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L
ipid nanotubes, the self-assembled
hollow cylindrical tubule of lipid mol-
ecules, are widespread in nature. As

an important existence form of phospholi-
pids, they play an important role in intracel-
lular transport phenomena.1,2 The transport
of ions and proteins through them has been
monitored in a diverse range of cells, includ-
ing lymphocytes, macrophages, adrenal cells,
and cardiomyocytes.3�5 The fabrication of
lipid nanotubes in vitro has been an exciting
research topic because of its interesting ap-
plications not only in biology but also in
nanotechnology. Lipid nanotubes were used
as microreactors for nanorod or nanowire
formation,6�8 templates for fabricating nano-
wires by metallization on their surfaces,9�12

and carriers for embedding of nanoparticles
inside lipid bilayers.13�15 A number of fabrica-
tion techniques have been developed after
the first lipid nanotube was artificially created
more than three decades ago.16 These
fabrication methods can be roughly cate-
gorized into two classes: self-assembly
of lipid molecules and stretching lipid
aggregates using external forces. Lipid nano-
tubes were made by self-assembly of

1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-
phosphocholine (DC8,9PC) by mixing lipid
alcoholic solution with water in varying
proportions.17,18 The conversion efficiency
of tubular microstructures was improved by
changing the experimental parameters.18,19

Other nucleobase-derived amphiphilesmixed
with phospholipids were also reported to self-
assemble into lipid tubes.20,21 The self-assem-
bly method is limited to special lipidmixtures.
As to the approach of stretching lipid aggre-
gates using external forces, lipid nanotubes
were fabricated by exerting external micro-
fluidic shear force on lipid aggregates,22�24 as
well as by pulling lipid vesicleswith a pipet,1,25

a microneedle,26 or an optical tweezer,27

which require complicated equipment.
Nonuniform AC electric fields were

exploited for controlling the motion, separa-
tion, and assembly of nanomaterials depend-
ing on their dielectric properties.28�30 In bio-
chemistry or the field of medicine, AC electric
fields were widely applied to prepare giant
unilaminar vesicles.31�33 However, to the best
of our knowledge, there are no reports on
exploring AC electric fields for the fabrication
of lipid nanotubes. Herein we found that the
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ABSTRACT Lipid nanotubes have great potential in biology and

nanotechnology. Here we demonstrate a method to form lipid nanotubes

using space-regulated AC electric fields above coplanar interdigitated

electrodes. The AC electric field distribution can be regulated by solution

height above the electrodes. The ratio of field component in x axis (Ex) to

field component in z axis (Ez) increases dramatically at solution height

below 50 μm; therefore, at lower solution height, the force from Ex

predominantly drives lipids to form lipid nanotubes along with the electric

field direction. The forces exerted on the lipid nanotube during its

formation were analyzed in detail, and an equation was obtained to describe the relationship among nanotube length and field frequency, amplitude, and

time. We believe that the presented approach opens a way to design and prepare nanoscale materials with unique structural and functional properties

using space-regulated electric fields.
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field distribution in aqueous solution above coplanar
interdigitated electrodes can be regulated by the dis-
tance between electrode and top insulator (i.e., solu-
tion height). At higher solution height, the lipid vesicles
were produced, while at enough low aqueous solution
height, lipid nanotubes were generated by the AC
electric field of a coplanar interdigitated electrode
system. We control the electric field distribution be-
tween interdigitated electrodes by varying solution
height and found that the ratio of lateral field compo-
nent to vertical field component played an important
role in forming lipid nanotubes. Detailed numerical
analysis has been done to understand this phenome-
non. Theoretical values are consistentwith experimental
results. The possible mechanism of lipid nanotube
formation was proposed. The formed nanotube was
used as a template for mineralization of silica film for
further bioapplications. It opens a way to design and
prepare new nanoscalematerials with unique structural
and functional properties using space-regulated electric
fields.

RESULTS AND DISCUSSION

Formation of Lipid Nanotubes Using Interdigitated Indium
Tin Oxide (ITO) Electrodes. The interdigitated ITO elec-
trodes (200 μm in width, 160 nm in thickness) coated
with thin lipid films and a coverslip were separated
by a rectangular plastic frame, as shown in Figure 1a.
The frame acts as a spacer to control the solution
height above the electrodes. Two electrode pads were
firmly connected to a signal generator (TTi, TGA12104,
England) to apply the AC electric field to induce lipid
nanotube formation. Figure 1b is the schematic drawing
of lipid nanotubes formed on electrodes (oblique view).
A 3D structure of lipid nanotubes is also illustrated
in Figure 1b. Using this setup, lipid nanotubes were
generated with a 20 μm thick spacer as shown in
Figure 1c�e. Figure 1c is a typical fluorescence image
of L-R-phosphatidylcholine (egg PC) nanotubes con-
taining 0.5% Texas red-labeled 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine, triethylammonium
salt (TR-DHPE) formed at the tip of an electrode at a field
of 5 V, 10 Hz for 25 min, while Figure 1d is a high-
magnification fluorescence image of lipid nanotubes
under the same experimental conditions. Figure 1e
is a fluorescence image of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) nanotubes labeled with 0.5%
TR-DHPE formedbetween twoneighboring electrodes.
Lipid nanotubes radially grew toward the solution, like
a crown, at the tip of the electrode with same length,
and grew vertically to the electrode edge between
two neighboring electrodes. Except for pure egg
PC or DOPC lipid, egg PC mixed with cholesterol
(mass ratio of 10:1) and DOPC mixed with cholesterol
(mass ratio of 5:1) also formed lipid nanotubes using
this method. Therefore, this method has a certain
degree of universality. The diameter of the nanotube

was measured to be in the range of 300�800 nm, which
is similar to that in previous reports.34,35 The diameter of
the lipid nanotube is also consistent with theoretical
value. Considering the physical properties of lipids,22,36,37

the total free energy of the lamellar phase (EL) andbilayer
nanotube phase (ET) can be expressed as
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where R0 represents the radius of spontaneous curvature
of lipid membranes, kc (74.5 pN nm, calculated value

Figure 1. Schematic of lipid nanotube electroformation set-
up and fluorescence images of the formed lipid nanotubes.
(a) Schematic drawing of lipid nanotube electroformation
setup, which contains an interdigitated ITO electrode
(bottom) and a glass coverslip (top) separated by a rectan-
gular plastic frame. Not to scale. (b) Schematic illustration
of lipid nanotube formed on electrodes (oblique view). The
zoom-in view is the 3D structure of a lipid nanotube. (c) Low-
magnification and (d) high-magnification fluorescence
imagesof eggPC (dopedwith0.5%TR-DHPE) lipidnanotubes
at the tip of the electrode under an AC field of 5 V and 10 Hz
with a solution height of 20 μm. (e) DOPC (doped with 0.5%
TR-DHPE) lipid nanotubes formed between two neighboring
electrodes. (f) FRAP experiment of the lipid nanotube formed
with anACelectricfield. Fluorescent images of eggPC (doped
with 2% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl (NBD PE)) nanotubes
were taken at 10 s and 15 min after photobleaching,
respectively. The scale bars are (c,e,f) 50 μm and (d) 10 μm.
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according to Table 1 in ref 36) is bending modulus, W
(5.3 � 10�4 pN nm�1, calculated value according to
Table 1 in ref 36 and eqs 2, 13, 22, and 23 in ref 37) is
interstitial energy, Ropt is the radius of the lipid nanotube,
and L is the length of the lipid nanotube. Therefore, the
energy required to form a nanotube is given below:

ET� EL ¼ kc
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In the case of minimum energy (ET = EL), the nano-
tube radius (Ropt) is obtained: Ropt = (kc/2W)1/2 =
265 nm. The internal molecular mobility and stability
of lipid nanotubes were investigated, as well. The diffu-
sion coefficient of lipids in the nanotubewere estimated
to be D = 2.73 μm2 s�1 using the fluorescence recovery
after photobleaching (FRAP) technique (Figure 1f).38

This value is identical to that of a lipid bilayer on the
glass surface.39,40 The pH stability of egg PC lipid nano-
tubes is in the range from 3 to 8. Under the optimal pH
of 7, lipid nanotubes can survive about 4 weeks at
room temperature. In addition, the morphology and
mobility of egg PC nanotubes are well maintained
at 70 �C for 20 min.

Growth of Lipid Nanotubes in Real Time and Finite Element
Analysis of Electric Field Distribution. The growth of lipid
nanotubes was investigated by a microscope in real
time at an amplitude of 5 V, frequency of 10 Hz, and
solution height of 20 μm, as shown in Figure 2a. The
fluorescent images were taken at 0, 5, 50, 150, 300, and
600 s after switching on the AC field. Just after applying
a sinusoidal AC electric field, the initial calm ITO regions
became drastically agitated immediately (image 5s in
Figure 2a). The sprouts of lipid nanotubes were observed
at the edge of the electrode after 20�50 s. Subsequently,
the lipidnanotubesgrewcontinuously from theelectrode
edge to the solution (images 150�600s in Figure 2a).
From the finite element analysis of the electric field

(Figure 2b) generated by 200 μm wide interdigitated
electrodes using COMSOL software at same experimental
conditions, it is noted that lipid nanotubes grow exactly
along the electric field line direction.

Aforementioned results were obtained at a solution
height of 20 μm.We found that the vesicles rather than
lipid nanotubes were generated when solution height
is over 100 μm (Supporting Information Figure S1).
In order to understand the role of solution height in
the electroformation of lipid nanotubes, we did finite
element analysis of electric fields generated by 200 μm
wide interdigitated electrodes at different solution
heights at given amplitude of 5 V and frequency of
10 Hz. Simulation results of the electric field are shown
in Figure 3a,b, which represent the field strength
component in x axis (Ex, vertical to electrode edge,
as indicated in the inset of Figure 3a) and z axis
(Ez, vertical to electrode surface, as indicated in the
inset of Figure 3b) at 20, 50, and 100 μm solution
height. Display windows were selected from an elec-
trode center to its neighbor electrode center. Exmainly
exists at the interval section of electrodes (Figure 3a),
while Ez mainly centralizes on the top of the elec-
trode section (Figure 3b). From the color change, it is
noted that Ex varies more obviously than Ez with
decreasing solution height. Therefore, solution height
does influence the field distribution generated by
coplanar interdigitated electrodes, especially for the
Ex component.

The field strength of the cross section at 3 μmabove
the electrode surface from the simulationwas analyzed
quantitatively (Figure 3c,d). Ex increases gradually from
the center of the electrodes and reaches themaximum
at the edge of the electrodes, then maintains the
greater strength at the interval section for each solu-
tion height (Figure 3c), while Ez almost remains con-
stant in the electrode part and drops to approximately
0 at the interval between the electrodes (Figure 3d).
Furthermore, Ex increases dramatically with decreas-
ing solution height from 1466 V m�1 at 100 μm
to 10700 V m�1 at 10 μm (Figure 3c). On the contrary,

Figure 2. Growth in real time of lipid nanotubes and the simulated electric field lines. (a) Fluorescent images of lipid nanotube
growth as a function of time (0, 5, 50, 150, 300, and 600 s) after applying AC electric field with amplitude of 5 V and frequency
of 10 Hz with solution height of 20 μm. The scale bar is 100 μm. (b) Top view of simulated electric field lines generated at the
same parameters as those in (a).
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Ez decreases with decreasing solution height (Figure 3d).
Smaller solution height generates a stronger lateral elec-
tric field component, which is necessary for lipid nano-
tube growth. Conversely, it is easier to form vesicles at
greater solution height because of the stronger vertical
electric field component Ez. The critical solution height,

deciding nanotube or vesicle formation using this sys-
tem, is an important issue tobeaddressedafterward. Soa
series of simulation results of Ex/Ez in different solution
heightswereanalyzed (Figure 3e). Figure 3f is the Ex/Ez at
different solution heights at the same electrode position
(dotted line in Figure 3e). It can be noted from Figure 3f

Figure 3. Simulated electric field generated by 200 μmwidth interdigitated electrodes at an amplitude of 5 V and a frequency
of 10 Hz at varying solution height. (a,b) Color maps of the electric field component in x axis (Ex) and z axis (Ez) at 20, 50, and
100 μmsolution height. (c,d) Curves of Ex and Ez components of electric field extracted from simulations at 3 μmcross section
above the electrode surface at 10, 20, 50, and 100 μm solution height. (e) Ex/Ez data at different solution height at 3 μm cross
section above the electrode surface from the center to the edge of one electrode. (f) Ex/Ez data as a function of solution height
in the dotted line position in panel e.
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that Ex/Ez increases with decreasing solution height,
which implies that Ex becomes more and more predo-
minant. Ex/Ez decreases quickly less than 50 μm and
then decreases gently when solution height is greater
than 50 μm. We also did the same analysis at different
electrode positions and found ∼50 μm is the Ex/Ez
changing transition area. Therefore, we propose that
∼50 μm is the threshold solution height for lipid nano-
tube or vesicle formation using this method. In fact, the
experimental results show that, in the case of 40�60 μm
solution height, both lipid nanotubes and vesicles were
generated. When the solution height is less than 40 μm,
lipid nanotubes are the main products, while lipid vesi-
cles are the main products at the solution height over
60 μm. Both experimental and simulated results demon-
strate that the generation of lipid nanotubes is mainly
dependent on the lateral field component of the applied
AC electric field which can be regulated by solution
height easily.

In order to investigate the effect of electrode thick-
ness on lipid nanotube formation, a series of simula-
tions were done at the electrode thicknesses of 1, 10,
50, 100, and 200 μm, while the solution height above
the electrode top surface was fixed at 20 μm. Take a
200 μm thick electrode as an example; the field
distributions of Ex and Ez are shown in Figure S2a,b,
respectively. To make it more quantitative, the Ex/Ez of
the cross section at 3 μm above the electrode surface
was analyzed and presented in Figure S2c. The results
show that there is no significant change of electric field
distribution with various thicknesses of electrodes.
Ex/Ez is independent of the electrode thickness above
the main body of the electrode but becomes larger at
the edge of the electrode surface with increasing
electrode thickness, which is favorable for lipid nano-
tube formation. Therefore, the thickness of the electro-
des does not affect the lipid nanotube formation
above the electrode surface. Meanwhile, the space
between two neighboring electrodes becomes greater
with increasing electrode thickness. For the thicker
electrode, the field between the side walls of two

neighboring electrodes is similar to that generated
by two face-to-face parallel electrodes, where Ex is
responsible for vesicle formation and Ez generates the
driving force for lipid nanotube formation. For 200 μm
thick electrodes, by analyzing the Ez/Ex value of the
cross section at 3 μmaway from the electrode side wall
(Figure S2d), it can be noted that the Ex component
dominates in the lower part of the space between two
neighboring electrodes, which enables lipid vesicle
formation if the lipid films were distributed evenly on
the side wall of the electrodes. Thus, the thick electro-
des generate lipid nanotubes on the surface of the
electrode and lipid vesicles between the electrodes.
With decreasing electrode thickness, lipid nanotubes
become the main products.

Possible Mechanism of Lipid Nanotube Electroformation.
Combining our experimental results and the simula-
tion data, we believe that the special electric field
distribution at certain solution heights in this coplanar
interdigitated electrode system is the intrinsic cause
for lipid nanotube electroformation. The possible
mechanism of this electroformation can be illustrated
as Figure 4. Basically, it is a three-step process, that is,
forming the lipid bilayer swells on the electrode sur-
face, moving them to the edge of electrode, and
pulling them into lipid nanotubes. At stage one, ver-
tical electric field component Ez plays an important
role, which induces lipid bilayer separation to form
swells (step 1 in Figure 4b). The higher electric density
induced by the electric field leads to the smaller surface
tension on the lipid film, which is conducive to form
tubular buds with smaller diameter. At stage two,
lateral electric field force from Ex pulls the tubular
bud to the edge of the electrode (step 2 in Figure 4b).
The formation and moving of the lipid nanotube
sprout was observed within a minute (Figure 2a). At
the final stage, when the sprouts of lipid nanotubes
shift to the border of the electrode, the electric field
force from Ex becomes the main driving force of
nanotube growth, which is confirmed by the observa-
tion of the pulsation of lipid nanotube growth at a

Figure 4. Schematic illustration of lipid nanotube formationmechanism. (a) Lipid film on the electrode surfacewithout an AC
electric field. (b) Sprout of lipid nanotube formation in the electroformation process. In the right box, step 1 is the bilayer
vibration and separation under the effect of Ez mainly, while step 2 shows the pulling effect by Ex. (c) Lipid nanotube growth
in the solution driven by Ex.
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frequency of 1 Hz (Supporting Information movie S1).
The succedent noncompact lipid film continues to
bulge, elongate, and grow along with the original
sprout of the lipid nanotube as the cylinder nanotubes
are driven by Ex (Figure 4c). The elastic force will
increase with the increasing length of lipid nanotube,
which is the obstruction for the lipid growth. When
this driving force is equal to the sum of bending force
and resilience, the lipid nanotube stops growing and
reaches its maximum length. Similar to electroformed
giant unilamellar vesicles, the lipid nanotubes formed
in this way are probably unilamellar.

Lipid Nanotube Formation Influenced by AC Electric Field
Parameters. There are obviously two other extrinsic
parameters influencing the formation of lipid nano-
tube (i.e., amplitude and frequency of applied AC
electric field). In the following contents, the influences
of amplitude and frequency on egg PC lipid nanotube
formationwere studied in detail when the temperature
and solution height were kept at 26 �C and 20 μm,
respectively. The real-timemeasurement of lipid nano-
tube length under different amplitudes and frequencies
weremeasured and plotted in Figure 5. Scatter dots are
experimental results at amplitudes of 1 (black), 3 (red),
and 5 V (blue) with a frequency of 10 Hz (Figure 5a) and
at frequencies of 10 Hz (black), 100 Hz (red), 1 kHz
(blue), 5 kHz (green), and 10 kHz (pink) with amplitude
of 5 V (Figure 5b). The formation of lipid nanotubes
for each given amplitude and frequency was carried
out at least three times. The length of the lipid nano-
tube was calculated from at least 20 randomly selected
data for each dot. It is noted that the lipid nanotubes
grow up with different speed, but they all grow faster
in an earlier stage and reach maximum length at a
certain point. The maximum length of lipid nanotubes
increases gradually from 1 to 5 V and decreases with
increasing frequency. The maximum length can be
up to about 200 μm at an amplitude of 5 V and a
frequency of 10 Hz. Electric field force, bending energy,

and elastic force of lipids are the main factors for the
lipid nanotube electroformation. Lateral electric field
force increases with the amplitude of the AC electric
field increasing,41 causing longer nanotubes in electric
field from 1 to 5 V (Figure 5a). On the contrary, the
higher frequency leads to the shorter time for electric
field force to drive the growth of lipid nanotubes in one
period, consequently resulting in shorter lipid nano-
tube formation (Figure 5b). The elastic force and bilayer
bending energy are two factors for hindering lipid
nanotube growth. When the electric field force is equal
to the sum of bending force and elastic force, the
length of the lipid nanotube reaches the maximum.
The length of these lipid nanotubes is on the same
order of magnitude as those formed by stretching.23,34

On the basis of experimental results in Figure 5, we
proposed below an equation to describe the relationship
of growth length of lipid nanotube (L) against time (t):

L ¼ L¥(1 � e�t=τ) (5)

where L¥ is the maximum length of the lipid nanotube
and τ�1 is apparent rate constant of lipid nanotube
growth. As mentioned before, the lipid nanotube growth
isgovernedby theelectricfield force, bendingenergy, and
elastic force. Therefore, L¥was deduced and given below.
Thedetailed deductionprocess is presented in the section
of “formula deduction” of Supporting Information.

L¥ ¼
πRopt

2

3
εmfcm

dV
dx

� �2

� 2πkc
Ropt

γ0
(6)

By bring eq 6 into eq 5, the below equation is obtained.

L ¼
πRopt

2

3
εmfcm

dV
dx

� �2

� 2πkc
Ropt

γ0
(1 � e�t=τ) (7)

where dV/dx is electric field strength, εm is medium
permittivity, fcm is the real part of Clausius�Mossotti

Figure 5. Lipid nanotube length against time and fitting curves under different AC electric fields. (a) Scatter diagram and
fitting curve of lipid nanotube length against time at amplitudes of 1 (black), 3 (red), and 5 V (blue) at a frequency
of 10 Hz. (b) Scatter diagram and fitting curve of lipid nanotube growth length at frequencies of 10 Hz (black), 100 Hz
(red), 1 kHz (blue), 5 kHz (green), and 10 kHz (pink) at an amplitude of 5 V. Solid lines are all the corresponding fitting
curves using eq 7.
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(CM) factor, γ0 (related with elastic energy) is lipid mem-
brane tension at the maximum length of lipid nanotubes,
kc is 74.5 pN nm, and Ropt is 265 nm. The relationship
among fcm, εm, and frequency f is provided in Support-
ing Information Figure S3. The total expression
of (πRopt

2/3)εmfcm(dV/dx)
2 is the electric field force

exerted on the lipid nanotube in the AC electric field;
(2πkc)/Ropt is responsible for bending energy. From
eq 7, it shows that the length of lipid nanotube is
influenced by AC electric field parameters (i.e., ampli-
tude and frequency). Using eq 7 to fit experimental
data in Figure 5 (solid lines), we obtained γ0 to be 3.4�
10�4 pN nm�1, which is consistent with reported
values,42,43 which together with the exellent matching
of fitting curves with experimental data confirm the
validity of eq 7 to describe the lipid growing process.
Value of τ�1 was obtained to be 0.051, 0.084, and
0.103min�1 at amplitudes of 1, 3, and 5 V, respectively,
with a frequency of 10 Hz, and 0.098, 0.074, 0.043, and
0.033 min�1 at frequencies of 100 Hz, 1 kHz, 5 kHz, and
10 kHz, respectively, with an amplitude of 5 V. The
larger τ�1 value indicates faster lipid nanotube growth.

Silica Mineralization on Lipid Nanotubes. To explore the
application of the formed lipid nanotube, we used
them as templates for silica mineralization. Tetraethyl-
orthosilicate (TEOS) was used as silicon source materi-
als to mineralize the formed lipid nanotubes at pH 5.
Scanning electron microscopy (SEM) of silica-coated
lipid nanotubes is shown in Figure 6. From the image
of a broken nanotube (inset image), it is noted that the
silica-coated lipid nanotube remains hollow inside. The
silica film on the nanotube surface remained contin-
uous after extensive washing with water, indicating a
strong adherence of the silica film to the nanotube
surface. Due to the excellent biocompatibility of silica,
silica-mineralized nanotubes have great potential in
many fields, such as biomolecular recognition for
specific proteins, single-DNA sensing, bioseparations,
gene delivery, and controlled drug delivery.44�46 In
addition to be templates for silica metallization, lipid
nanotubes are the versatile channel models to inves-
tigate the material delivery between cells in vitro. They

may also find applications on microreactors for DNA
transcriptionandonnanofluidics due to their channel size.

CONCLUSIONS

In summary, the electric field distribution from
coplanar interdigitated electrodes can be regulated
by solution height above the electrodes. This phenom-
enonwas successfully explored to generate lipid nano-
tubes. At low enough solution height, lateral electric
field components generate the main driving force of
nanotube growth along with the electric field direc-
tion, and an equation was obtained to describe the
relationship among nanotube length and field fre-
quency, amplitude, and time. The formation mechan-
ism was proposed based on both experimental and
simulated results. The internal lipid fluidity is as good as
that in other model cell membrane system, which
allows them to be used as a model system in biology
studies. The nanotube length can be well-controlled,
which makes the nanotube a good template for nano-
wire fabrication. This lipid nanotube formingmethod is
easy and flexible and has great potential both in
biology and nanotechnology fields. More importantly,
the presented approach opens a way to design and
prepare nanoscale materials with unique structural
properties using space-regulated electric fields.

MATERIALS AND METHODS

Lipid Solutions. L-R-Phosphatidylcholine from egg yolk
(egg PC) and chloroform were purchased from Sigma (China).
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), Texas red-
labeled 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt (TR-DHPE), and fluorescence-labeled 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (NBD PE were purchased from Avanti
Polar Lipids (USA). Lipid solutions of egg PC (10.0 mg mL�1,
doped with 2%NBD PE or 0.5%TR-DHPE, mass ratio) and DOPC
(doped with 0.5% TR-DHPE, mass ratio) were prepared in
chloroform. At such low concentration of fluorescent lipids,
their effect on the mechanical properties of the membrane is
known to be negligible.47

Lipid Nanotube Formation and Measurement. Five microliter lipid
solutions were deposited onto an interdigitated ITO electrode
surface using a needle to spread carefully back and forth five
times. Uniform lipid films were then obtained by drying under
vacuum for 2 h. A certain volume of deionized water was gently
dropped into the slot on the electrode surface and then
a coverslip placed on top of it. A sinusoidal AC electric field
was applied to induce lipid nanotube formation. Lipid nano-
tube formation was observed under a fluorescence microscope
(Nikon 80i, Japan).

Finite Element Analysis of Electric Field Distribution with COMSOL
Software. The electric field distribution is simulated using the
AC/DC module of COMSOL Multiphysics 4.3. The vector equa-
tion of electric potential in homogeneous medium can be

Figure 6. SEM image of silica-mineralized lipid nanotube.
The inset is a broken nanotube. The scale bar is 1 μm.
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written as the Laplace equation:

r 3 [(σþ iωε)rj~] ¼ 0 (8)

where σ is the electric conductivity, ε is the permittivity, ω is
angular frequency, and j is electric potential. Dirichlet bound-
ary condition was applied on electrodes (i.e., V = (V0). Von
Neuman boundary condition was applied for top and bottom
boundaries in order to mathematically separate the conductive
segment from its surroundings (i.e., ∂j/∂n = 0). Left and right
boundaries were set as periodic boundary conditions. A sheet
above the electrodes was set to represent thin lipid film during
the simulation, where the resistance value was obtained from
the experimental measurement using electrochemical impe-
dance spectroscopy (Supporting Information Figure S4). The
thickness of the sheet was also obtained from actual measure-
ment using atomic force microscopy (Supporting Information
Figure S5). The simulation was finished with a triangular grid
meshing. The mesh was adjusted according to local structure
to obtain the required convergence at a reasonable computing
time scale while maintaining the required accuracy. There were
8.0� 104 to 1.0� 105 triangular elements involved in the simu-
lation. The input parameters are listed in Supporting Informa-
tion Table S1.

Silica Mineralization on Lipid Nanotubes. After lipid nanotube
electroformation, the whole chamber was placed into a small
container filled with water, and then the top coverslip and
spacer were carefully removed. By shaking the solution gently,
lipid nanotubes detached from the electrodes and were sus-
pended in the water. TEOSwas added to the gently shaked lipid
nanotube suspension (pH 5, molar ratio TEOS/lipid = 120:1),
then kept for 20 days at room temperature. The samples were
washed three times with deionized water and metalized with
gold by sputter coating prior to scanning electron microscopy
(FEI Quanta 200F).
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