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A B S T R A C T   

Membrane nanotubes (NTs) and their networks play an important role in intracellular membrane transport and 
intercellular communications. The transport characteristics of the NT lumen resemble those of conventional 
solid-state nanopores. However, unlike the rigid pores, the soft membrane wall of the NT can be deformed by 
forces driving the transport through the NT lumen. This intrinsic coupling between the NT geometry and 
transport properties remains poorly explored. Using synchronized fluorescence microscopy and conductance 
measurements, we revealed that the NT shape was changed by both electric and hydrostatic forces driving the 
ionic and solute fluxes through the NT lumen. Far from the shape instability, the strength of the force effect is 
determined by the lateral membrane tension and is scaled with membrane elasticity so that the NT can be 
operated as a linear elastic sensor. Near shape instabilities, the transport forces triggered large-scale shape 
transformations, both stochastic and periodic. The periodic oscillations were coupled to a vesicle passage along 
the NT axis, resembling peristaltic transport. The oscillations were parametrically controlled by the electric field, 
making NT a highly nonlinear nanofluidic circuitry element with biological and technological implications.   

1. Introduction 

Membrane nanotubes (NTs) are one of the core elements of the 
endomembrane system. Dynamic nanotubular networks, such as tubular 
endoplasmic reticulum, mediate the long-range communication 
throughout the cytoplasm [1–3]. Short and transient tubular connec
tions, such as membrane fusion and fission pores, regularly appear in 
membrane remodeling [4]. An entirely different class of nanotubular 
connections, the tunneling nanotubes (TNT), is deeply implicated into 
intercellular transport [5,6]. Complex nanotubular networks could be 
replicated in vitro, as from cellular [7] as from synthetic components 
[8,9]. In all of those systems individual NTs operate as a versatile 
nanofluidic connector transporting solids and fluids through their 
lumen. The permeability and size selectivity of the NT connectors 
depend critically on the membrane curvature. Extreme NT constriction 
severely impairs the luminal transport and could also cause NT scission 
[10,11]. The high curvature of the wall underlies another function of NT 

connectors in the cell. They provide a versatile platform for various 
protein machineries relying on membrane curvature for self-assembly 
and function, including those controlling the NT curvature and stabil
ity per se [4,11,12]. The mechanisms underlying molecular regulation of 
the NT curvature, the intrinsic coupling between the curvature and 
composition, have long been studied using individual NTs produced in 
biomimetic or cellular membrane systems. 

In the cell, individual membrane tubules are frequently produced by 
molecular motors or filaments creating a pulling force along the parent 
membrane normal [13,14]. The nanotube puling could be replicated in 
vitro using either mechanical micromanipulators or optical tweezers 
[15–17]. The NTs pulled from pure lipid membranes have been widely 
used for quantitative assessment of visco-elastic properties of lipid 
bilayer and intricate relations between the molecular composition and 
curvature of the NT [11,16,18,19]. Decades-long studies revealed a 
variety of mechanisms controlling the NT curvature and thus the 
luminal permeability of the NT connectors [19,20]. In the simplest case 
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of a “reference” single-component lipid reservoir, the static radius of a 
pulled NT is fully defined by the reservoir membrane's lateral tension 
and bending rigidity [17,21]. The radius ranges from a few to hundreds 
of nanometers while its length stretches from below 100 nm to hundreds 
of microns [16,17,22,23]. Such geometric variability makes the lipid NT 
a versatile building block for the fabrication of nanoscale transport 
systems [9,23]. However, the NT and NT networks have been rarely 
used to study the corresponding transport mechanisms [9,23,24]. 

The basic principles of material transport through the NT lumen shall 
be well understood as the NT lumen geometry closely resembles that of a 
cylindrical solid-state nanopore [25]. The nanopore (NP) surface can 
even be covered by a lipid layer, thus mimicking the fluidity of the NT 
wall [26]. Ionic and material transport through the NPs comparable in 
size with the NTs has been extensively studied. In general, the NPs are 
nonlinear circuitry elements, with the major transport characteristics 
controlled by the NP shape, size, and wall coating and charge [26,27]. 
Some of the wall charge effects, such as the increase of the electrolyte 
concentration in the pore lumen, have been described in the NT system 
[17,28]. The NT dimensions, controlled by the molecular composition of 
the NT membrane and external forces, can be reduced close to molecular 
dimensions characteristic for NPs capable of molecular sensing [17,29]. 
Furthermore, the external force can contract or expand the NT lumen in 
real-time [17]. Such manipulation of nanofluidic transport via elastic 
coupling to external media has been shown for protein channels and 
elastic nanopores [30,31]. However, unlike most of the NPs, high 
bending compliance of the NT membrane makes the NT body susceptible 
to even small external forces produced by single proteins and protein 
complexes [17]. The very forces driving the material transport through 
the NT lumen, including the electrical field [17,32], could deform the 
NT and thus affect its transport properties. These feedback effects, 
linking the nanofluidic transport with nanoscale membrane elasticity, 
are unique for the NT systems and remain poorly explored. 

To model these feedback effects, we focus here on the NT de
formations produced by transmembrane (TM) electric field. The TM 
field generally emerges when an electrical potential difference (the bias) 
is applied between the NT ends to drive the ionic current through the NT 
lumen [32]. The TM field is known to produce membrane movements 
along the electrical potential gradient [33,34]. We showed earlier that 
such an electro-actuation altered the current/voltage characteristic of 
the NT proportionally to the membrane bending elasticity [17]. Here, 
we visualized and quantified this effect by applying synchronized fluo
rescence microscopy and voltage-clamp conductance measurements to 
microscopic NTs mimicking tunneling nanotubes [22]. We revealed the 
NT dilation coupled to the ionic transport through the NT lumen. We 
further revealed that the parabolic expansion of the NT lumen could be 
described by a single parameter, the effective radius, fully characterizing 
the nonlinear current/voltage characteristic of the NT. Remarkably, we 
also found that near shape instability points [35], the TM field could 
trigger large-scale shape transformation of the nanotube, both stochastic 
and periodic. While the stochastic oscillations were linked to the 
catenoid-cylinder shape transformation described earlier [35], the pe
riodic oscillations were associated with the vesicle formation and pas
sage along the NT axis, evoking peristaltic transport. The TM field 
controlled both the onset and the time characteristics of the oscillations, 
effectively operating as a gating potential in field-controlled devices. We 
conclude that the TM field could be used to i) interrogate mechanical 
parameters of the NT membrane in the linear dilation regime and ii) gate 
the ionic and fluidic transport through the NT lumen, when coupled to 
the intrinsic shape instabilities of the NT system. 

2. Experimental 

2.1. Materials 

1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC), 1-oleoyl-2-hy
droxy-sn-Glycero-3-Phosphocholine (OPC), 1,2-Dioleoyl-sn-Glycero-3- 

Phosphoethanolamine (DOPE), 1,2-Dioleoyl-sn-Glycero-3-Phospho-L- 
Serine (DOPS), 1-oleoyl-2-hydroxy-sn-Glycero-3-phospho-L-serine 
(OPS), fluorescently labeled 1,2-Dioleoyl-sn-Glycero-3-Phosphoetha
nolamine-N-(Lissamine Rhodamine B sulfonyl) (DOPE-Rh) and choles
terol (Chol) were from Avanti (Alabaster, AL). 

We used the following lipid compositions: DOPC:Chol 7:3, DOPC: 
DOPE:Chol 6:1:3 and DOPC:DOPE:DOPS:Chol mixed in 4:1:2:3 M ratio 
to prepare parent membranes with a low bending rigidity (composition 
1, bending modulus k lies in the range of 0.7–0.9 ⋅ 10− 19 J); and DOPC: 
DOPE:OPS:Chol mixed in 3:3:2:2 M ratio to prepare parent membranes 
with high bending rigidity (composition 2, bending modulus k lies in the 
range of 3.4–4.0 ⋅ 10− 19 J). 

2.2. Membrane nanotubes 

The nanotubes were formed using a fire-polished glass pipette 
(patch-clamp pipette) as described elsewhere [17,22]. For the NT pro
duction, we used two types of membrane reservoirs: planar lipid bilayer 
(Fig. 1A) characterized by high lateral tension (σ range 0.3–1 ⋅ 10− 3 N/ 
m, [17]) and giant supported bilayers (GSB, Fig. 1B) characterized by 
low lateral tension (σ range 10− 6–10− 5 N/m, [22]). The tube formation 
was detected by fluorescence microscopy and/or conductance mea
surements (Fig. 1C, D, see [22] for details), while the NT length was 
controlled by a precise nanopositioning system [17]. The pressure was 
applied to the pipette interior through the micropipette holder's port 
using flexible Tygon tubing connected to a homemade syringe pump. 
Pressure monitor PM 015D (World Precision Instruments, USA) was 
used to control the pressure inside the pipette. 

2.3. Conductance measurements 

The NT conductance was measured using Axopatch 200B (Molecular 
Devices, Sunnyvale, CA) amplifier. The current was acquired at a 
voltage-clamp mode of the amplifier. The voltage applied to the pipette 
interior, the measured current, piezo actuator, and pressure monitor 
readings were digitized using the DigitData 1550 acquisition board 
(Molecular Devices, Sunnyvale, CA). The results were processed offline 
using Origin software (OriginLab, Northampton, MA). The reservoir 
membrane separates two compartments in the planar bilayer and the 
GSB systems (compartments 2 and 3, Fig. 1A, C). The GSB interior is 
electrically connected to the exterior media via a low-resistance (below 
50MΩ) pathway associated with the contact between the membrane and 
the silica beads [22]. In the GSB system, the measuring electrode 1 
applied the holding potential U to the pipette interior (effectively, to the 
NT end). The “grounding” electrode 2 kept the potential of the exterior 
and interior of the GSB equal to zero. In planar bilayer experiments, 
compartments 2 and 3 were both grounded, while the measuring elec
trode, as in the GSB system, controlled the pipette interior's potential. 

2.4. Fluorescence microscopy 

The membrane of GSB-derived NTs contained small amounts of 
fluorescent marker DOPE-Rh. GSB-NT was monitored using an Olympus 
IX-70 inverted microscope iXon+ DU885 camera (Andor Technology, 
Belfast, UK) with X-Cite 120 fluorescence excitation source. A 150 ×
1.45-NA objective was used to ensure high-efficiency light collection at a 
low light level to avoid specimen photobleaching. The images were 
collected and processed using the ImageJ-μManager open-source soft
ware [36]. The dynamics of the fluorescence intensity were quantified 
using the “Z-axis profile” tool of ImageJ. 
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3. Results and discussion 

3.1. Ionic transport through the NT lumen is coupled to the NT dilation by 
the electric field 

We showed earlier that the current/voltage characteristic of the NTs 
pulled from the planar lipid membrane reservoir (Fig. 1C, D) were 
nonlinear: the conductance grew proportionally to the holding potential 
(U) driving the ionic current through the NT lumen [17]. The 

conductance increase was hypothetically associated with the NT dilation 
by the electric field. To visualize the dilation, we used microscopic NTs 
pulled from GSBs labeled with a lipid fluorescent probe (Fig. 1A, B, 
hereafter, unless indicated otherwise, the lipid compositions with low 
bending rigidity (composition 1, Experimental section) were used). 
Simultaneous fluorescence microscopy and conductance measurements 
revealed that application of the incremental holding potential U caused 
the NT dilation increasing synchronously with the NT conductance 
(Fig. 2A, inset). The extent of the NT dilation depended on the amplitude 

Fig. 1. Formation of lipid membrane NTs. A, B Cartoons depicting the NTs in the GSB (A) and planar lipid bilayer (B) systems. The NT connects the glass patch- 
pipette to the corresponding reservoir membrane. The holding potential U is applied to the electrode placed in the patch-pipette (compartment 1), the electrode 
also operates as a measuring electrode collecting the current through the NT lumen [17]. Compartments 2 and 3 are electrically isolated from compartment 1 and 
held at zero potential. In the GSB system, the GSB interior is connected to the external media via a low-resistance conductive path forming in the GSB-silica bead 
contact [22]. A calibrated nanoactuator is used to control the position of the patch-pipette and thus the NT length, LNT [17]. B. An example of synchronized 
fluorescence microscopy and conductance measurements [22]. The movement of the patch-pipette produces changes in the NT length. The corresponding changes in 
the ionic current through the NT lumen are shown on the right. The NT conductance is obtained from the current/voltage dependence as described elsewhere [17]. D. 
Changes of the NT current upon submicron decrease of the NT length in the planar bilayer system. 

Fig. 2. Field-effect on the shape and conductance of cylindrical NT. A. Application of increasing holding potential (U) causes the NT dilation seen in the fluorescence 
microscopy images (above) and as the increase of the NT conductance with the voltage amplitude. Membrane fluorescence (Rh-DOPE) is shown, scale bar 2 μm. B. 
Schematic illustration of the NT dilation by the transmembrane voltage φ(z) decreasing along the NT axis from the maximal value U to zero. The widening is maximal 
at φ(z) = U and gradually decreases to zero at φ(z) = 0; rc is the radius of unperturbed cylindrical NT, rNT is the radius of a cylindrical NT having the same length, 
luminal volume, and conductance as the voltage-expanded NT. C. Upper graph: dependence of GNT∙LNT (left y-axis) and rNT (right y-axis) on LNT measured for the NTs 
pulled from the GSB (low σ) and planar lipid bilayer (high σ) reservoirs. Lower graph: the dependence of GNT∙LNT (left y-axis) and rNT (right y-axis) on LNT measured 
at different U (+50 mV black, +150 mV red, ±200 mV blue, with open circles and filled triangles showing the effect of positive and negative voltage respectively). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

D.V. Ivchenkov et al.                                                                                                                                                                                                                           



BBA - Biomembranes 1863 (2021) 183677

4

of the local transmembrane electric field, ΔφTM (Fig. 2B). As the NT 
exterior in both the GSB and the planar membrane systems was kept at 
zero potential (Fig. 1A, C), ΔφTM was maximal near the patch-pipette 
connection to the NT (where U is applied) and gradually decayed to 
zero near the reservoir membrane (Fig. 2B). The NT radius followed the 
same axial trend, resulting in the transformation of the NT shape from 
cylindrical to parabolic (Fig. 2A, B). 

We next explored how this voltage-driven expansion of the NT lumen 
affected the parametric dependence of the NT conductance on the 
membrane elasticity [17]. The dependence stems from the well-known 
relation between the curvature and the bending rigidity of a cylindri
cal NT unperturbed by electric field. Its radius rc is set by the balance of 
the constriction tensile force and the elastic resistance to bending 
[21,35]: 

rc =

̅̅̅̅̅
k

2σ

√

(1)  

where k is the mean curvature bending rigidity modulus and σ is the 
lateral tension of the reservoir membrane. The luminal ionic conduc
tance (Gc) of such unperturbed cylindrical NT depends on its radius and 
length (LNT) as: 

Gc =
πr2

c

ρLNT
(2)  

where ρ is the specific bulk resistance of the electrolyte in the NT lumen 
(ρ = 1 Ohm⋅m for 100 mM KCl at room temperature; note that for NTs 
containing charged lipid species, a correction has to be applied to ac
count for counterions accumulation near the charged NT wall [17]). It 
follows from Eqs. (1) and (2) that ρGcLNT, equal to the area of the luminal 
cross-section of a cylindrical NT, does not depend on the NT length. 
Surprisingly, we found that GNTLNT in the voltage-expanded tubes also 
remained constant with LNT variations (Fig. 2C, lower panel). Further
more, GNTLNT also scaled with σ decreasing substantially from the GSB to 
the planar bilayer systems (Fig. 2C, upper panel). These results indicated 
that GNTLNT could be used as a length-independent parameter charac
terizing the dependence on the NT conductance on U. To link this 
parameter to the bending elasticity and tension of the NT membrane, we 
constructed a linear elastic model of the NT dilation. 

3.2. Parametric description of small electro-elastic deformations of a 
membrane NT 

We considered an NT connected to a reservoir membrane. A constant 
potential (U) was applied to the mobile NT end while that at the reser
voir membrane was held at 0 potential. The NT exterior was also held at 
0 potential so that U determined both the luminal and transmembrane 
electric fields, as shown in Fig. 2B. We assumed that the electric field 
produced only a small deviation from the reference cylindrical shape. 
The luminal radius, rc, and the conductance, Gc, of the cylindrical NT 
were defined by Eqs. (1) and (2). The NT shape was parameterized by 
the radius r(z) equal rc at one end and gradually increasing towards the 
other end (Fig. 2B). In general, the electrical field effect on the NT shape 
has both electrostatic and dynamic (e.g. electro-osmotic) components. 
Here we only considered the dominating electrostatic contribution of 
the NT membrane capacitor, essentially, the Lippman tension [33]. The 
free energy density of the membrane of slightly dilated cylindrical NT 
can be written as: 

F(z) = 2πr(z)

(
k

2(r(z) )2 + σ −
Csp(u(z) )2

2

)

(3)  

where u(z) = ΔφTM(z) is the local transmembrane electric field, a func
tion of z (Fig. 2B), and Csp is the specific capacitance of the NT mem
brane [33,37,38]: 

1
Csp

=
1

Cd,1
+

1
Cd,2

+
1

Cm
(4)  

where Cd,i are the specific capacitances of the diffuse double layers and 
Cm is the specific capacitance of the lipid bilayer. In the electrolyte so
lutions used here (100 mM KCl), the Debye-Hueckel screening length (λ) 
is extremely small (~1 nm) so that 

Cd

2Cm
∼

ϵwater

ϵmembrane

h
λ
∼ 100≫1 (4´)  

where ϵwater ≈ 80 and ϵmembrane ≈ 2 are the dielectric constants of water 
and the hydrophobic core of the lipid bilayer, respectively, and h ~ 4 nm 
is the lipid bilayer thickness. Following Eq. (4), we considered Csp equal 
Cm, a material parameter independent of the trans-membrane field. 
Then the electrostatic contribution to the free energy of the NT mem
brane became simply proportional to U2. We note that this dependence 
is specific for the NT connected to a membrane reservoir unaffected by 
the electric field (Fig. 1A, C). In this system, the field effect converges to 
recruiting additional lipid material from the reservoir, thus promoting 
the NT dilation. In contrast, in membrane systems of a fixed area the 
field effect relies on trans-membrane asymmetry and its free energy 
contribution depends on the asymmetry phenotype [33,39]. Yet, cellular 
NTs and NT networks quite generally connect large membrane com
partments that could be considered reservoirs. Non-bilayer lipid stor
ages, such as lipid droplet and proteo-lipid complexes, contribute to the 
reservoir capacity of the compartments and effectively control the 
lateral tension of the reservoir membranes [40]. Furthermore, gradients 
of electrochemical potentials between such compartments are also 
typical, seen in migratory solute and membrane transport in distributed 
cellular organelles [1,3,11]. Thus, Eq. (3) is not specific for a particular 
NT model considered here but rather covers a broader class of mem
brane systems with NT connections. 

We next linked the field effect to the ionic transport through the NT 
lumen. From the Ohms law for a cylindrical conductor, we obtained the 
luminal ionic current I: 

I
2πr(z)

=
1
ρ

d(u(z) )
dz

(5) 

Minimizing Eq. (3) over r(z) and substituting the results into Eq. (5), 
we derived the shape equation for r(z): 

Iρ
πr2

c

̅̅̅̅̅̅̅
Csp

2σ

√

=
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(r(z)/rc )
2
− 1

√
d
dz

r(z)
rc

(6) 

The solution of Eq. (6) is: 

r(z) = rccosh

(
Iρ
πr2

c

̅̅̅̅̅̅̅
Csp

2σ

√

z

)

(7) 

Integrating Eq. (7) over the NT length, we obtained the electric 
resistance of the field-dilated NT (RNT): 

RNT =
1
I

̅̅̅̅̅̅̅
2σ
Csp

√

tanh

(
IρLNT

πr2
c

̅̅̅̅̅̅̅
Csp

2σ

√ )

(8) 

Using I = U/RNT = UGNT as a self-consistency condition, we rewrote 
Eq. (8) as: 

GNT =
πrc

LNT ρ
1
U

̅̅̅̅̅̅̅
2σ
Csp

√

artanh

(

U
̅̅̅̅̅̅̅
Csp

2σ

√ )

= Gc
artanh(δ)

δ
(9)  

where δ2 =
CspU2

2σ is a dimensionless parameter characterizing the 
strength of the field effect. Expanding Eq. (9) for small δ yields: 

GNT = Gc

(

1+
CspU2

6σ

)

=
πr2

c

ρLNT

(

1+
CspU2

6σ

)

(10) 
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Eq. (10) defines the parameter GNTLNT for the field-dilated NTs: 

ρGNT LNT = πr2
c

(

1+
CspU2

6σ

)

= πr2
NT (11) 

Consistently with experimental observations (Fig. 2C), GNTLNT does 
not depend on the NT length. Moreover, as Eq. (11) exactly resembles 
Eq. (2), the conductance of the filed-dilated NT, like that of the reference 
cylindrical NT, is characterized by an effective radius rNT, which does 
not depend on the NT length and scales with δ. In agreement with the 
model predictions, rNT did not depend on the tube length as for the 
microscopic NTs obtained in GSB system as for the ultrashort NTs pulled 
from planar membrane reservoir (Fig. 2C). The effective radius 
decreased with the lateral tension (Fig. 2C, upper panel) and increased 
with voltage (Fig. 2C, lower panel). Importantly, the latter effect did not 
depend on the sign of U (Fig. 2C, blue), in agreement with Eq. (11). 

As predicted by Eq. (10), the relative conductance increase by the 
electric field is linearly proportional to U2, with the slope of linear 
regression inversely dependent on the system's membrane lateral ten
sion σ (Fig. 3). In the GSB membranes with low, physiologically relevant 
values of the lateral tension σ [22], the NT dilation was already detected 
at U = 10 mV (Fig. 3A). Thus, small trans-membrane potentials could 
affect the geometry of intracellular NTs. For the NTs formed from planar 
lipid bilayers, application of higher U, in the range of 100 s of mV, was 
required (Fig. 3B), corresponding to much elevated lateral membrane 
tension (around 10− 3 N/m) in this system [17]. Importantly, substitut
ing Eq. 1 into Eq. 11 we found that rNT is entirely defined by the 
membrane mechanics and the applied electrical potential: r2

NT =

k
2σ

(

1+
CspU2

6σ

)

. It follows that while the bending resistance of the NT 

membrane does not affect the relative NT dilation by the electric field 
(Eq. (10), Fig. 3), it does set the NT conductance scale (Fig. 3, inset), as 
well as the size cutoff for the particle transport through the NT lumen. 
The dependence of the NT conductance on k can be used to experi
mentally assess the mechanical parameters of the NT membrane [17]. 

So far, we have considered small alterations of the NT shape by the 
electric field. Their effect on the NT transport properties is minimal, as 
illustrated by Fig. 3. However, the situation might change near shape 
instability [35], where small shape perturbations could trigger a shape 
transformation. We next considered the field effect on the NTs nearing 
shape instability. 

3.3. Field-effect control of the ionic transport through the shape-bistable 
membrane nanotube 

The NT shape instabilities are mechanistically related to those of a 
liquid or soap film bridges extended between two coaxial endrings 
[35,41,42]. Within a length range defined by the endrings' size and 
membrane mechanics the NT has two stationary shapes, NT and catNT, 
with the shape transformations happening at the critical lengths 
(Fig. 4A, see [35] for details). One of the shape transformations occurs 
when the length of the cylindrical NT is decreased close to a critical 
value, lc, generally below 100 nm [17,35]. Such short NTs spontaneously 
transform into wider catenoidal nanotubes (catNT Fig. 4A). In turn, the 
catNT becomes unstable at a certain critical length (Lc > lc), collapsing 
back to the NT configuration (Fig. 4A, [35,41]). The lateral membrane 
tension drives the shape transformations, which, importantly, happens 
without rupturing the NT membrane [35]. The difference between the 
luminal conductance of NT and catNT can be 10–100 times (Fig. 4A), 
depending on the NT and the catNT diameters [35]. Here we explored 
how the field-driven dilation of the NT affected this dramatic shape 
transformation. 

We applied the steps of U of progressively increasing amplitude to 
short, submicron NTs, held at a fixed short length close to lc. The NT 
dilation was seen as the progressive increase of the GNT, as well as the 
conductance noise, with U (Fig. 4B). Eventually, the NT dilation trig
gered the shape transformation, seen as an abrupt conductance increase 
or the NT “opening” (Fig. 4B, arrow). We next applied a constant U and 
slowly (0.1 μm/s) decreased the NT length until the NT opening was 
detected. The length at which the opening occurred increased consid
erably with U (for more than 10 times at U = 200 mV, Fig. 4C). We 
concluded that the transmembrane field facilitated the NT to catNT 
transformation by increasing the lc, thus operating as a parametric 
regulator of the shape instability. 

The field effect on the NT shape transformations becomes more 
complex when spontaneous transitions between NT and catNT occur. 
Such transitions, seen as oscillations of the lumen conductance between 
the two states corresponding to the NT and catNT conductances 
(Fig. 5A), were observed earlier for membranes with high bending ri
gidity ([35], composition 2, Experimental section). We found that the 
oscillations were initiated when the NT length was set inside the bist
ability region, either by decreasing the NT length below Lc or increasing 
the catNT length above lc (Fig. 5A, red). 

To understand the mechanism of these spontaneous and reversible 
shape transformations, we calculated the dependence on the energy 
barrier between the NT and catNT on the system geometry. We 

Fig. 3. Relative increase of the NT conductance dGn =
GNT (U)− GNT (0)

GNT (0) by the electric field bias (U) driving the ionic current through the NT lumen. A. The conductance 
increase in the GSB system. The fluorescence images illustrate the NT dilation by the field. Membrane fluorescence (Rh-DOPE) is shown, scale bar 2 μm. (B) The 
conductance increase and in the planar lipid bilayer system. The inset shows the mean values of ρGcLNT measured for the lipid membranes with low and high bending 
rigidity k. 
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Fig. 4. The transformation of the NT to wider catNT induced by the electric field A. Decrease of the NT length towards the critical length lc triggers spontaneous 
transformation (opening) of the NT to a wider catNT. The increase of the catNT length from lc towards Lc causes the reverse transformation [35]. B. The conductance 
(GNT, black) changes during the decrease of the NT length (LNT, grey) followed by the stepwise application of progressively higher holding potential (U, red) leading 
to the NT opening. C. Dependence the NT length at which the opening (B) occurred on the holding potential U. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Field-controlled conductance oscillations of the shape-bistable nanotube. A. Appearance of the large conductance oscillations upon driving the nanotube into 
the shape bistability region by either increasing the catNT length (left) or decreasing the NT length (right). B. The energy diagram illustrating the shape bistability of 
the nanotube [35]. The energy is parameterized by the luminal radius r0 measured at the narrowest cross-section of the nanotube. A symmetric system was 
considered for simplicity, with the endrings' diameter of 240 nm and the cylindrical NT diameter of 20 nm. Two energy minima corresponding to the NT and catNT 
are seen. The energy branches corresponding to the variations of the NT and catNT shapes (depicted by the blue shapes) were calculated as described in the text. 
Black, blue and green curves illustrate energy profile alteration with the length change from sub-lc to sub-Lc. C. Spontaneous conductance oscillations within the 
bistability region. Black, blue and green graphs show the conductance behavior characteristic for the free energy profiles of the corresponding colors shown in (B). D. 
Voltage dependence of the oscillation frequency. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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considered the surfaces of revolution connecting to coaxial endrings of 
fixed radii, with unrestrictive (zero bending moment) boundary condi
tions at the rings [35]. We assumed that the application of the electric 
field produced only slight deviation from the known stationary shapes, 
the stable catenoid NT (catNT) and the cylindrical NT connected to the 
endrings by the half-catenoid “wings” ([35,43], see also the cartoons in 
Figs. 4A, 5B). Following earlier analyses, we also assumed that the en
ergy barrier between these stationary shapes is defined by the energy of 
the unstable catenoid branch [35]. To obtain the transition trajectory 
from the NT to the barrier maximum, we gradually increased the radius 
of the cylindrical part of the NT shape while simultaneously increasing 
the length of the catenoidal “wings” (Fig. 5B, NT cartoon and black 
curve). In turn, to obtain the transition trajectory from the catNT to the 
barrier maximum, we expanded the catNT waist using the parabolic 
approximation: instead of catenary, we used parabolas to generate 
surfaces of revolution with progressively larger waist (Fig. 5B, catNT 
cartoon and green curve). The electro-elastic energy of the stationary 
and transitory NT shapes was calculated by integrating Eq. (3) over the 
area of the respective shape. 

The energies of the shapes parameterized by the luminal radius in the 
narrowest point, r0, are shown in Fig. 5B. Two energy minima corre
sponding to the stationary NT (smaller r0) and catNT (bigger r0), sepa
rated by a barrier, are seen (Fig. 5B). We found that the energy barrier 
diminishes to 20-30kBT, enabling thermal-driven transitions [44] when 
the NT radius was set at ~0.1 of the endring radius (Fig. 5B), the con
dition satisfied in our system (rNT = 25 ± 4 nm for Composition 2, [32]). 
Furthermore, the NT and catNT minima change reciprocally with the 
increase of the NT length from lc to Lc: the NT minimum becomes 
shallower while the catNT one grew deeper (Fig. 5B, from black to green 
curves). These changes of the energy diagram explained the parametric 
dependence of the conductance oscillations on the nanotube length 
obtained experimentally (Fig. 5C). In agreement with the theoretical 
predictions, the occurrence of the NT and catNT states changed with the 
increase of the NT length from lc to Lc: catNT prevailing near lc (Fig. 5C, 
black) and NT prevailing near Lc (Fig. 5C, green). 

The increase of the lc by the electric field (Fig. 4C) narrowed the 
bistability region thus promoting the quasi-periodic oscillation pheno
type (Fig. 5C, blue curve). Accordingly, the oscillation frequency 
(measured as the mean interval between the sequential upward and 
downward conductance jumps) increased with voltage (Fig. 5D). Hence 
the electric field could control the onset and frequency of the conduc
tance oscillations of shape-bistable NTs. 

Of note, the holding potential amplitudes required to trigger these 
large-scale shape transformations of the NT produced only slight 
membrane deformations far from the bistability region (compare 
Figs. 4C and 5C). The electric field thus acted as a parametric trigger 
rather than a driving force. Importantly, the energy minima corre
sponding to the NT and catNT shapes never merge. The shape trans
formations are driven by thermal and mechanical noises affecting the 
nanotube length. The noise increase upon approaching the instability 
point is evident in the experiments (Fig. 4B), suggesting a possibility of 
stochastic resonance. The conductance oscillations could be initiated or 
modulated by various mechanical, electrical, or chemical processes 
contributing to the noise. Such triggering mechanism could be explained 
by seemingly random oscillations, or “flicker”, of the conductance of 
fusion and fission pores in the cells [35,45,46]. 

While the stochastic oscillations of the NT conductance illustrate a 
highly nonlinear voltage effect, they are hardly related to the controlled 
nanofluidic transport. We next studied how the electric field effect 
controls the pressure-driven unidirectional nanofluidic transport 
through the NT lumen. 

3.4. Voltage-dependent peristaltic transport through the NT 

So far, we considered the hydrostatic pressure difference between 
the NT ends and across the NT wall negligible. Yet, even small pressure 

gradients became notable in low-curved NTs pulled from GSB. In the 
GSB system, applying pressure to the pipette interior caused membrane 
bulging followed by a spherical droplet formation (Fig. 6A). The droplet 
grew until it reached the reservoir membrane and collapsed back to the 
NT, leading to the next transformation cycle. We related the initial 
membrane bulging to the pressure-driven instability of the membrane 
patch linking the NT to the patch-pipette rim (Fig. 6A, B). The well- 
known instability occurs when the pressure difference across the 
membrane patch (ΔP) exceeds the critical value defined as: 

ΔPc =
2σ
Rp

(12)  

where Rp is the radius of the patch-pipette rim (Fig. 6B). Above this 
value, the membrane tension can no longer balance the pressure dif
ference (neglecting the membrane bending energy contribution), and 
the membrane patch transforms into a growing vesicle (Fig. 6A). When 
the NT connecting the growing vesicle and the reservoir membrane 
became critically short, it opened up (Fig. 6A), as did the NTs near lc 
(Fig. 4A, B above). Upon the opening, the hydrodynamic resistance of 
the system dropped abruptly. The fluid flux through the widely 
expanded nanotube lumen caused the transmembrane pressure decrease 
triggering the nanotube transformation back into the original cylindrical 
NT (Fig. 6A). Importantly, Eq. (12) indicated that if the transmembrane 
pressure ΔP is close to the critical value, the whole cycle of the shape 
transformations could be triggered by a small decrease of the local 
membrane tension. The link between acute tension relief and cellular 
membrane transformations has long been appreciated [47]. Moderate 
tension can develop in intracellular tubular organelles, such as the 
tubular endoplasmic reticulum network [48]. It is tempting to link the 
tension gradients to the shape instabilities propagating along the 
network [1,3]. Hence, we next investigated whether the periodic 
pressure-driven conductance oscillations seen in the microscopic GSB 
system could be observed in nanoscale biomimetic NTs. 

The extent and kinetics of the nanotube expansion in the GSB system 
are seen in the synchronous changes of the integral membrane fluores
cence and conductance (Fig. 6C). The pressure application (ΔP = 2.8 ×
10− 2 atm) caused similar periodic conductance changes in the nano
scopic NTs produced from planar lipid bilayers, with the pressure release 
immediately aborting the oscillations (Fig. 6D). These periodic oscilla
tions had a different triangular shape and were much slower than the 
stochastic oscillations seen in the shape-bistable NTs (compare Figs. 5D 
and 6F). Crucially, the periodic conductance oscillation could switch on 
and off by the electric field (Fig. 6E). Furthermore, the oscillation period 
depended reversibly on the holding potential amplitude (Fig. 6F), 
indicating a possibility of the electric field-effect control of the directed 
pressure-driven peristaltic transport through the NT. 

To understand the mechanism of the field-effect, we created a simple 
thermodynamic model. We assumed that the hydrostatic pressure dif
ference ΔP drove the vesicle growth working against the reservoir ten
sion and heat dissipation Q. Neglecting the bending energy term, we 
obtain: 

ΔP
dV
dt

= σ dS
dt

+
dQ
dt

(13)  

where V and S are the vesicle volume and area, respectively. The 
dissipation occured during the lipid transport from the reservoir mem
brane to the growing vesicle through the NT. As intermonolayer friction 
in the long NT is high (~LNT/rNT), the friction losses happened in the 
transition zones between the NT and the reservoir/vesicle membranes. 
The dissipation was approximated as dQ

dt = fv2, where f is a surface 
friction coefficient, and v is the lipid flux velocity, a function of the 
vesicle growth speed. The growth kinetics was parameterized by the 
height of the vesicle cap h (Fig. 6B). Using the time parameter a =

2fRp
πr2

NTΔP 

and dimensionless parameter b = ΔPc
ΔP < 1 characterizing the excess P 
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driving the swelling, we obtained the growth equation: 

1
a

dt =
h2dh

h2 − 2bh + 1
(14) 

We further assumed that the deviation from the critical pressure is 

due to the tension decrease by U, equivalent to b =

(

1 − cU2

2σ

)

. Consid

ering cU2

σ = 1 and integrating Eq. (14), we obtained the oscillation period 
(T) equal to the time required for the growing vesicle to reach the 
reservoir membrane (see Fig. 6A, C). We found that for the long tubes 
(LNT  ≫ Rp) in the leading order T = 2aLNT

Rp
. There the electric field only 

initiated the vesicle growth, with its kinetics independent on the field. In 

turn, for the short tubes (Lc < LNT < Rp) we obtained T = 2πa
̅̅̅̅̅̅
2σ

cU2

√
. 

Assuming f = 4πη (where η is the membrane surface viscosity) it was 
rewritten as: 

T =
16πηR2

p

k

̅̅̅̅̅̅̅̅
2σ

cU2

√

(15) 

This hyperbolic dependence fitted the experimental data well 
(Fig. 6F). We concluded that for the short tubes, the oscillation period, as 
well as the integral fluid and material fluxes through the NT lumen, 
could be parametrically controlled by U. The short cylindrical connec
tions could operate as active valves in nanofluidic circuitry. Finally, we 
noted that the hydrostatic pressure in the output of the oscillating NTs 
changed periodically, suggesting another role for the oscillating NT: a 
peristaltic nano-pump. 

We conclude by emphasizing that lipid NTs, seemingly a simple 

Fig. 6. Periodic oscillations of the NT shape and conductance coupled to pressure-driven transport through the NT lumen. A. Fluorescence microscopy images 
illustrating appearance, growth and collapse of the membrane vesicle driven by the hydrostatic pressure applied to the patch-pipette interior. Membrane fluorescence 
(Rh-DOPE) is shown, scale bar 10 μm. B. The cartoon illustrates the vesicle growth from the patch-pipette tip (of radius Rp) under the hydrostatic pressure (ΔP) 
action. The spherical segment of height h parameterizes the vesicle size. C. Changes of the ionic current through the NT lumen and total membrane fluorescence of 
the NT and vesicle system during the vesicle passage through the NT axis as shown in (A). D. The dependence of the NT conductance (black) on the hydrostatic 
pressure difference ΔP (red). The conductance oscillation seen under high ΔP disappears upon the pressure reduction. E. The electric field application affects both the 
appearance and the frequency of the conductance oscillations. F. The dependence of the frequency (f) of the conductance oscillations on U for short NT (1.33Lc < LNT 

< 2Lc) with hydrostatic pressure approaching the critical value 2σ0
R , experimental mean values (black) and the linear fit (red, Eq. (15) with f = 1/T was used) are 

shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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model of intracellular tubular membrane connections, show a reach 
variety of nonlinear transport regimes driven and controlled by the 
electric field. The field effect here converges to the localized decrease of 
the lateral membrane tension. Such local changes of the effective tension 
could be associated with various intracellular membrane processes, 
including channel activity and action of membrane remodeling proteins 
[49]. Our experiments revealed that those processes could trigger dy
namic transformations of the NT shape, possibly affecting not only the 
nanofluidic transport through the NT lumen but also other membrane 
processes associated with the NTs and NT networks. The electric field 
effect here emerges as a convenient model to study the underlying 
mechanisms. Further experiments will be needed to fully assess the 
technological and biomimetic applicability of the NTs controlled by the 
electric field. 
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