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ABSTRACT: Solid-state nanopores provide a highly versatile platform for rapid electrical detection
and analysis of single molecules. Lipid bilayer coating of the nanopores can reduce nonspeciﬁc analyte
adsorption to the nanopore sidewalls and increase the sensing selectivity by providing possibilities for
tethering speciﬁc ligands in a cell-membrane mimicking environment. However, the mechanism and
kinetics of lipid bilayer formation from vesicles remain unclear in the presence of nanopores. In this
work, we used a silicon-based, truncated pyramidal nanopore array as the support for lipid bilayer
formation. Lipid bilayer formation in the nanopores was monitored in real time by the change in ionic
current through the nanopores. Statistical analysis revealed that a lipid bilayer is formed from the
instantaneous rupture of individual vesicle upon adsorption in the nanopores, diﬀering from the
generally agreed mechanism that lipid bilayer forms at a high vesicle surface coverage on a planar
support. The dependence of the lipid bilayer formation process on the applied bias, vesicle size, and
concentration was systematically studied. In addition, the nonfouling properties of the lipid bilayer
coated nanopores were demonstrated during long single-stranded DNA translocation through the
nanopore array. The ﬁndings indicate that the lipid bilayer formation process can be modulated by introducing nanocavities
intentionally on the planar surface to create active sites or changing the vesicle size and concentration.

■

INTRODUCTION
Solid-state nanopores have been developed in recent decades as
a promising analytical tool to study various analytes including
nanoparticles,1,2 proteins,3,4 nucleic acids,5,6 and viruses.7,8 The
key sensing paradigm is to record resistive current pulses
through the electrolyte-ﬁlled nanopores during the translocation
of the analytes. The size, surface charge, and morphology of the
analytes can be characterized in situ with this technique.
However, to reveal the full potential of solid-state nanopore
sensors, one of the major challenges is controlling the surface
properties of the pore sidewalls. The surface chemistry of the
pores can both inﬂuence sensing selectivity and aﬀect nonspeciﬁc interactions of analytes with the pore sidewalls, which
can lead to pore clogging.9 Both physical and chemical
approaches have been adopted to modify solid-state nanopores.
The former includes changing the pH of the electrolyte10 or
introducing light illumination11 to control the pore surface
charge density. The latter involves silanization,12,13 adsorption
of surfactants,14 atomic layer deposition,15 and metallization
followed by chemical modiﬁcations.4 Although these methods
provide versatile routes to chemically modify the nanopores,
eliminating nonspeciﬁc adsorption remains challenging.12
Supported lipid bilayers are self-assembled dynamic biomimetic structures that can provide both a support for ligand
immobilization and ample possibilities to tune the surface
properties. Biological lipid membranes are one of the most
important structures in living organisms and mediate all
© 2020 American Chemical Society

communication between the intracellular and extracellular
space.16,17 In addition to providing a biologically relevant and
well-deﬁned coating of the nanopores, lipid bilayers can also
prevent nonspeciﬁc adsorption of biomolecules on the nanopore
surface.9,18 A common technique to form a lipid bilayer on
hydrophilic substrates is the vesicle adsorption and rupture
method.19 This strategy has been used to form lipid bilayers on
quartz,20 glass,21 silicon oxide,19 silicon nitride,22 and metal−
oxide substrates.23 Additional reported methods to form lipid
bilayer include those based on freezing and thawing,24
Langmuir−Blodgett (LB) deposition,25 and solvent-assisted
bicelle-mediated methods.26,27 Moreover, membrane proteins
incorporated during vesicle preparation can confer speciﬁc
analyte recognition to the lipid bilayer and the nanopore.28
Mayer and co-workers have successfully used lipid bilayer
coatings with incorporated ligands in silicon nitride nanopores
to identify diﬀerent proteins9,29 and to enable the translocation
of amyloid-β oligomers that otherwise tend to aggregate and
clog the pores.9 Supported lipid bilayers thus represent a
promising method for tailoring the surface properties of
nanopores. The mechanisms of the formation of supported
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freshly prepared piranha solution with H2SO4/H2O (3:1, v/v) for 30
min, followed by deionized water rinsing and nitrogen blow drying. The
chip was then assembled in a custom poly(methyl methacrylate)
(PMMA) ﬂow cell equipped with a pair of Ag/AgCl electrodes (2 mm
in diameter, Warner Instruments, LLC.) and sealed using two
poly(dimethylsiloxane) (PDMS) O-rings (8 mm in inner diameter)
between the chip and the cell. After ﬁlling the two compartments
separated by the nanopores with vesicle dispersed PBS solution, a bias
was applied and ionic current through nanopores was monitored with a
patch-clamp ampliﬁer (Axopatch 200B, Molecular Device Inc.) in
voltage-clamp mode. The ionic current was digitalized by Axon
Digidata 1550A (Molecular Device LLC.) and recorded using the
software Axon pCLAMP 10 (Molecular Device LLC.). The sampling
frequency was 20 kHz and the bandwidth was conﬁned to 10 kHz by a
4-pole Bessel low-pass ﬁlter. The whole experimental setup was placed
inside a Faraday cage to avoid electromagnetic interference.
Fluorescence Recovery After Photobleaching (FRAP). Fluorescence imaging and FRAP experiments were conducted with a
confocal laser scanning microscope (CLSM) (TCS SP8, Leica),
equipped with an HC PL APO 63× glycerol objective (NA = 1.3,
Leica). To visualize the lipid bilayer coating, we prepared vesicles with 1
mol % of lipids labeled with the ﬂuorophore rhodamine (1,2-dioleoylsn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) (Rhod PE, Avanti Polar Lipids). The FRAP measurements were
performed on the bilayer near the freestanding membrane region. Small
circular areas of 15 μm diameter were bleached under a 552 nm laser
irradiation with a high-power intensity for 5 s. Fluorescence recovery on
the photobleached spot was monitored for 3 min in ∼500 ms intervals
afterward. The ﬂuorescence intensity of the bleached area as a function
of time was measured using ImageJ software after the background
subtraction. By normalization to the initial maximum intensity, the half
time of the ﬂuorescence recovery t1/2 was obtained from an exponential
curve ﬁt through the FRAP data. The diﬀusion coeﬃcient was
determined by the equation

lipid bilayers on planar substrates have been extensively studied
using a wider range of biophysical techniques.19,30 However, the
geometry of a nanopore is signiﬁcantly diﬀerent from a planar
substrate, which can both inﬂuence the self-assembly process
and the properties of the resulting bilayer. The mechanisms of
lipid bilayer formation in nanopores remain unclear, including
the kinetics of the lipid bilayer formation and their dependence
on the vesicle size and concentration.
In this work, we used silicon-based, truncated pyramidal
nanopore (TPP) arrays as the substrate for lipid bilayer
formation. Lipid bilayer formation in the TPPs was monitored
in real time by the ionic current change through the TPPs. The
mechanism of the lipid bilayer formation was investigated by a
statistical analysis of the current drops caused by liposome
adsorption and rupture. The kinetics of the lipid bilayer
formation was obtained by ﬁtting the experimental data
obtained at diﬀerent applied bias, vesicle sizes, and concentrations. In addition, the nonfouling characteristics of the
resulting lipid bilayers were demonstrated by translocating long
single-stranded DNA through the lipid bilayer coated nanopore
array. This work provides a better understanding of the
properties and mechanisms of lipid bilayer formation in
nanopores, which can facilitate the development of more
selective and sensitive nanopore-based sensors.

■
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MATERIAL AND METHODS

Nanopore Fabrication. The TPPs were fabricated using a
previously reported process,31,32 described here in brief. The process
started on a 4 in. double-side polished silicon on insulator wafer with a
55-nm-thick Si device layer on 145-nm-thick buried oxide (BOX) layer.
A 40-nm-thick low-stress silicon nitride (SiNx) layer was deposited on
both sides of the wafer via low-pressure chemical vapor deposition. This
was followed by nanopore array patterning on the deposited SiNx using
electron beam lithography and reactive ion etching. The substrate was
then etched by deep reactive ion etching and KOH etching (80 °C) to
stop on the BOX with the Si device layer protected. In the next step,
patterned nanopores in SiNx were transferred to the Si device layer with
a second KOH etching (30 °C). After the removal of BOX, TPPs in
freestanding silicon membrane were formed. TPPs were then imaged
with a scanning electron microscope (SEM) (Zeiss 1530, Germany).
Vesicle Preparation and Characterization. Vesicles were
prepared by thin-ﬁlm hydration followed by extrusion. Lipids (1palmitoyl-2-oleoyl-glycero-3-phosphocholine, POPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rhodamine-PE) dissolved in chloroform
were purchased from Avanti Polar Lipids (Alabaster) and used in the
following ratios: 100% POPC or 99:1 mol % of POPC/Rhodamine-PE.
Chloroform was evaporated with a stream of nitrogen followed by
vacuum desiccation overnight. Vesicles were formed by the rehydration
of the lipid ﬁlm in 10 mM phosphate buﬀer saline (PBS), pH 7.4,
incubated at room temperature for 10 min, and vortexed vigorously for
1 min. The composition of the PBS was as follows: 10 mM PO43−, 137
mM NaCl, and 2.7 mM KCl. The liposomes were subsequently
extruded using a Miniextruder (Avanti Polar Lipids, Alabaster) and
using polycarbonate membranes with varying pore sizes. The two larger
vesicle sizes were formed by extruding 21 times through a 200 and 100
nm membrane, respectively, while the smallest size was formed by
extruding 21 times through a 100 nm membrane and subsequently 21
times through a 50 nm membrane. The vesicle size distributions were
characterized by dynamic light scattering using an ALV/DLS/SLS5022F system equipped with an ALV/LSE-5003 correlator (ALVGmbH, Langen Germany). Data were collected as an average of 10
scans of 30 s and analyzed using the CONTIN 2DP routine. All buﬀers
were ﬁltered through a hydrophilic 0.22 μm pore diameter PVDF ﬁlter
[Merck Millipore, Merck Millipore (Burlington)] prior analysis.
Lipid Bilayer Formation and Ionic Current Monitoring. Prior
to lipid bilayer formation, the pore-containing chips were cleaned in a

DL (μm 2 × s−1) = 0.224 × r 2 (μm)2 /t1/2 (s)
where r is the radius of the bleached spot.33,34
Single-Strand DNA Synthesis by Rolling Circle Ampliﬁcation
(RCA). To demonstrate the eﬀectiveness of lipid bilayer coating for
preventing DNA strand clogging inside the nanopore during translocation, we optically monitored the translocation events of singlestrand DNA through nanopore arrays with and without lipid bilayer
coating. Primed circular templates for RCA reaction were prepared by
DNA ligation. For preparing circular templates, 5′-phosphorylated
template and primer at a 1:3 concentration ratio with T4 DNA ligase (2
U/μL) in 1× T4 DNA ligase buﬀer solution (40 mM Tris−HCl, 10 mM
MgCl2, 10 mM dithiothreitol (DTT), 5 mM ATP) for 90 min at 37 °C.
Then, the DNA ligase was inactivated at 65 °C for 10 min. For synthesis
of single-strand DNA, circular templates with 1 nM concentration were
incubated with 8 nM Phi29 DNA polymerase (Thermo Fisher
Scientiﬁc) in 1× reaction buﬀer (33 mM Tris−acetate, 10 mM
magnesium acetate, 66 mM potassium acetate, 1 mM DTT, 0.1%
Tween-20) at 0 °C for 15 min. Subsequently, 10 μM each of dATP,
dCTP, dGTP, and dTTP was added to initiate RCA. Polymerization
was carried out at 37 °C for 60 min and was terminated by heating at 65
°C for 10 min. Assuming a replication rate of Phi29 DNA polymerase of
1400−1500 bases/min,35 it results in about 90 000 nucleotides in each
synthesized single-strand DNA. Finally, the synthesized DNA was
labeled with SYBR gold nucleic acid gel stain and was used to perform in
nanopore translocation assays with 100 pM concentration in PBS
buﬀer.
For optical observation of DNA translocation on lipid-bilayer-coated
nanopore arrays, the nanopore chip was sandwiched on a homemade
ﬂuidic cell with two pseudo-Ag/AgCl electrodes applying a voltage
across the membrane. The DNA translocation events were observed by
an inverted ﬂuorescence microscope (IX73, Olympus) with a lightemitting diode (LED) light source (pE300, Cool LED) ﬁltered through
a U-FBNA ﬁlter set (Olympus). The optical signal was captured by a
digital CMOS camera (OCRA-Flash4.0 LT, Hamamatsu) through a
40× dry objective (LUCPlanFL 40×/0.60 Ph2, Olympus).
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Figure 1. SEM images of a TPP nanopore array and the measured ionic current through the TPP array at 50 mV after adding vesicles (RH = 92 nm). (a)
SEM image of a 5 × 5 TPP nanopore array with the pore spacing of 1 μm. Inset (i) shows a close-up image of the marked pore position. Inset (ii) shows
a cross-sectional SEM image of a TPP without a large cavity underneath and with the buried oxide (BOX) layer intact for easy sample preparation. The
truncated pyramidal shape can be clearly seen. (b) Vesicles (RH = 92 nm) dispersed in PBS were added to the two reservoirs sandwiching the TPP chip.
After connecting with the two Ag/AgCl electrodes, 50 mV was applied and the ionic current started to decrease step by step. The inset shows a close-up
view of the steps of the current drop between 9 and 16 s.

Figure 2. Statistical analysis of current steps of the recorded ionic current trace of 5 × 5 nanopore arrays at 50 mV by adding diﬀerent-sized vesicles. (a)
NSRP versus time at diﬀerent applied bias. (b) Relative frequency of NSRP at diﬀerent applied bias. (c) NSRP versus occurred time with vesicles of
diﬀerent sizes. (d) Frequency of NSRP with vesicles of diﬀerent sizes. (e) NSRP versus occurred time with vesicles (RH = 92 nm) at diﬀerent
concentrations. (f) Frequency of NSRP with 92 nm vesicles at diﬀerent concentrations. The value of NSRP in the horizontal axis of (b, d, f) represents the
extent that the lipid bilayer covers in the interior of TPPs, and the frequency in diﬀerent conditions is not compared here.

■

shows SEM images of a 5 × 5 TPP array with a pore spacing of 1
μm, where inset (i) depicts a higher magniﬁcation image of one
of the pores. The truncated pyramidal shape of the TPPs can be
clearly seen in the inset (ii). Unless otherwise speciﬁed, the TPP

RESULTS AND DISCUSSION

A nanopore array, instead of a single pore, was chosen as a
platform to study lipid bilayer formation owing to its high
throughput and parallelized sensing capabilities.36 Figure 1a
1448
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array used in this work is 5 × 5 with the same TPP size (length of
the bottom square base) around 60 nm. After adding the vesicle
solution to the two reservoirs sandwiching the TPP chip, a bias
was applied via the Ag/AgCl electrodes connected with the ﬂow
cell. The electrolyte on the larger TPP base side was set at the
given potential values while the opposite electrolyte on the small
base side was kept at ground (0 V). A typical example of the
monitored ionic current trace by adding vesicles with a
hydrodynamic radius (RH) of 92 nm at 50 mV is presented in
Figure 1b. As can be clearly seen, the ionic current through the
nanopores started to decrease step by step when the voltage was
applied. Initially, the decrease in the ionic current was rapid and
then became slower and ﬁnally tended to level oﬀ. The inset in
Figure 1b shows a close-up view of the current trace between 9
and 16 s. The current drops were all found to be discrete steps
instead of a continuous decay, indicating that the process giving
rise to the current drops is instantaneous (less than 0.5 ms). All
of the vesicles used were larger than the TPP size and no vesicle
translocations were expected.
Three diﬀerent scenarios that can cause the current drop are
envisioned: lipid bilayer formation inside the TPPs that covers
the inner TPP sidewalls, the formation of a lipid bilayer that
spans the TPPs, and adsorption of an intact vesicle in the TPPs.
While the former leads to a reduction in pore diameter and thus
the ionic current, the two latter scenarios would lead to blocking
of the TPPs. The thickness of a POPC lipid bilayer is around 3.9
nm,37 and in addition, an interstitial water layer with a thickness
of 1.2 nm9 is trapped between the bilayer and the support.
Assuming that the lipid bilayer is formed inside the TPPs
completely and uniformly, the ionic current per pore is
calculated to drop by 0.27 nA at 20 mV, 0.71 nA at 50 mV,
and 1.30 nA at 100 mV according to our physical model for
truncated square pyramids38 (see Supporting Note 1 for details).
Taking this as unity at the respective bias, the number of size
reduced pores (NSRP) can be calculated as dividing current drops
by unity. NSRP is mainly used to characterize to which extent the
interior of TPPs are covered by the lipid bilayer and nonintegers
can appear. If a TPP is blocked, the resulting NSRP should be
much larger than 1. To further determine the dominant cause of
the current drops, careful statistical analysis of the current steps
was performed for the measurements with diﬀerent applied bias,
vesicle size, and vesicle concentration. First, the inﬂuence of
applied bias was investigated. As illustrated in Figure 2a, at
diﬀerent applied bias from 20 to 100 mV, current drop events
appear intensely within the ﬁrst 50 s after the bias was applied.
The percentage of the events (i.e., current drops) within the ﬁrst
50 s over the whole 500 s time span (P50s) increased from 41 to
68% as the bias was increased from 20 to 100 mV, as shown in
Table 1. This implies that higher bias accelerated the process
leading to current drops. However, NSRP exhibited a similar
distribution at a diﬀerent bias, although the frequency (i.e., the
ratio of the number of events for a certain NSRP to the total
number of events) was slightly diﬀerent; see Figure 2b. NSRP
appeared most frequently at around 0.5, indicating that the lipid
bilayer formed from the vesicle rupture only partially covers the
interior of a TPP. Thus, the variations in NSRP can be correlated
to diﬀerent partial coverages of the formed lipid bilayer inside
the TPPs. Only a small fraction of events show a large NSRP value
around 4. These events can be caused either by the blockage of
TPPs or by the simultaneous formation of lipid bilayer in
multiple pores. Figure 2b shows that the majority of events result
in an NSRP close to, or below, 1, that is, where we are mainly
focused. The value of NSRP in the horizontal axis represents the

Article

Table 1. Percentage of Events within the First 50 s over the
Whole Time Span (P50s) at Diﬀerent Conditions
concentration (nM)

vesicle radius (nm)

applied bias (mV)

P50s (%)

0.4

92

0.4

74
92
128
92

20
50
100
50

41
63
68
45
63
76
63
51
45

0.4
0.13
0.04

50

extent that the lipid bilayer covers in the interior of TPPs, and
the frequency in diﬀerent conditions is not compared here.
Both the vesicle size and concentration were also found to
play important roles in the lipid bilayer formation process.
Figure 2c−d shows results with vesicles of diﬀerent sizes (RH =
74, 92, and 128 nm). Both P50s and NSRP increase as the vesicle
size increases. Larger vesicles have higher capture cross section
to adsorb in the TPPs, leading to high P50s, and the larger surface
area of large vesicles results in large NSRP. As shown in Figure
2e−f, when increasing the vesicle concentration, from 0.04 to 0.4
nM, an increase of P50s was also seen (Figure 2e−f and Table 1).
However, NSRP appeared at almost the same position
irrespective of the vesicle concentration, since the vesicle size
(RH = 92 nm) was identical for all of the concentrations.
Mechanism of Lipid Bilayer Formation. From the
ﬁndings described above, the process of lipid bilayer formation
in the TPPs can be inferred as follows. Vesicles diﬀuse to the
TPPs, adsorb in the opening of the TPPs, and rupture
instantaneously to form the bilayer. Once a vesicle is in contact
with a solid support, the vesicle−solid contact creates a new
interface and at the same time eliminates the original solid−
liquid interface and vesicle−liquid interface. This new interface
energy γVS can be lower than the sum of solid−liquid interface
energy γSL and vesicle−liquid interface energy γVL. Therefore,
the energy minimization caused by the new vesicle−solid
interface formation can be the driving force for the vesicles’
adsorption on the support surface. But the new vesicle−solid
interface also causes some deformation of the vesicles, which
can, in turn, increase the surface tension of vesicles. In the
presence of TPPs, the truncated pyramidal shape of a TPP
creates a larger vesicle−solid contact area than that for a vesicle
on a planar support (see Figure 3a). Increased contact area
further deforms the vesicle, which leads to even higher surface
tension. When the surface tension reaches a critical value,
vesicles rupture to a supported lipid bilayer. This could be a
plausible explanation of the instant rupture of the vesicles in the
TPPs. This process is thus diﬀerent from vesicle rupture on a
planar support, which is a typical cooperative process where the
rupture only happens after a critical surface coverage of adsorbed
vesicles is reached.39 Zhdanov et al.40 proposed that on a planar
surface, the solid−vesicle contact-induced deformation of an
adsorbed vesicle is enhanced by other adsorbed vesicles in its
vicinity. When a certain coverage of the adsorbed vesicles is
reached, the surface tension of the vesicle becomes suﬃcient to
trigger the rupture of the vesicle40,41 (see the lower part of Figure
3a). In addition, the edges of the lipid bilayer formed in the TPPs
are energetically unfavorable42,43 and can catalyze the rupture of
vesicles adsorbed in its immediate vicinity,44 which will result in
the formation of a lipid patch. The patch will then grow by
1449
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Figure 3. Schematic representation of the lipid bilayer formation in nanopore arrays and ﬂuorescence micrographs of lipid bilayer formed on a TPP
chip. (a) Upper part: vesicles rupture spontaneously upon adsorption in the TPP cavity. Lower part: lipid bilayer formed at high vesicular coverage on a
planar support. (b) Schematic representation of the lipid bilayer formation over TPP array. (c) Induced vesicle rupture in the nanopore array structure.
(i) Transmitted light micrograph of a 5 × 5 60 nm TPP array; (ii) Fluorescence micrograph of rhodamine B-labeled liposome adsorbed and ruptured
on TPP area; (iii) Overlay image of (i) and (ii); (iv) Set of ﬂuorescence micrographs in a time series under zero voltage bias, the white dashed contour
lines mark the formed lipid bilayer near the TPP area; scale bar: 10 μm. (d) Fluorescence micrograph shows that the lipid bilayer is preferentially
formed over the TPP area instead of the planar surface. The inset shows a close-up view of the TPP area. (e) (i) Fluorescence micrograph shows that
the lipid bilayer is completely formed over the whole surface of the TPP chip. The diﬀerence in intensities is a consequence of the diﬀerence in
thickness between the thin freestanding TPP area and the rest of the substrate. (ii) A close-up view of the TPP area shown in ﬁgure (i). (iii) Bright-ﬁeld
image of the TPP area.

after photobleaching (FRAP) experiments were performed on
the lipid bilayer at a location outside, but near the TPP area. A
set of consecutive ﬂuorescence images of the ﬂuorescence
intensity recovery after photobleaching is shown in Figure S1. By
analyzing these images and normalizing the ﬂuorescence
intensity to the maximum intensity before photobleaching, the
lateral diﬀusion coeﬃcient of the POPC can be determined by
the equation

further catalyzing the rupture of neighboring adsorbed vesicles
until it merges with other patches forming a lipid bilayer across
the entire array (Figure 3b). This process was conﬁrmed by
imaging the adsorption of vesicles with 1 mol % lipids labeled
with Rhodamine-PE. As can be seen in Figure 3c, after adding
vesicles for a short time (around 1 min for adding vesicles,
setting up the microscope, ﬁnding the freestanding membrane,
and starting to record), the lipid bilayer is preferentially formed
across the TPP area and the rest of the surface is still covered
with intact vesicles or small noncontinuous lipid patches. The
lipid patch then started to grow from the TPP area as time
elapsed. Figure 3d shows a close-up view of the TPP area after
rinsing the chip for 10 min with deionized water by stopping the
lipid bilayer formation in Figure 3c at around 2 min. It is worth
noting that no voltage bias was applied during the optical
inspection. These ﬁndings indicate that the lipid bilayer
formation can be accelerated by predesigned nanocavities on a
planar surface.
The formation of a complete lipid bilayer on the whole
substrate is clearly visible after a 15 min exposure of the substrate
to the vesicle sample and a following 10 min deionized water
rinsing, as shown in Figure 3e(ii). Figure 3e(i) shows a
magniﬁed view of the TPP area and Figure 3e(iii) shows a
corresponding bright-ﬁeld image of the TPPs at the same focal
plane, showing the TPP position within the array. To conﬁrm
the ﬂuidity of the supported lipid bilayer, ﬂuorescence recovery

DL (μm 2 × s−1) = 0.224 × r 2 (μm)2 /t1/2 (s)

where r is the radius of the bleached spot and t1/2 is the half time
of the ﬂuorescence recovery.33,34 The obtained values of t1/2 and
DL from an exponential curve ﬁt of the data are 22.9 s and 0.55
μm2 s−1, respectively. The obtained DL value is close to the
reported value (0.71 μm2 s−1) of POPC on a Si3N4 surface.45 To
provide additional evidence that a lipid bilayer formed inside
TPPs, live observation of the translocation experiment of rolling
cycle ampliﬁcation (RCA) products through 10 × 10 22 nm
TPPs before and after lipid bilayer coating was implemented and
the results can be found both in Figure S2 and in two recorded
videos attached in the Supplement Multimedia. In the absence
of the lipid bilayer, the TPP array became clogged very quickly
after adding RCA products and applying a 500 mV bias, due to
the nonspeciﬁc adsorption of RCA products on the TPP
sidewall. In contrast, it is possible to detect the RCA products’
1450
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can be related to the increased electroosmotic ﬂow (EOF)
velocity at higher bias since POPC vesicles is electrically neutral
in the solution and more vesicles will be taken to the vicinity of
TPP by EOF. Basically, EOF ﬂow velocity increases as the
applied bias increases, as discussed in our previous work.32 The
dependence of k on vesicle size can be explained in the same way
as that of P50s that larger vesicle has higher capture cross section
to absorb in the TPPs. The dependence of k on vesicle
concentration is consistent with the fact that more vesicles can
reach the surface at higher concentrations. The aforementioned
results give insights into how to modulate the lipid bilayer
formation by varying diﬀerent parameters including vesicle size,
concentration, and applying a bias.

translocation through each individual TPP for a few minutes
without any pore clogging. This conﬁrms that the lipid bilayer
can introduce nonfouling properties to the TPPs, which is
crucial for real sensing applications.
Kinetics of Lipid Bilayer Formation. In general, the lipid
bilayer formation can be divided into three stages: vesicle
diﬀusion from the solution to the surface, vesicle adsorption on
the surface, and vesicle rupture into a supported lipid bilayer.
Vesicle adsorption on the surface can be regarded as a physical
adsorption process. With the aforementioned discussions, we
can assume that once the vesicles adsorb in the TPPs, they tend
to rupture instantaneously. Vesicles can also adsorb on the rest
of the surface other than TPPs and remain intact until they are in
contact with the active edge of formed lipid bilayer or reaching a
critical coverage, but this process cannot be monitored by the
ionic current. TPPs act as active surface sites that can be
adsorbed by vesicles and meanwhile visualized via ionic current
monitoring. Current drops are caused by vesicle adsorption and
subsequent rupture in TPPs. The overall trend of the current
decrease can reﬂect the rate of vesicle adsorption on the whole
surface. The faster the current decreases, the quicker the vesicles
adsorb on the surface. The rate of vesicle adsorption in TPPs is
dependent on the vacant amount of TPPs, which are not blocked
or covered with the lipid bilayer. Here, we assume that vesicles
can only adsorb on vacant sites, instead of positions that are
occupied by either vesicles or lipid bilayer. Therefore, the rate of
the overall current decrease can be described as follows

dI
= k(I − Ie)
dt

■

CONCLUSIONS
Lipid bilayer formation in solid-state nanopore arrays can be
monitored in real time by the ionic current change through the
nanopores. Statistical analysis reveals that the drop in ionic
current can be mainly attributed to the lipid bilayer formation via
the instantaneous rupture of individual vesicle adsorbed inside
the nanopore. This process is a result of increased vesicle−solid
interface between the vesicle and TPP, owing to the truncated
pyramidal geometry of TPP, which diﬀers from the formation of
a supported lipid bilayer on a planar support at high vesicle
coverage. The kinetics of the vesicle adsorption shows that lipid
bilayer formation is dependent on the vesicle size, concentration,
and the EOF through the pores. The resulting lipid bilayer
prevents unspeciﬁc adsorption of single-stranded DNA translocating through pores and thus prevents clogging. In addition,
the nanopore sensor also provides a good platform to study lipid
bilayer formation at the single vesicle level. The ﬁndings show
the possibilities of modulating lipid bilayer formation by
introducing nanocavities intentionally on the planar surface or
varying diﬀerent parameters such as vesicle size and concentration.

(1)

After integration and applying boundary conditions (I = I0, t =
0), eq 1 becomes
It = (I0 − Ie)e−kt + Ie

(2)

■

where Ie and It are the ionic currents at equilibrium and at time t,
respectively, I0 is the open pore current, and k is the rate
constant, which is related to vesicle size and concentration.
However, the recorded time when the lipid bilayer formation
started is not exactly t = 0. Therefore, the ﬁtted values of Ie and It
can deviate from the actual values, but the rate constant k
remains unchanged no matter when the ionic current is
recorded. Figure S3 shows an example of the ﬁtting and Table
2 summarizes the extracted rate constant k from ﬁtting the
experimental results at diﬀerent conditions. It can be seen that k
shows a similar trend as the P50s value, where both the rate
constant and P50s increase when the applied bias, vesicle size, and
concentration increase. The dependence of k on the applied bias

vesicle radius
(nm)

applied bias
(mV)

rate constant
k (s−1)

goodness of
ﬁt (R2)

0.4

92

0.4

74
92
128
92

20
50
100
50

0.0089
0.042
0.24
0.020
0.042
0.10
0.042
0.034
0.015

0.95
0.94
0.96
0.96
0.94
0.95
0.94
0.95
0.96

0.4
0.13
0.04
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Fluorescence recovery after photobleaching (FRAP)
experiments of lipid bilayer formed on TPP chip; live
observation of rolling cycle ampliﬁcation (RCA) products
translocation experiment through 10 × 10 22 nm TPPs
before and after lipid bilayer coating at 500 mV; ﬁtting of
the ionic current trace obtained at 50 mV after adding 94
nm liposomes to the two reservoirs; conductance model
of TPP (PDF)

Table 2. Rate Constant at Diﬀerent Conditions with the Ionic
Current Trace Fitted with Equation 2
concentration
(nM)

Article

100 pM RCA product translocation through TPP array
with lipid bilayer at 500 mV 60 s 5× speed (MP4)
100 pM RCA product translocation through TPP array
without lipid bilayer at 500 mV 18 s 5× speed (MP4)
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Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.9b03637
Author Contributions
§

S.Z. and S.L. contributed equally to this work.

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work was ﬁnancially supported by the Swedish Research
Council (621-2014-6300 and 2017-04475), the Swedish Cancer
Foundation (CAN 2017/430), and the Swedish Government
Strategic Research Area in Materials Science on Functional
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