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ABSTRACT: We have demonstrated for the first time that
the self-spreading of supported lipid bilayers can be con-
trolled by the temporal switching of an electric field applied
between nanogap electrodes. To account for this phenom-
enon, we propose an electrostatic trapping model in which
an electric double layer plays an important role. The validity
of this mechanism was verified by the dependence of self-
spreading on the nanogap width and the ionic concentration
of the electrolyte. Our results provide a promising tool for
the temporal and spatial control of lipid bilayer formation
for nanobio devices.

cell membrane is dynamic and routinely transports mem-

brane components such as proteins, leading to its biological
functionality. A lipid bilayer on a solid support, which can be
regarded as a model cell membrane, retains many of the struc-
tural and physical properties of a cell membrane.' Accordingly,
control of the motion of such supported lipid bilayers (SLBs) and
the membrane-embedded species is a significant subject in regard
to further understanding of many cellular processes and applica-
tions in biophysics and bioanalytical chemistry. The application
of an external electric field is an effective way of spatially con-
trolling the specific lipid molecules embedded in an SLB.> When
the external electric field (10—100 V/cm) is applied tangentially
to an SLB on a patterned surface, charged lipid molecules and
membrane associated proteins are reorganized by electrophoretic
and electroosmotic forces, respectively, leading to steady-state con-
centration gradients.” These concentration gradients result from the
competition between the diffusive mixing and field-induced motion
of the charged molecules. Some interesting work, such as the
Brownian ratchet’ and molecular manipulation and separation,®
using these electric field effects has been reported. In regard to other
attempts, we demonstrated the spatial control of SLB formation by
employing the self-spreading method on a patterned substrate.® Self-
spreading is a characteristic of an SLB that results from its sponta-
neous growth.” An SLB works as a molecular transport medium. The
molecular filtering of dye-conjugated lipid molecules embedded in an
SLB was achieved using the self-spreading method on a substrate
with a periodic array of nanogap gates with widths between 75 and
500 nm.® We also fabricated a microchannel device to detect
fluorescence resonance energy transfer.” Furthermore, we investi-
gated the effect of a sub-100-nm nanogap structure on the molecular
dynamics of a self-spreading SLB."® Despite these efforts, controlling
the motion of SLBs temporally and spatially remains a challenge.
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Figure 1. (a) Schematic diagram of the device. A microchannel and
wells were formed on a gold nanogap structure using an organic
photoresist. At the beginning of the experiment, a lipid source was fixed
inside one well and immersed in a buffer solution. (b) Magnified view of
the device around a nanogap. (c) Scanning electron microscope image of a
nanogap. (d) Illustration of the region around the nanogap during operation.

In this communication, we describe a new method for the
temporal and spatial control of SLB formation using a nanogap
gate in conjunction with an external direct current (DC) electric
field. For this purpose, we employed the device structure
illustrated in Figure 1. A pair of electrodes with a separation of
less than 100 nm was fabricated using Au/Ti (30 nm/1 nm) on a
hydrophilic SiO, surface. A 10 #m wide, 1 zm high microchannel
with wells at both ends was fabricated on this nanogap structure
using a hydrophobic organic photoresist. A lipid mixture con-
sisting of uncharged L-O-phosphatidylcholine (Egg-PC) and
negatively charged L-a-phosphatid?flglycerol (Egg-PG) contain-
ing 1 mol % Texas Red—DHPE'' was attached to one of the
wells. The self-spreading of the SLBs was initiated by immersing
the substrate gently in a buffer solution consisting of 10 mM Tris-
HCl + 100 mM NaCl (pH 7.6). An Egg-PC:Egg-PG molar ratio
of 7:3 gave the most convenient spreading velocity for the time-
lapse observation of an SLB, while 100% Egg-PG did not self-
spread. Thus, we employed a molar ratio of 7:3 for all of the
experiments. Fluorescence from the SLB was observed with a
confocal laser scanning microscope. When the voltage (V)
applied between the nanogap electrodes was 0 V, a single SLB
developed along a microchannel from the left side. The SLB
passed through the nanogap without spreading across the
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Figure 2. Time evolution of a self-spreading SLB before and after it
passed through a nanogap. The applied voltage was —50 mV DC. A
nanogap with a separation of 15 nm was used. The red areas in the
microchannel were produced by fluorescence from the SLB, which
included 1 mol % Texas Red—DHPE. The SLB grew from left to right
along the microchannel. The yellow dotted line indicates the position of
the nanogap. The time at which the advancing lipid bilayer reached the
nanogap was set at t = to. (a) t =ty — 600s; (b) t =t — 300's; (c) t = to;
(d)t=ty+ 60s; (e) t=ty+ 360s; (f) t =ty + 660 s.

hydrophobic photoresist or gold patterns [see the Supporting
Information (SI)].'*

When the applied voltage was not 0 V, the self-spreading
behavior depended largely on the nanogap width. Figure 2 shows
a typical time evolution for a self-spreading SLB using a nanogap
with a separation of >10 nm. The red area in the microchannel
shows the self-spreading SLB. The background red fluorescence
surrounding the microchannel came from the organic photo-
resist forming the microchannel pattern, because the photoresist
was fluorescent.”'® The time at which the advancing SLB re-
ached the nanogap was set at £ = t5. Under this condition, the self-
spreading behavior was almost the same with that for V=0V. No
significant dependence on the applied voltage could be observed
even when the SLB passed through the nanogap. Figure 3 shows
a typical time evolution for a self-spreading SLB induced by the
temporal switching of the applied voltage when we used a
nanogap with a separation of <5 nm, which corresponded to
the resolution limit of our scanning electron microscope. Before
the SLB passed through the nanogap (Figure 3a,b), no voltage-
dependent changes in the self-spreading were observed except in
close proximity to the nanogap, as mentioned below. However,
when the SLB reached the nanogap, the self-spreading was forcibly
prevented by the application of —S0 mV DC (Figure 3c). This
continued for ~300 s, corresponding to the interval of the
voltage application (Figure 3d). Interestingly, the SLB started
to develop again immediately after the applied voltage was
returned to 0 V (Figure 3e—g). Furthermore, we confirmed that
this ON/OFF switching of the self-spreading behavior could be
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Figure 3. Time evolution of a self-spreading SLB before and after it
passed through a nanogap induced by the temporal switching of the
applied voltage. A nanogap with a separation of less than 5 nm was used.
The red areas in the microchannel were produced by fluorescence from
the SLB, which included 1 mol % Texas Red—DHPE. The SLB grew
from left to right along the microchannel. Yellow solid and dotted lines
indicate the position of the nanogap and the second pinning position of
the SLB, respectively. The time at which the advancing lipid bilayer
reached the nanogap was setat t=t,. (a) t=t, — 1320s; (b) t=t, — 720s;
(c) t=to; (d) t=ty+ 300s; (e) =ty + 360s; (f) t=1to+ 660s; (g) t=to +
1380s; (h) t=1,+ 2130s; (i) t =ty + 2580s; (j) t = t, + 2880s; (k) t =
to + 3480 s; (1) t =ty + 4380 s; (m) record of the voltage application. The
time axis corresponds to the time at each image shown on the left.

repeatedly observed, corresponding to the temporal switching of
the applied voltage (Figure 3h—1).

In regard to the self-spreading kinetics from a phenomenolo-
gical point of view, application of an electric field to the nanogap
did not affect the total energetic balance but did affect the local
movement of lipid molecules around the nanogap. For the self-
spreading, a continuous supply of molecules from a lipid source
and a gain in the free energy of the SLB—substrate interaction are
vital. Therefore, the electric field applied locally to a nanogap
acted as a gate for the molecule supply.
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Figure 4. (a) Plots of the front-edge position of the SLB (red) and the
applied voltage (blue) as functions of time. The green dotted line
indicates the time at which the advancing SLB reached the nanogap. (b)
Plots of the front-edge velocity of the SLB (red) and the applied voltage
(blue) as functions of time.

Figure 4 shows plots of the front-edge position and velocity of
the SLB derived from Figure 3 (red) and the applied voltage
(blue) as a function of time. Green dotted lines show the time at
which the advancing SLBs reached the nanogap. We can clearly
see that once the front edge of the SLB had passed through the
nanogap, the ON/OFF behavior of the SLB self-spreading corre-
sponded completely to that of the applied voltage. An interesting
point is that there was a sudden decrease in the front-edge
velocity just before the SLB reached the nanogap. This implies
that the front edge of the SLB could detect the existence of the
nanogap despite the fact that it had not yet reached the nanogap.
This is probably due to the electric flux around the nanogap.

The trapping of the SLB by the nanogap is reminiscent of
electrostatic trapping, which has often been used to trap single
molecules,'” nanoparticles,'” and even lipid vesicles'* by em-
ploying the strong electric field generated in the nanospace.
However, the situation is slightly different from that described in
previous studies. Usually pure water or a dilute electrolyte
solution is used for electrostatic trapping. In contrast, we used
a dense electrolyte buffer solution, and therefore, the electric field
was shielded by counterions except in close proximity to the
electrode surface, known as the electric double layer. Taking our
experimental conditions into account, we assumed that the
electric double layer plays a complementary role in the trapping
of SLBs. The electric double layer, which is characterized by the
Debye length, is one of the key concepts for understanding
nanometer-scale phenomena in solutions. For example, some
interesting work on nanofluidic transistors'> and ion-sensitive
field-effect transistors for biomolecule sensing'® has been re-
ported. In regard to electrostatic trapping, the importance of the
electric double layer was recently described in relation to the
optical trapping of various nanometer-scale objects."*

For NaCl solutions, the Debye length (D) can be expressed as

~ 0.\3}(;4 (1)

where ¢ the ionic concentration of NaCl."* Using eq 1, we
estimated the width of the electric double layer to be ~1 nm
under our experimental conditions. When the width of the
nanogap is close to the order of the Debye length, the effect of
applying a voltage is different from that in a bulk system, for
which the nanogap width is sufficiently larger than the width of
the electric double layer. Therefore, for a narrow nanogap with a
separation of a few nanometers, the electric field can be effec-
tively applied between the nanogap electrodes without being
shielded by counterions as a result of the overlap of the two

1.17

electric double layers. In such a situation, the electric field in
the nanogap becomes large even when the applied voltage is
several tens of millivolts (~10° V/cm). Thermodynamics im-
plies that when an electric field is applied between nanogap
electrodes, the energetic balance of a lipid molecule between
diffusion within a two-dimensional SLB and the electrostatic
force can be expressed as 2k T = gEdg, where kg is the Boltzmann
constant, T is the absolute temperature, g is the charge of the lipid
molecule, E is the maximum electric field, and dy is the amplitude
of the Brownian motion within the SLB. Under our experimental
conditions, where typically g & ¢ and E ~ 10° V/cm, this gives
dp = 2kgT/qE ~ 5 nm. This suggests that the lipid molecule can
fluctuate within at most 5 nm in the vicinity of the nanogap,
leading to the electrostatic trapping of the charged lipid molecule.
It should be noted that uncharged Egg-PC was also trapped by an
electric field as well as charged Egg-PG and Texas Red—DHPE
because the fluorescence image of the SLB in Figure 3 shows a
clear front edge even after the SLB had passed through the
nanogap. If uncharged Egg-PC passed through the nanogap
without being trapped and formed a bilayer, charged lipids could
diffuse into the label-free spreading bilayer after switching off,
leading to a fluorescence image with an obscure front edge. It is
thus plausible to think that the trapped molecules closed the
nanogap gate, which prevented any lipid molecules from passing
through it. There is another possibility, namely, that uncharged
Egg-PC was trapped by an electric field because an amphiphilic
lipid molecule has an electric dipole. Although the trapping
mechanism remains unclear, we think that both steric and electric
factors contribute to the trapping of uncharged lipid molecules. It
should be also noted that the temporal switching response was fairly
fast. Figure 3e shows a fluorescent image obtained just after the
applied voltage was set at 0 V, where slight lipid molecule
penetration was observed to the right of the nanogap spacing.
This is evidence for the trapping of the SLB by the electric field.

As discussed above, we elucidated the trapping mechanism of
an SLB in terms of the combination of an electric double layer
and electrostatic trapping. The electric double layer thickness can
be tuned by controlling the ionic concentration of the electrolyte.
Therefore, as the next experimental step, we investigated the
dependence of self-spreading on the ionic concentration of NaCl
in a buffer solution as well as the width of the nanogap. We
changed the initial ionic concentration of NaCl from 100 to
1 mM, which corresponds to D &~ 10 nm from eq 1. The other
experimental conditions were exactly the same as those for
100 mM NaCl. When we used nanogaps with separations of
<50 nm, we could control the development of the SLBs by the
temporal switching of the applied voltage. In contrast, no significant
effect was observed for nanogaps with separations of >60 nm (see
the SI). It should be mentioned that 50 nm is slightly large in
comparison with the sum of the Debye lengths from both
electrode surfaces (~20 nm). To understand these phenomena
more quantitatively, let us consider the electric potential in the
nanogap. For a rough approximation using the Debye—Huckel
equation,'” the electric potential in the nanogap can be expressed as

Blx) = By e /P e~ D17) @)

where ¢(x) is the electric potential at a distance x from one side of
the electrode surfaces, ¢y is the surface potential at the electrode, and
d is the width of the nanogap. Figure S shows the results calculated
from eq 2 under various experimental conditions. When the
nanogap width is sufficiently greater than the Debye length, the
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Figure S. Calculated electric potentials in the nanogap. Dotted lines
show the positions at the Debye length. (a) d = 10D (D = 1 nm,
d=10nmorD=10nm,d=100nm). (b) d=5D (D=1nm,d=5nmor
D =10 nm, d = 50 nm). (c¢) d = 2D (D = 10 nm, d = 20 nm). (d)
Schematic images of electrostatic trapping.

electric potential decays exponentially to zero over a distance on the
order of the Debye length (Figure Sa). Therefore, electrostatic
control of the SLB self-spreading is impossible, as illustrated in the
upper part of Figure 5d. In contrast, when the sum of the Debye
lengths is on the order of the width of the nanogap, the electric
potential even at the center of the nanogap has a nonzero value
(Figure Sb,c). The electric field can penetrate throughout the nano-
gap, enabling direct control of the SLB self-spreading, as illustrated
in the lower part of Figure Sd. This result is in good agreement with
the experimental results (see the SI). It is noteworthy that ON/OFF
switching of the self-spreading was achieved even under such
conditions as D = 10 nm and d = 50 nm.

In conclusion, we have investigated the effect of an external
electric field applied to SLBs passing through a nanogap gate and
demonstrated for the first time that the development of the SLBs
can be controlled by the temporal switching of the applied
electric field. We have revealed that the electric double layer
plays a crucial role in this behavior in conjunction with the
electrostatic trapping of the SLB between the nanogap electro-
des. The validity of this mechanism was confirmed by the
dependence of the self-spreading on the nanogap width and
the ionic concentration of NaCl. The technique described here
constitutes the first demonstration of the temporal and spatial
control of biomembrane development in a nanometer-scale
device and can provide new opportunities for the realization of
nanobio devices and the study of nanofluidics.
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