

Nanotubes extrusion from a planar membrane upon appli-
cation of a pulling force is well characterized [19,20]. This
force depends on the membrane tension σ which ranges in
vivo from 5 × 10−6 N/m for the Golgi membrane to 13 ×
10−6 N/m for the ER membrane [21]. Here, we extrude nan-
otubes from settled and slightly adherent liposomes using a
bead held in an optical trap [22]. We access the nanotube
fluctuations through the power spectral density (PSD) of the
trapped bead connected to the nanotube. Indeed, our setup
allows us to access the bead position at a high spatial (1 nm)
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and temporal (4 μs) resolution [Fig. 1(a)] [14,23–25]. In our
in vitro assay, the properties of the membrane and the actin
network are controlled, thus avoiding the complexity of the
cell interior.

We show that the presence of a membrane nanotube at low
tension increases the PSD of the bead (in the absence of the
nanotube) in the frequency regime of 1–100 Hz. We explain
this increase using our previous model that predicts a shift
of the frequency regime where peristaltic undulations of the
nanotube dominate bead fluctuations [14].

Then, we compare the bead PSD before and after actin
polymerization. For frequencies between 0.5 and 5 kHz, the
PSD is described by a power law whose exponent increases
in the presence of the actin network whereas the amplitude of
the corresponding fluctuations decreases. Those observations
stem from the viscoelasticity of the actin architecture that we
include in our theoretical framework. Indeed, the grown actin
network behaves as a viscoelastic material [26–28]. There-
fore, we demonstrate that actin modulates the local undulation
of membrane nanotubes. This could play a role in vivo in
the stability of membrane tubules and their interactions with
membrane remodeling proteins.

I. RESULTS

A. Experimental assay

Membrane nanotubes are obtained by first trapping a
polystyrene bead that specifically binds to biotinylated lipids
(see Sec. III). To extrude a nanotube at low membrane
tension, we use liposomes slightly adhering on a substrate
and then move the stage away. Measuring the nanotube
force and knowing the membrane bending energy κ , we
infer the tension σ = F 2/8π2κ [19,20]. Under our con-
ditions, tension ranges between 0.2 and 50 × 10−6 N/m
(Fig. 2), while aspirating liposomes in a micropipet gives
10–200 × 10−6 N/m [14,22]. The detailed effect of mem-
brane tension is assessed in Sec. I B.
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FIG. 1. Experimental setup. (a) Liposomes are settled down on
a glass surface and imaged by a spinning disk confocal microscope
(SD) and a camera. Beads are optically trapped using an infrared
1064-nm laser coupled with an acousto-optic deflector (AOD) pair
and injected into the optical path. The laser signal is collected
in transmission on a quadrant photodiode (QPD). A perfect focus
system (PFS) maintains the focus on live. For clarity, lenses and mi-
cropipets are not represented. Insert on the right: Magnified scheme
of a grown actin network (green) at the surface of a membrane
nanotube (magenta). (b) Confocal image of a membrane nanotube
(magenta) covered by an actin network (inset, green). The dashed
cross indicates the bead center. Scale bar: 10 μm. (c) Orientation
correlation function as a function of the contour length along the
nanotube, calculated using the EASYWORM software [29]. Three bare
nanotubes (star, circle, and cross symbols) display an orientation
correlation function under one (magenta). Once covered with actin,
the correlation goes to one (green).

To decorate the membrane with actin, we polymerize a
branched actin network at the surface of the membrane nan-
otube in a two-step procedure [22]. First, we specifically bind
an activator of the actin polymerization to the nanotube (see
Sec. III). In a second step we supply actin monomers to
the nanotube and thus an actin sleeve forms at the nanotube
surface [Figs. 1(a) and 1(b)] .

To first assess whether the presence of an actin sheath
on nanotubes could affect their fluctuations, nanotubes are
imaged at a rate of one frame per second with a spinning disk
confocal microscope before and after actin polymerization.
The shape of these nanotubes is extracted over time from
their lipid signals, and their local orientation is measured
using an open-source MATLAB code [29]. The orientation cor-
relation function is determined along the contour length of
the nanotube in the presence and in the absence of an actin
sleeve. The orientation correlation function is given by C(�) =
〈cos[θ (s; s + �)]〉s,t , where θ (s; s + �) is the angle between the
tangents at the curvilinear abscissas s and s + � at a given
time. The cosine is averaged over all curvilinear abscissas s
and over time t . C(�) quantifies whether the shape of the nan-
otube is linear or not: theoretically C(�) = 1 corresponds to

FIG. 2. Nanotube force distribution. Distribution of the nanotube
force F0 (Ltube � 10–20 μm) before (bare, magenta) and after (actin-
covered, green) actin polymerization. Bars represent respectively
first, second, and third quartiles. When recorded on the same nan-
otube, lines display the evolution of the force.

perfectly straight nanotubes, whereas C(�) < 1 is associated
with curved nanotubes.

We have studied 20 independent nanotubes. In the absence
of actin, most of them (N = 17/20) appear to be straight, thus
C(� < 2 μm) > 0.99. We have chosen the three nanotubes
exemplified in Fig. 1(c) that have a value of C lower than
0.99 for � = 2 μm, therefore showing measurable fluctua-
tions (magenta stars, circles, and crosses in Fig. 1(c) and
Supplemental Movie [30]). Then, we observed that these fluc-
tuations disappear in the presence of an actin sleeve [C(� <

2 μm) > 0.99, green stars, circles, and crosses in Fig. 1(c)].
Note that for the 17 remaining nanotubes, no significant dif-
ferences are observed, compared to the initial situation (bare
nanotubes). These indicate that the presence of an actin sleeve
reduces membrane nanotube spatial undulations observed at
a rate of 1 Hz and motivates a closer look in a larger range
of frequencies (1 Hz–25 kHz). To do so, we record the fluc-
tuations of the bead connected to the nanotube to explore its
fluctuation amplitude as a function of the frequency.

B. Temporal nanotube fluctuations at low tension

The fluctuations of a micrometric bead are captured by the
measure of its power spectral density [PSD, Eq. (A1)]. In the
case of an “isolated bead,” the bead is held by the optical
trap and fluctuates because of the thermal agitation in the sur-
rounding viscous fluid. The bead undergoes an elastic force,
a Brownian force, and a Stokes force. The Fourier transform
of the Langevin equation, reflecting the bead dynamics, gives
the theoretical PSD of the fluctuating trapped bead [23]:

PSDb( f ) = kBT

12π3ηrbead

1

f 2
c + f 2

, (1)

where kB is the Boltzmann constant, T the bath temperature,
η the viscosity of the surrounding fluid, rbead the bead radius,
and fc the corner frequency that reflects the optical trap stiff-
ness and is given by

fc = ktrap

12π2ηrbead
, (2)
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FIG. 3. (a) Power spectral density (PSD) as a function of the frequency f for an isolated bead (black) and the same bead used to pull a bare
membrane nanotube (magenta). Inset: distribution of the corner frequency fc for N = 59 beads (see Sec. III, Materials and Methods). (b) PSD
exponent within a low-frequency range (10–100 Hz) for isolated beads (black, N = 59) and beads connected to a bare membrane nanotube
(magenta, N = 51). p values were calculated using the Student’s t test. ***p < 0.001. (c) Ratio between the PSDt of a bead connected to
a membrane nanotube [Eq. (3)] and the PSDb of the same isolated bead [Eq. (1)]. Magenta dots represent the statistic average ratio overall
nanotube (N = 51) and the magenta region is its standard deviation. The magenta dashed line fits the average data against f , with fc = 320 Hz
and ft as a free parameter. This gives ft = 3.1 ± 3.5 Hz. The dark line indicates the predicted curve for an isolated bead ( ft = 0 Hz). The
magenta line indicates the prediction for a nanotube pulled from liposomes under pressure as in Ref. [14] ( ft = 200 Hz).

with ktrap being the trap stiffness. Figure 3(a) shows that
Eq. (1) accurately describes the experimental PSD of the bead
in the optical trap, and we measure fc = 320 ± 70 Hz for
different beads [mean ± standard deviation, N = 59, inset
Fig. 3(a)].

The PSD exhibits two distinct regimes with fc as a cor-
ner frequency: for f � fc, Eq. (1) states that PSDb ∼ f 0

is frequency independent, whereas for f � fc, PSDb ∼ f −2.
Experimentally we find that for f < 100 Hz, PSDb ∝ f n with
n = −0.02 ± 0.05 [low-frequency regime or LF, black distri-
bution in Fig. 3(b), N = 59], and for f > 3 kHz, n = −1.91 ±
0.04 (high-frequency regime or HF, N = 59).

The PSD of an isolated bead only differs from the one of
the same bead connected to a bare membrane nanotube in
the low-frequency regime, while we observe no differences
for frequencies above 3 kHz [Fig. 3(a)]. Indeed, the expo-
nent at high frequency for beads connected to a nanotube
is nHF = −1.88 ± 0.04 (mean ± standard error of the mean
(s.e.m.), N = 51), similar to the one of an isolated bead,
nHF = −1.91 ± 0.04 (N = 59). In the low-frequency regime,
the power law exponents are respectively nLF = −0.02 ±
0.05 for isolated beads [black distribution in Fig. 3(b)] and
nLF = −0.18 ± 0.05 for beads connected to the nanotube
(magenta distribution).

Let us now address the difference observed in the low-
frequency regime. We previously described the PSD of a bead
connected to a membrane nanotube as [14]

PSDt( f ) = kBT

12π3ηrbead

1 + √
ft/ f

( fc + √
ft f )2 + ( f + √

ft f )2
, (3)

where fc reflects the optical trap stiffness and ft is a charac-
teristic frequency of the nanotube, given by

ft = 2

9

FηI

(πηrbead )2
, (4)

where F is the mean nanotube force maintenance, η and ηI

are the viscosities of the surrounding and inside fluid, re-
spectively, and rbead = 1.50 μm is the radius of the bead. We
assume ηI and η to be the viscosity of pure water 10−3 Pa s.
Here, the force is given by F = 2π

√
2κσ , with κ being the

membrane bending modulus [19]. Therefore, a decrease in
membrane tension leads to a decrease in the maintenance
force, which ranges from 0.2 to 15 pN (median F = 4 pN,
N = 51, Fig. 2). Compared to Ref. [14], the mean nanotube
force maintenance is lower here since we work at lower ten-
sion. Using our typical measured forces, Eq. (4) leads to an
estimate of ft = 2–150 Hz.

The PSD of a bead connected to a nanotube is described by
PSDt [Eq. (3)]. To highlight the difference between a free bead
and a bead connected to a tube, we present in Fig. 3(c) the
experimental ratio PSDt

PSDb
( f ) averaged on N = 51 nanotubes.

These data are thus fitted by the theoretical ratio between
Eqs. (3) and (1) that yields

PSDt

PSDb
( f ) =

(
1 +

√
ft

f

)
[( fc +

√
ft f )2 + ( f +

√
ft f )2]−1

× (
f 2
c + f 2

)−1
, (5)

where fc = 320 Hz is the mean value on N = 59 isolated
beads, and ft is a free parameter of the fitting. From this fit, we
obtain ft = 3.1 ± 3.5 Hz. This nanotube frequency is indeed
between ft = 0 Hz (corresponding to an isolated bead) and
ft � 220 Hz (measured for high membrane tension nanotubes
in Ref. [14]). We extract ft from the averaged ratio obtained
experimentally, which does not take into account the variabil-
ity of fc [Fig. 3(a), inset]. This might explain the discrepancy
between our experimental value of ft and the calculated value
presented above.
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FIG. 4. (a) PSD as a function of the frequency f for a bare membrane nanotube (magenta) and after covering with actin (green). We divide
the PSDs into three regimes: Reg. 1 for f < 300 Hz, Reg. 3 for f > 5 kHz, and Reg. 2 in between. Dashed lines indicate −2 and −1.5 slopes.
(b and c) PSD exponent within the 10–100 Hz range (b) and the 0.5–5 kHz range (c) for bare membrane nanotubes (magenta, N = 51) and
actin-sleeved membrane nanotubes (green, N = 27). p values were calculated using the Student’s t test. ***p < 0.001. (d) Theoretical PSDs
using Eq. (3) with fc = 320 Hz and ft = 0 Hz (black), ft = 3.1 Hz (magenta), ft = 300 Hz (light green), ft = 3 kHz (intermediate green), and
ft = 30 kHz (dark green). Dashed lines indicate −2 and −1.5 slopes.

We conclude that the fluctuations of a bare membrane nan-
otube at low tension increase bead fluctuations for frequencies
below 100 Hz [Fig. 3(c)] and are captured by Eq. (3) in the
range of low membrane tensions.

C. Fluctuations of actin-covered membrane nanotubes

Next we address how bead fluctuations are affected by the
presence of an actin sleeve. The PSD of a bead connected to
a nanotube is displayed in Fig. 4(a) in the presence (green)
and the absence (magenta) of an actin sleeve. For frequencies
below fc � 300 Hz [Regime (Reg.) 1, Fig. 4(a)] and above
10 × fc � 3 kHz [Reg. 3, Fig. 4(a)], the presence of actin
does not visibly affect membrane nanotubes, whereas the
intermediate regime [Reg. 2, Fig. 4(a)] exhibits differences.
The region boundaries are defined as follows: Reg. 1 goes
from our lowest accessible frequency, 10 Hz to fc, Reg. 2
goes from fc to 10 × fc to obtain a large range of frequency
in the region where actin effect is apparent, and Reg. 3 goes
from 10 × fc to 25 kHz, our maximal accessible frequency.
We have checked that our results are not affected by the choice
of these boundaries (Fig. 5).

In Reg. 1, data are more dispersed in the presence of actin
than before actin polymerization [Fig. 4(a)]. The distribution
of the exponent nReg. 1 in both cases is given in Fig. 4(b).
Whereas the distribution of nReg. 1 in the absence of actin can
be fitted by a Gaussian, this is not the case in the presence
of an actin sleeve. In Reg. 3, the exponent is similar with
actin (nReg. 3 = −1.87 ± 0.04) and without actin (nReg. 3 =
−1.88 ± 0.04).

In the intermediate regime, Reg. 2, the presence of the
actin sleeve affects the exponent of the PSD [Figs. 4(a) and
4(c)] . We get nReg. 2 = −1.66 ± 0.04 with actin (green) and a
significantly lower exponent nReg. 2 = −1.79 ± 0.04 without
actin (magenta). We explore in Fig. 5 the influence of region
boundaries on these exponents and conclude that there are no
substantial differences with the one considered here.

A first attempt to explain this difference in Reg. 2 is to
consider transverse thermal fluctuations, such as the one from
a guitar string, which we initially observed on membrane
nanotube shapes [Fig. 1(c)]. Adapting a framework previously
developed for neurite cores, surrounded by cytoskeleton and
a plasma membrane [31], leads to nReg. 2 = −1.25 (see the
Appendix for detailed calculations). This discrepancy shows
that the transverse fluctuations of the nanotube do not explain
our data.

Another hypothesis is that the viscoelasticity of the actin
network could affect radial undulations of the nanotube. The
framework recalled above [Eq. (3)] introduces a characteristic
frequency ft given by Eq. (4), which is determined by the
difference in viscosity between the inside and the outside of
the nanotube. The bottom term πηrbead catches the thermal
fluctuations of the isolated bead in the surrounding viscous
medium while the upper term expresses the damping of nan-
otube fluctuations due to the viscosity ηI inside the nanotube.
Here, an actin sleeve of a few hundred nanometers surrounds
the membrane nanotube [22]. We propose that this sleeve af-
fects the membrane nanotube peristaltic modes by increasing
the viscosity around the nanotube. Indeed, Eq. (4) shows that
ft depends on the ratio between ηI and η2. In the presence
of an actin sleeve, we then assume that the characteristic
frequency would be

ft = 2

9

Fηactin

(πηrbead )2
, (6)

with ηactin being the viscosity outside the nanotube due to the
actin sleeve. To look closely at how the PSD from Eq. (3)
behaves as a function of the characteristic frequency ft , we
display in Fig. 4(d) the theoretical PSDs with fc = 320 Hz
for an isolated bead (black curve, ft = 0 Hz), for a bead
connected to a bare membrane nanotube (magenta curve,
ft = 3.1 Hz), and for various ft = 0.3, 3, and 30 kHz (green
curve). We thus capture the change from −2 to −1.5 of the
PSD exponents at intermediate frequencies while increasing
ft up to 30 kHz. In the presence of an actin sleeve, we esti-
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FIG. 5. Influence of the boundaries on spectral exponents. Distribution of the spectral exponents as a function of the fitting range, from all
PSD of N = 51 membrane nanotubes (magenta) and N = 27 membrane nanotubes sleeved by an actin network (green).

mate ft � 3 kHz, 3 orders of magnitude higher than the bare
nanotube case [compare magenta to green curves in Figs. 4(a)
and 4(d)].

In addition, let us now consider a frequency f in Reg. 2
such as fc � f � ft . Rewriting Eq. (3) yields

PSDt( f ) ∝
√

ft/ f

ft f

1 + √
f / ft(

1 + fc√
ft f

)2 + (
1 + f√

ft f

)2 , (7)

where
√

f / ft � 1, fc√
ft f

� 1, and f√
ft f

� 1. The zero order
of the Taylor expansion of the second ratio in Eq. (7) gives
1 and thus leads to PSDt( f ) ∝ 1√

ft

1
f 3/2 ∝ f −1.5 for peristaltic

modes, in agreement with our experimental distribution of ex-
ponents in Reg. 2 in the presence of an actin sleeve [Figs. 4(a)
and 4(c)]. Therefore, the viscoelasticity of the branched actin
network at the surface of membrane nanotubes reduces radius
undulations along the nanotube.

II. CONCLUSION

In vivo, several physiological processes involve membrane
nanotubes, which are highly dynamic while interacting with

the actin cytoskeleton. For example, plasma membrane pro-
trusions at the front of a cell and filled with actin bundles,
called filopodia, present large spatial fluctuations over time
that are dominated by bending modes [32]. Moreover, under
pulling by an optical trap, the force exerted by the filopodium
tip exhibits pN-range fluctuations [33]. In the case of endo-
cytosis or endoplasmic reticulum remodeling, actin interacts
with membrane nanotubes in the reverse geometry (com-
pared to filopodia), and their dynamics is poorly explored.
In addition, the behavior of membrane nanotubes at various
frequencies remains to be elucidated.

Recording fluctuations is a noninvasive tool to probe the
mechanics of soft objects such as membrane nanotubes. We
experimentally measure the fluctuations of optically trapped
beads connected to nanotubes in the range of membrane ten-
sions measured in vivo (0.2–50 × 10−6 N/m). We calculate
the PSD of the connected beads and show how membrane
tension and actin coverage affect their fluctuations.

A PSD reflects the amplitude of bead fluctuations over
time, where a low-frequency regime corresponds to a long-
observation timescale, and vice versa. In this work, we
introduce two timescales to describe bead fluctuations. First,
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for times below 0.1 ms, the fluctuations of the bead are not
affected by the presence of the nanotube (Reg. 3 in Fig. 3).
Second, the nanotube increases bead fluctuations at times
longer than 10 ms [Fig. 3(c) and Reg. 1 in Fig. 4]. The inter-
mediate timescale regime (Reg. 2) is sensitive to the presence
of an actin sleeve that damps nanotube fluctuations [Fig. 1(c)]
and drops bead fluctuations [Fig. 4(a)]. The damping of the
power spectral density of an actin-coated liposome, overall
frequencies, has previously been reported [34]. In this case,
the liposome was covered with an actin cortex while here the
PSD mostly reflects the nanotube undulations.

A model previously described in Ref. [14], where
squeezing modes of the nanotube influence bead fluctu-
ations [Eq. (3)], introduces a characteristic frequency ft

[Eq. (4)] proportional to the force nanotube maintenance F =
2π

√
2κσ and the viscosity ηI inside the nanotube. We pos-

tulate that squeezing modes are damped by the presence of
an external viscous material as it would be the case for an
internal viscous increase. Therefore, the characteristic fre-
quency, characterized by ft ∝ ηactin

√
σ , captures both the role

of membrane tension and the role of protein covering of
nanotubes on bead fluctuations. These fluctuations increase
with membrane tension as the bead connected to a nanotube
explores an area inside the trap larger than that of an isolated
bead.

An isolated bead corresponds to ft = 0 Hz (in the absence
of a nanotube). The presence of a bare membrane nanotube
connected to the bead increases ft to 3.1 ± 3.5 Hz at low
membrane tensions [Fig. 3(c)] while we get ft � 220 Hz for
high membrane tensions (10 − 200 × 10−6 N/m, Ref. [14]).

Equation (4) provides an estimate of the viscosity of a
branched actin network at a nanometric scale: ηactin � 1 Pa s.
This measure is much greater than water viscosity and sup-
ports our model assumptions.

The viscosity of actin networks is highly dependent on the
temperature and the actin concentration [35], on the presence
of cross linkers and their relative amount [36,37], and on
whether the network is in three dimensions [28] or coated
on a membrane [38]; therefore, the literature provides values
of viscosity that are sparse (η = 0.2–2000 Pa s, [28,36–41]).
Comparing our measured value to these references is hard
for several reasons. First, in most of these cases, geometry is
different than ours: actin is mainly coupled to flat membranes,
whereas our actin sheath is a hollow cylinder. Moreover, this
sheath has a size close to the actin mesh size, and thus compar-
ing its properties to bulk actin gels is difficult. Even though we
do not extract a frequency-dependent value for the actin vis-
cosity, it is worth noting that, in all references above, the rhe-
ological properties of actin networks are probed up to 100 Hz,
whereas we extend the accessible frequencies up to 25 kHz.

Therefore, this work unveils how the dynamics of membra-
nous structures in vivo are sensitive to membrane tension and
cytoskeletal protein assembly in their vicinity. Inside the cell,
the presence of actin could modulate nanotube radius fluc-
tuations and thus favor the binding of nanotube remodeling
proteins that ultimately lead to nanotube stability or scission
[42]. In the present work, the actin viscoelasticity affects local
nanotube radii that we detect thanks to the bead at the tip
of the nanotube. However, the optical setup is technically

designed to directly access microrheology of actin networks
(or any polymer) coupled with membrane in a high-frequency
regime, up to f = 25 kHz, while most classical techniques
often explore the microrheology up to 100 Hz [43–45].

III. MATERIALS AND METHODS

A. Experimental setup

As previously described [14], and sketched in Fig. 1(a),
to record lateral fluctuations of membrane nanotube we use
a custom-built optical tweezer based on an infrared laser
(λ = 1064 nm, P = 5 W, YLM-5-LP-SC, IPG Laser, Ger-
many) positioned by an AOD pair (MT80-A1 51 064 nm, AA
Opto Electronic, France). The beam is imaged on the back
focal plane of a water immersion objective (PLAN APO VC
60x A/1.2WI IFN 25 DIC N2, Nikon, Japan). This objective
is related to a perfect focus system (PFS, Ti-ND6-PFS-MP,
Nikon). The laser is coupled in the optical path of an inverted
microscope (Ti-E, Nikon) by several dichroic mirrors (Beam-
splitter, AHF, Germany).

We visualize images with a spinning disk confocal mi-
croscope (CSUX1 YOKOGAWA, Andor, Ireland) and a
high-resolution sCMOS Camera (Andor). The setting param-
eters for imagery (laser power, acquisition time, and optical
filters) are kept constant in all cases described in this work
(bare and actin-covered nanotubes). We have checked that the
presence of an actin signal does not affect the lipid signal
(Fig. 6). To extrude a membrane nanotube, we first trap a
streptavidin-coated polystyrene bead (3.05 μm in diameter,
streptavidin-coated, Spherotech, Illinois, USA). We then at-
tach to this bead a biotinylated liposome, slightly adherent
to the bottom surface of the chamber. Moving the chamber
with a two-dimensional piezo stage at a constant speed (MS
2000, ASI, USA) allows us to form a nanotube between the
liposome and the bead.

The trapping laser is collected in transmission by a water
immersion objective (NIR APO 60×/0.8 W DIC N2, Nikon).
We record the position of the bead relative to the trap center
based on the back focal plane technique [46]. The interference
signal between the unscattered laser light and the light scat-
tered by the bead is imaged on a quadrant-photodiode (QPD,
PDQ-30-C, Thorlabs, Germany). The signal is acquired by a
data acquisition card (NI PCIe-6363, National Instruments,
Austin, USA), at a rate of 250 kHz, which gives a temporal
resolution of 4 μs. The calibration of the QPD on a bead
allows us to determine the relation between the QPD voltage
VQPD and the distance d separating the center of the bead
from the center of the trap, as detailed in Ref. [14]. In our
experiment, nanotube forces correspond to the bead position
and are restricted to the linear region. After proper calibration,
the voltage from the QPD is proportional to the bead displace-
ment, with a typical conversion coefficient of 0.5 mV/nm.
The voltage noise of the QPD is <0.3 mV, and thus the spatial
resolution detectable by the photodiode is about 1 nm.

We synchronize instrument controlling and data recording
by LABVIEW software (National Instruments). Image acquisi-
tion is done by IQ3 software (Andor). We analyze data with
MATLAB software (The MathWorks, Natick, MA, USA).
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FIG. 6. Confocal images of a liposome before (top) and after (bottom) actin polymerization. The plot represents the lipid channel intensity
before (magenta) and after (green) actin polymerization. The intensities of the two peaks remain unchanged. Scale bar: 10 μm.

B. Lipids, buffers, and reagents

We purchase lipids EPC (L-α-phosphatidylcholine from
egg yolk), DS-PE-PEG(2000)-biotin (1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N [biotinyl-(polyethylene
glycol) 200]), and 18:1 DGS-NTA(Ni) (1,2-dioleoyl-sn-
glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic
acid)succinyl]) from Avanti Polar Lipids (Alabaster, USA).
We obtain Texas Red DHPE (1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, triethylammonium salt)
from Thermo Fisher (Waltham, USA).

We purchase all chemicals from Sigma Aldrich. The inter-
nal buffer (TPI) consists of 2 mM Tris and 200 mM sucrose.
The actin polymerization occurs in the external buffer (TPE)
containing 1 mM Tris, 50 mM KCl, 2 mM MgCl2, 0.1 mM
DTT, 2 mM ATP, 0.02 g/L β-casein, and 95 mM sucrose.
TPEinj, limiting actin polymerization inside the micropipet,
consists of 1 mM Tris, 1 mM MgCl2, 0.1 mM DTT, 0.02 g/L
β-casein, and 195 mM sucrose. TPA, a high osmolarity buffer,
contains 1 mM Tris, 1 mM MgCl2, 0.1 mM DTT, 0.02 g/L β-
casein, and 395 mM sucrose. All buffers are adjusted at pH 7.4
and their osmolarities are set at 200 mosm/kg (400 mosm/kg
for TPA). We measure osmolarities with a vapor pressure
osmometer (Vapro 5600, Wescor, USA). Monomeric actin
is prepared in a G-buffer composed of 2 mM Tris, 0.2 mM
CaCl2, 0.2 mM DTT, and 0.2 mM ATP (pH 8.0).

We purchase actin and the porcine Arp2/3 complex from
Cytoskeleton (Denver, USA), fluorescent Alexa Fluor 488
actin conjugate (actin-488) from Molecular Probes (Eu-
gene, USA). Purification of mouse α1β2 capping protein
(CP) is described elsewhere [47]. His-pVCA-GST (pVCA,
the proline-rich domain-verprolin homology-central-acidic
sequence from human WASP, starting at amino acid Gln150)
is purified as for PRD-VCA-WAVE [48]. Untagged human
profilin is purified as in Ref. [49]. A solution of 30 μM
monomeric actin containing 15% of labeled actin-488 is ob-
tained by incubating the actin solution in G-Buffer over 2
days at 4 ◦C. Commercial proteins are used with no further
purification and all concentrations are checked by a Bradford
assay.

C. Membrane and actin sleeve

We further describe membrane nanotube pulling from li-
posomes formed using the electroformation method [50].
The lipid mixture (molar ratio EPC/DGS-Ni/DSPE-PEG-
biotin/Texas Red DHPE of 89.4/10/0.1/0.5) is aliquoted
at 2.5 g/L in chloroform/methanol at volume ratio 5/3. A
volume of 5 μL of this solution is spread on an ITO-coated
(indium tin oxide) glass slide (63691610PAK, Sigma Aldrich,
Germany) and dried in vacuum for 2 h. We face the two
conductive slides, sealed with Vitrex (Vitrex Medical A/S,
Denmark), to form a chamber. We then hydrate the film with
TPI and apply an oscillating electric field (10 Hz, 3 V peak
to peak) during 2 h. Liposomes are stored at 4 ◦C for up to 2
weeks.

Prior to experiments, we clean and passivate the glass
surfaces. We sonicate glass coverslips (0.13–0.16 mm, Men-
zel Gläze, Australia) in 2-propanol for 5 min, extensively
rinsed with water and dried under filtrated compressed air.
Then the glass surfaces are activated by a plasma cleaner
(PDC-32G, Harrick Plasma, USA) during 2 min, followed by
a 30-min passivation using 0.1 g/L PLL(20)-g[3.5]-PEG(2)
(SuSos, Switzerland) in a 10 mM Hepes solution (pH 7.4).
We assemble the experimental chamber facing two glass cov-
erslips separated by a 1-mm steel spacer. The chamber is
filled with a 100 μL solution, diluted in TPE and containing
3 μM profilin, 37 nM Arp2/3 complex, 25 nM CP, 2 μL lipo-
somes in TPI, and 1 μL polystyrene beads diluted 100 times
in TPE.

Micropipets are prepared from borosilicate capillaries
(0.7 mm/1.0 mm for inner/outer diameter, Harvard Appa-
ratus, USA), using a puller (P2000, Sutter Instrument, USA)
with parameters previously described in Ref. [14]. Micropipet
tips are then microforged (MF 830, Narishige, Japan) up
to an internal diameter of 10 μm. Micropipets are filled by
aspirating 1 μL of the desired solution. Mineral oil is filled
on the other side of the micropipet using a MicroFil (250 μm
i.d., 350 μm o.d., 97 mm long, World Precision Instrument,
UK). We prepare two micropipets: the first one contains 2 μM
pVCA and 0.01 g/L sulforhodamine-B (to monitor the mi-
croinjection), in TPE; the second one contains 3 μM actin-488
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and 3 μM profilin, in TPEinj, adjusted to the osmolarity of
200 mOsm/kg with TPA.

Note that profilin is present in the actin microinjection
pipet and in the chamber, so that actin polymerization is
prevented in the micropipet and in solution, and occurs mainly
at the membrane surface.

Each micropipet is set up into the chamber and connected
to two separated reservoirs to control independently the in-
jection pressures. The chamber is sealed on each side by
adding mineral oil, to block evaporation over the time of the
experiment.

The data that support the plots within this paper and other
findings of this study are available from the corresponding
authors upon request.
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APPENDIX

1. Power spectral density calculations

We first record the position d of the trapped bead relative to
the center of the trap as a function of time. Using fast Fourier
transformation (FFT) we infer the power spectral density as a
function of the frequency f :

PSD( f ) = FFT(d ) × FFT∗(d )

Texp
, (A1)

where FFT∗ is the conjugate of FFT and Texp is the time of
the experiment. Power spectral densities PSD as a function
of the frequency f are generated using the FFT algorithm.
Power-law calculation is performed on logarithmic transfor-
mation of experimental PSD (Fig. 5). The exponent n for each
regime is then deduced from a linear fit: log10(PSD) = n ×
log10( f ) + a. This method reduces the computational error in
the exponent n calculation. We display n as mean ± s.e.m.

2. Transverse mode fluctuations

The PSD of a fluctuating bead connected to a nanotube
reflects thermal fluctuations of the bead itself in parallel with
membrane nanotube fluctuation transmitted to the bead. We
describe in the main text the fluctuations induced by peri-
staltic undulations. We here focus on transverse modes of a
nanotube of length L as described in Ref. [31] for neurite
cores, surrounded by cytoskeleton and a plasma membrane,
a composite system characterized by an axial tension T
and a bending flexural rigidity B. Decomposing into Fourier
modes with amplitudes h j and wave vectors q j yields |h j |2 =

kBT
L(Bq4

j +T q2
j )

[31]. Moreover the dispersion relation is given by

ω(q) = T q2+Bq4

ηe
, where ηe is the effective dissipation [31,51].

In the present case, transverse modes of the nanotube shift
the bead of a relative displacement δl (t ) = ∫ L

0 |∂xh(x, t )|dx =∑
j δl je−iω j t . Adapting the calculation from Ref. [31] with

this δl constraint gives the theoretical expression for the PSD:

PSD(ω) = ηekBT

π

∫
L2q2

(Bq4 + T q2)2 + (ηeω)2
dq. (A2)

In the case where the cytoskeletal bending is dominant
(Bq4 � T q2), Eq. (A2) reads PSD ∝ ∫ dq

q6 ∝ q−5 and the

dispersion relation becomes 2π f = ω ∝ q4. Altogether trans-
verse modes yield PSD ∝ f −5/4 = f −1.25.
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[24] S. F. Tolić-Nørrelykke, E. Schäffer, J. Howard, F. S. Pavone,
F. Jülicher, and H. Flyvbjerg, Rev. Sci. Instrum. 77, 103101
(2006).

[25] K. C. Vermeulen, J. van Mameren, G. J. Stienen, E. J. Peterman,
G. J. Wuite, and C. F. Schmidt, Rev. Sci. Instrum. 77, 013704
(2006).

[26] Y. Tseng, E. Fedorov, J. M. McCaffery, S. C. Almo, and D.
Wirtz, J. Mol. Biol. 310, 351 (2001).

[27] F. Juelicher, K. Kruse, J. Prost, and J.-F. Joanny, Phys. Rep.
449, 3 (2007).

[28] M. L. Gardel, K. E. Kasza, C. P. Brangwynne, J. Liu, and D. A.
Weitz, Methods Cell Biol. 89, 487 (2008).

[29] G. Lamour, J. B. Kirkegaard, H. Li, T. P. J. Knowles, and J.
Gsponer, Source Code Biol. Med. 9, 16 (2014).

[30] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevE.102.052402 for confocal movies of the
three bare nanotubes exemplified in Fig. 1(c): (a) crosses, (b)
circles, and (c) stars. Acquired at a rate of one frame per second.
Scale bar: 20 μm.

[31] F. Gárate, T. Betz, M. Pertusa, and R. Bernal, Phys. Biol. 12,
066020 (2015).

[32] A. Zidovska and E. Sackmann, Biophys. J. 100, 1428 (2011).
[33] T. Bornschlögl, S. Romero, C. L. Vestergaard, J.-F. Joanny,

G. T. Van Nhieu, and P. Bassereau, Proc. Natl. Acad. Sci. USA
110, 18928 (2013).

[34] E. Helfer, S. Harlepp, L. Bourdieu, J. Robert, F. C. MacKintosh,
and D. Chatenay, Phys. Rev. E 63, 021904 (2001).

[35] K. Maruyama, M. Kaibara, and E. Fukada, Biochim. Biophys.
Acta, Protein Struct. 371, 20 (1974).

[36] M. L. Gardel, F. Nakamura, J. Hartwig, J. C. Crocker, T. P.
Stossel, and D. A. Weitz, Phys. Rev. Lett. 96, 088102 (2006).

[37] O. Lieleg and A. R. Bausch, Phys. Rev. Lett. 99, 158105 (2007).
[38] H. Nöding, M. Schön, C. Reinermann, N. Dörrer, A. Kürschner,

B. Geil, I. Mey, C. Heussinger, A. Janshoff, and C. Steinem,
J. Phys. Chem. B 122, 4537 (2018).

[39] A. R. Bausch, F. Ziemann, A. A. Boulbitch, K. Jacobson, and
E. Sackmann, Biophys. J. 75, 2038 (1998).

[40] A. R. Bausch, W. Möller, and E. Sackmann, Biophys. J. 76, 573
(1999).

[41] F. Wottawah, S. Schinkinger, B. Lincoln, R. Ananthakrishnan,
M. Romeyke, J. Guck, and J. Käs, Phys. Rev. Lett. 94, 098103
(2005).

[42] S. Morlot, V. Galli, M. Klein, N. Chiaruttini, J. Manzi, F.
Humbert, L. Dinis, M. Lenz, G. Cappello, and A. Roux, Cell
151, 619 (2012).

[43] J. C. Crocker, M. T. Valentine, E. R. Weeks, T. Gisler, P. D.
Kaplan, A. G. Yodh, and D. A. Weitz, Phys. Rev. Lett. 85, 888
(2000).

[44] E. M. Furst, Curr. Opin. Colloid Interface Sci. 10, 79 (2005).
[45] R. M. Robertson-Anderson, ACS Macro Lett. 7, 968 (2018).
[46] F. Gittes and C. F. Schmidt, Opt. Lett. 23, 7 (1998).
[47] S. Palmgren, P. J. Ojala, M. A. Wear, J. A. Cooper, and P.

Lappalainen, J. Cell Biol. 155, 251 (2001).
[48] S. Havrylenko, P. Noguera, M. Abou-Ghali, J. Manzi, F. Faqir,

A. Lamora, C. Guerin, L. Blanchoin, and J. Plastino, Mol. Biol.
Cell 26, 55 (2015).

[49] K. Carvalho, J. Lemière, F. Faqir, J. Manzi, L. Blanchoin, J.
Plastino, T. Betz, and C. Sykes, Philos. Trans. R. Soc., B 368,
20130005 (2013).

[50] M. I. Angelova and D. S. Dimitrov, Faraday Discuss. Chem.
Soc. 81, 303 (1986).

[51] T. Betz, M. Lenz, J.-F. Joanny, and C. Sykes, Proc. Natl. Acad.
Sci. USA 106, 15320 (2009).

052402-9

https://doi.org/10.1039/C2SM00001F
https://doi.org/10.1039/C6SM02117D
https://doi.org/10.1038/nphys3621
https://doi.org/10.1038/srep30054
https://doi.org/10.1039/C5SM02556G
https://doi.org/10.1039/D0SM01290D
https://doi.org/10.1016/S0006-3495(87)83227-7
https://doi.org/10.1103/PhysRevLett.88.238101
https://doi.org/10.1016/S0006-3495(04)74343-X
https://doi.org/10.1126/sciadv.aaz3050
https://doi.org/10.1063/1.2356852
https://doi.org/10.1063/1.2165568
https://doi.org/10.1006/jmbi.2001.4716
https://doi.org/10.1016/j.physrep.2007.02.018
https://doi.org/10.1016/S0091-679X(08)00619-5
https://doi.org/10.1186/1751-0473-9-16
http://link.aps.org/supplemental/10.1103/PhysRevE.102.052402
https://doi.org/10.1088/1478-3975/12/6/066020
https://doi.org/10.1016/j.bpj.2011.01.069
https://doi.org/10.1073/pnas.1316572110
https://doi.org/10.1103/PhysRevE.63.021904
https://doi.org/10.1016/0005-2795(74)90150-0
https://doi.org/10.1103/PhysRevLett.96.088102
https://doi.org/10.1103/PhysRevLett.99.158105
https://doi.org/10.1021/acs.jpcb.7b11491
https://doi.org/10.1016/S0006-3495(98)77646-5
https://doi.org/10.1016/S0006-3495(99)77225-5
https://doi.org/10.1103/PhysRevLett.94.098103
https://doi.org/10.1016/j.cell.2012.09.017
https://doi.org/10.1103/PhysRevLett.85.888
https://doi.org/10.1016/j.cocis.2005.04.001
https://doi.org/10.1021/acsmacrolett.8b00498
https://doi.org/10.1364/OL.23.000007
https://doi.org/10.1083/jcb.200106157
https://doi.org/10.1091/mbc.e14-07-1200
https://doi.org/10.1098/rstb.2013.0005
https://doi.org/10.1039/dc9868100303
https://doi.org/10.1073/pnas.0904614106

