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ABSTRACT: Supported lipid bilayers (SLBs) are commonly used 0BONTP Ko
1 Nal
to investigate interactions between cell membranes and their 2 u CaCl,
environment. These model platforms can be formed on electrode . f %

surfaces and analyzed using electrochemical methods for

bioapplications. Carbon nanotube porins (CNTPs) integrated %10 g

with SLBs have emerged as promising artificial ion channel * T ;

platforms. In this study, we present the integration and ion 5 K i

transport characterization of CNTPs in in vivo environments. We oL ‘ .
0.001 0.01 0.1

combine experimental and simulation data obtained from electro-
chemical analysis to analyze the membrane resistance of the
equivalent circuits. Our results show that carrying CNTPs on a
gold electrode results in high conductance for monovalent cations (K* and Na*) and low conductance for divalent cations (Ca*").

Concentration (M)

Bl INTRODUCTION In previous studies, the majority of CNTP analyses have
primarily focused on patch-clamp measurements, emphasizing
single-channel ion transport properties.'”'*'® Despite the
numerous studies on CNTPs, there is a limited understanding
of the transmembrane properties of large-scale CNTP and SLB
hybrid structures on solid substrates for sensor platforms.
Several studies have demonstrated the successful insertion of
CNTPs into lipid bilayers, investigating their transport
properties and potential applications. For instance, Tunuguntla
et al."” reported enhanced water permeability and tunable ion
selectivity in sub-nanometer CNTPs. Additionally, Choi et
al."® provided insights into the CNTP formation in lipid

The lipid bilayer is a fundamental component of biological
membranes and has been extensively studied in terms of ion
flux, biomolecule binding, and interactions between cells and
their environment.' > Supported lipid bilayers (SLBs) have
recently emerged as promising sensor platforms, composed of
a biolayer of phospholipids on a solid substrate. They provide a
model for cell interfaces and facilitate integration with proteins,
peptides, and transmembrane channels."”® These channels
incorporated into SLBs can be designed as ion sensors that
exhibit selective ion transport and blocking, thus improving
their functionality and creating a biomimetic environment > ) )
similar to that of cell membranes.”® SLBs with channel membranes, showing that CNTP can be inserted horizontally

platforms have potential applications in bioanalytical and into t?; lipid bilay}elr. findi hi dv ai id
diagnostic fields, including drug screening and ion sensing.”"’ Building upon these findings, this study aims to provide a

Advances in technology have led to an increased demand for p FOOf of concept for the integration. of ACNTPS into ;_iAhP id
functional transmembrane channels, and carbon nanotubes bilayer ona gold electrode. for ana?yzmg ronie p ermeablht}lf at
(CNTs) have been extensively studied for their ability to act as Fhe microscale. To achieve this, we utll}zed ele'ctrlcal
transmembrane proteins, such as a-hemolysin, aquaporins-1, 1mpeda§ce spectroscopy (EIS) analysis, which applies an
and gramicidin.ll_m CNT porins (CNTPs), which are CNT alternatn}g 'current and can be used as a macroscale
fragments with a length of ~10 nm, have been obtained using characterization method for transport studies in membranes.

lipid surfactants.'® Previous studies have shown that CN'TPs

can be perpendicularly embedded into lipid vesicles, forming Received: May 3, 2023
transmembrane channels that are similar to biological ion Revised:  June 12, 2023
channels. The inert smooth surface of CNTPs enables the Published: July 11, 2023

creation of favorable conditions for ion transport, and they can

effectively prevent fouling components of biological mixtures
17

from reaching sensor surfaces.

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.jpcb.3c02917
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EIS analysis is expected to facilitate the use of CNTP-SLB
hybrid structures for biological applications at a cellular scale.
We investigated ion transport through CNTPs with two
different diameters (0.8 and 1.8 nm) using K*, Na*, and Ca**
ions, which have different hydration radii. We demonstrated
the formation of SLBs and the incorporation of CNTPs using a
quartz crystal microbalance with dissipation (QCM-D),
fluorescence imaging, and cyclic voltammetry (CV) analysis.
EIS analysis was performed to characterize the ion transport
through the CNTPs. The incorporation of CNTPs into the
SLB led to a higher ion conductivity, which can be adjusted to
tune the SLBs’ insulating properties.

Our findings suggest that CNTP-SLB hybrid structures can
be used as an effective platform for ion sensing and transport
studies at the macroscale. The use of EIS analysis provides a
promising method for the macroscale characterization of ion
transport in membrane systems. This study expands our
understanding of CNTP-SLB hybrid structures and paves the
way for further exploration of their potential application in
biological systems.

B MATERIALS AND METHODS

Materials. The CNTs with diameters of 0.8 nm (08CNTs)
and 1.8 nm (18CNTs), along with potassium chloride, sodium
chloride, and calcium chloride, were obtained from Sigma-
Aldrich. Additionally, 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) with a concentration of 25 mg mL™' in
chloroform was purchased from Avanti Polar Lipids.

Synthesis of CNTPs. Acid-treated CNTs were prepared
according to a previously reported method.'” The chemical
oxidation process utilized a sulfuric acid/nitric acid mixture
(H,SO,/HNO,) to obtain carboxylic acid-functionalized
CNTs (CNT-COOH). Briefly, CNTs (20mg) underwent
oxidation in a 20 mL vial containing 2 mL of H,SO,/HNO;
(3:1, v/v) for 24 h at room temperature with magnetic stirring
(100 rpm). After washing with deionized (DI) water, CNT-
COOH was collected by vacuum filtration on a 200 nm
poly(tetrafluoroethylene) (PTFE) filter paper, which was
purified by filtering 3 times with DI water (20 mL).

To prepare the CNTPs, 0.8 mL of DOPC suspension in
chloroform was added to a 20 mL glass vial, and the N, gas
gently evaporated the solvent. The vial was maintained under
vacuum overnight to facilitate evaporation. Afterward, the
dried lipid film vial received either 1 mg of pristine 08CNT's or
acid-treated 18CNTs, referred to as CNT-COOH, following
previously reported methods.'”'? The addition of 20 mL of DI
water followed, and the lipid/CNT suspensions were bath-
sonicated for 1 h to distribute the CNTs in the lipid solution.
Probe sonication with a 3 mm tapered microtip at 125 W for
16 h (VC50S, Sonics) cut the CNTs into short fragments. The
sonication ran in 3 s pulses with a 1 s pause between pulses,
conducted in a cool environment to prevent vial overheating.
After probe sonication, metal particles and large CNT
aggregations were filtered using a 200 nm polycarbonate filter.

The sonication-processed solution was centrifuged at 6000g
for 1 h at 24 °C to separate shortened CNTPs from uncut
CNTs, causing the long CNTs to sink. By using a glass pipette,
8 mL of the upper supernatant containing short CNTs was
collected and designated as 08CNTPs and 18CNTPs, based
on their respective diameters.

CNTP Characterization. The transmission electron
microscopy (TEM) images verified the diameter of bare
CNTs (08CNTs and 18CNTs) (see Figure S1). The size of
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the CNTPs was characterized using dynamic light scattering
(DLS) (Zetasizer S90, Malvern Inst., Germany), and each size
was measured more than 10 times. Additionally, the CNTPs
were characterized using Raman spectroscopy (XperRam
200VN, Nanobase) with a S12 nm wavelength laser and
ultraviolet—visible spectrophotometry (UV—vis; i9, Hanon) to
confirm the formation of CNT structures with few defects,
compared to the bare CNTs.

Liposome and CNTP-Liposome Preparation. 1 mg of
dried DOPC was prepared using N, gas and was evaporated
overnight. Liposomes were prepared by adding 1 mL of DI
water to the dried film to obtain a final lipid concentration of 1
mg mL™". This solution was hydrated at room temperature for
30 min and then bath-sonicated for 10 min. 10 cycles of
freeze—thaw processes were conducted with liquid nitrogen
and 60 The
unilamellar liposomes were extruded 21 times using a mini-
extruder with a 50 nm pore-sized polycarbonate membrane
(Avanti Polar Lipids).

During the rehydration process, prior to the freeze—thaw
cycles, the CNTP solution was introduced to facilitate the
incorporation of CNTPs into the liposomes. To verify the
successful integration of CNTPs into the lipid bilayer, high-
resolution cryo-transmission electron microscopy (Cryo-
TEM) was employed. The representative Cryo-TEM image
(see Figure S2) provides a visual confirmation of CNTPs in a
transmembrane orientation within the lipid vesicles, supporting
the integrity of our methodology and subsequent results.

QCM-D Measurements. The QCM-D technique (Q-sense
E4, Q-sense AB, Sweden) was used to characterize the
formation of SLBs and the integration of CNTPs. Prior to
measurement, the quartz crystal sensors in the flow cell were
cleaned using O, plasma (60 W, 3 min), and the temperature
was set at 24 °C to minimize thermal effects. A peristaltic
pump was used to regulate the flow rate to 50—100 xL min~’,
and the measurements were allowed sufficient time to ensure
that the frequency and dissipation changes were less than 1 Hz
and 0.2 X 107% in 10 min, respectively. Vesicle adsorption was
monitored by changing the resonance frequency (Af) and
energy dissipation (AD) using several overtones, and all
QCM-D data presented in this study were measured at the 5th
overtone.

Electrochemical Analysis. The electrochemical tests were
performed using a three-electrode system connected to a
potentiostat (VSP 300, Bio-Logic SAS, Seyssinet-Pariset,
France) and a commercially purchased screen-printed carbon
electrode (SPCE; DS 200AT, Metrohm, Herisau, Switzerland).
The working electrode (WE) and counter electrode (CE) were
printed using gold ink, and the reference electrode (RE) was
printed using silver/silver chloride ink. CV tests were
conducted in a voltage range of 0—0.5 Vg /z,c1 With a scan
rate of 10 mV s™! to determine the charge-transfer resistance,
while CV tests were conducted in a 10 mM [Fe(CN)4]>~/*"
redox agent. EIS tests were performed in the frequency range
of 10 kHz to 0.1 Hz with an amplitude of 10 mV, and the
solutions for the EIS tests were prepared with ion
concentrations of 0.001, 0.01, and 0.1 M, respectively, for
K*, Na*, and Ca’". The impedance plots were then analyzed
using a suitable equivalent circuit and fitting process with the
ZSimpWin software (ZSimpWin 3.20, EChem Software, Ann
Arbor, MI).

°C DI water to form unilamellar vesicles.

https://doi.org/10.1021/acs.jpcb.3c02917
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Figure 1. Fabrication of CNTPs. (a) Schematic of the CNTP synthesis procedure: cutting and purification. Inset: a photograph of CNT dispersion
(from left to right, last vial: DI water). (b) Plot of the average particle size measured using DLS as a function of sonication time and the purification
process. (c) Histogram of the hydrodynamic lengths of 08CNTPs and 18CNTPs.
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Figure 2. Characterization of CNTPs. (a) Raman spectra of 08CNTPs (red) and 18CNTPs (black). (b) Enlargement of the RBM region of the
spectra provided in panel (a); uncut CNTs (dashed lines) and CNTPs (solid lines). (¢, d) UV—vis-NIR absorption spectra of 08CNTs, 18CNTs,
08CNTPs, and 18CNTPs. Dashed lines indicate the location of major spectral features.

B RESULTS AND DISCUSSION

Synthesis and Characterization of CNTPs. In order to
make CNTs biocompatible, it is necessary to separate bundled
CNT aggregates and cut them into individual fragments of
10—15 nm in length. To fabricate CNTPs, bundled CNTs

6318

were treated with acid and purified with DI water, resulting in
the breakdown of the CNTs into smaller fragments.'”"” The
lipid film of DOPC and acid-treated CNTs were mixed
together in a CNT suspension using bath sonication. The
suspension was then cut using probe ultrasonication, which

https://doi.org/10.1021/acs.jpcb.3c02917
J. Phys. Chem. B 2023, 127, 6316—6324
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caused microbubbling and cavitation at the CNT surface,
resulting in the cutting of CNTs to yield fragments of smaller
lengths. After 14 h of ultrasonication, the CNTs were filtered
using a 200 nm polycarbonate filter and purified via
ultracentrifugation so that the longer CNTs sank to the
bottom of the conical tube. The top of the suspension solution
was then extracted (see Figure la). After treatment, the
aliquots exhibited a light gray color compared to the DI water
and preprocessed samples (see Figure 1a, inset). The 08CNTs
and 18CNT's underwent identical processes, and the processed
CNTs were denoted 08CNTPs and 18CNTPs, respectively.

The lengths of the CNTs were analyzed using dynamic light
scattering (DLS) (see Figure 1b,c). DLS with hydrodynamic
radius measurements revealed the average sizes of the CNTPs
for the two samples obtained after the filtration and
centrifugation processes. The CNTP samples were ~5 to 25
nm in length, and Figure 1b,c shows the CNT size distribution.

Raman spectra showed that the main characteristic peaks of
CNTs, namely, the G, G’, and D bands, were observed at 1590,
2600, and 1310 cm ™}, respectively, for the two CNTP samples,
as shown in Figures 2a,b and S3. The spectra confirmed that
the CNTP structure was composed of CNT pores surrounded
by DOPC lipids. The G and G’ bands represent the pristine
graphitic structure of CNT, while the D band is associated with
structural disorder introduced by defects and functional groups
present on the CNT surface.”’ The I/Iy, ratios of 5.7 and 13.2
for 08CNTPs and 18CNTPs, respectively, indicated that the
good-quality graphitic structure was retained in the procedure
for CNTP synthesis.'" Additionally, a low-intensity broad peak
at 2800 cm™ corresponding to lipid tail peaks of C—H bond
stretching was observed.”” This observation suggests that lipids
indeed surround the CNTs, forming the CNTPs.%?!

The characteristic radial breathing modes (RBMs) of the
CNTs were also observed.”’ Comparing the RBMs at 50—500
cm™" in the spectra of the raw CNT (08CNTs and 18CNTs)
and CNTP (08CNTPs and 18CNTPs) samples revealed that
the CNT diameters remained unchanged after probe ultra-
sonication and additional purification processes, as shown in
Figure 2b. Specifically, in the 08CNT sample, the peaks
observed at 270.6, 290.3, 312.1, and 336.1 cm™ corresponded
to diameters of 0.92, 0.85, 0.79, and 0.74 nm, respectively. For
the 18CNT sample, the peaks observed at 138, 171.3, and
186.8 cm™" corresponded to the diameters of 1.8, 1.41, and
1.33 nm, respectively, confirming their diameter distribution.
Furthermore, the RBM region that revealed the diameter
distribution in the uncut (08CNTs and 18CNTs) and porin
(08CNTPs and 18CNTPs) samples displayed peaks at similar
positions but with different relative intensities. This difference
indicates that smaller-diameter CNTs are preferentially
removed during the fabrication process, resulting in a higher
proportion of larger-diameter CNTs remaining in the sample.
Despite these differences, the 08CNTPs and 18CNTPs were
successfully fabricated and are suitable for use in this study.

The UV—vis spectra presented in Figure 2c¢ indicate that the
E,, (587 nm) and E;; (1033 nm) optical transitions
correspond to the electronic state densities of the 08CNT
and 08CNTP samples after the cutting process.”” Previous
studies have suggested that, as the nanotube length decreases
to a few nanometers, the exciton lifetime also decreases,
leading to spectral peak broadening.”*** Additionally, a
decrease in CNT length results in increased quantum
confinement alon% the CNT axis, causing a blue shift in the
absorbance peaks.”

6319

Contrasting the 08CNTs and O8CNTPs, a noticeable
broadening of peaks is observed for the 18CNTP compared
to the 18CNT spectra (Figure 2d). The broadening of the
18CNTP UV—vis-NIR spectrum with faint peaks at 465, 493,
558, and 705 nm suggests the presence of 18CNTPs, albeit less
distinct. This broadening, compared to the 08CNTP spectrum,
might be attributed to differences in the confinement effect
experienced by wider tubes. Wider tubes exhibit a less
pronounced confinement effect, which can lead to a higher
density of electronic states and a more complex energy
landscape, resulting in a broader and more featureless
spectrum. These results confirm that sonication caused
significant changes in the CNT length while maintaining the
intrinsic structure.

Optimization of Lipid Bilayer Formation on Au
Electrodes via QCM-D and CNTP Insertion. The vesicle
fusion method is a widely used technique for creating
supported lipid bilayers (SLBs) on solid substrates like SiO,,
TiO,, and Au, making them ideal for various bioanalytical
models and sensing platforms.”*~*® However, oxide-based
surfaces have limitations in sensing applications, such as low
signal transduction between the sensor and biomolecules, due
to electrical insulation. An alternative approach is to form SLBs
on a gold surface, which allows for electrical and optical
analyses, including electrochemistry and surface plasmon
resonance.””*’ The conductive properties of Au, combined
with the insulating properties of SLBs, are also advantageous
for the fabrication of biomimetic sensors based on
biomolecules and ion conductance measurements.”’ There-
fore, SLBs on a gold surface are highly suitable for various
sensing applications.

To form high-quality SLBs on Au electrodes with minimal
defects, we utilized QCM-D, a powerful tool for real-time
monitoring of interactions between adsorbed layers and the
surface. This technique detects mass-related changes as the
frequency and dissipation of the gold-coated quartz sensor chip
change.’”** For the efficient formation of planar SLBs on Au
electrodes, we used the amphipathic-helix (AH) peptide of the
hepatitis C virus NSSA protein with an N-terminus.”* This
peptide has been shown to destabilize intact lipid vesicles on
gold surfaces, enabling the rupture process required for
forming a planar lipid bilayer.”"**

The resonance frequency and dissipation shifts observed in
QCM-D were in accordance with trends reported in previous
publications on SLBs on Au quartz crystal sensors.”” *® The
process can be described in the following steps:

(i) Rinsing the Au-coated quartz sensor chip with a PBS
buffer established a steady Af and dissipation baseline at
~0 Hz and 10 X 107%, respectively.

(ii) Introducing SO nm unilamellar vesicles at a concen-
tration of 0.1—0.2 mg mL™" resulted in a significant
decrease in frequency and an increase in dissipation due
to the adsorption of intact vesicles onto the sensor chip,
leading to the formation of a vesicle layer (increase of
mass: see Figure S4a).

(iii) Subsequent rinsing with PBS eliminated the suspended

vesicles and reduced the interaction between the

remaining vesicles on the sensor surface.

The addition of the AH peptide at a concentration of 50
ng mL™' induced a notable decrease in Af and a
corresponding increase in dissipation within a short
period, suggesting an increase in mass. However, after 10

(iv)

https://doi.org/10.1021/acs.jpcb.3c02917
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Figure 3. Optimization of lipid bilayer formation on the Au electrode and CNTP incorporation. Left axis: frequency analysis; right axis: dissipation
analysis. (a) Insertion of the vesicle incorporated with 08CNTPs following the lipid bilayer formation process. (b) Insertion of the vesicle
incorporated with 18CNTPs following the lipid bilayer formation process.

min, a substantial increase in Af and a decrease in
dissipation were observed, indicating a decrease in mass.

(v) Upon completion of the washing process, and once the
sensor had reached a stable state, a significant reduction
in both frequency and dissipation was observed in the
convergence values. This change resulted from the
formation of SLBs on the Au-coated quartz sensor, as
the AH peptide triggered vesicle ruptures and the release
of trapped water, resulting in a decrease in mass and
dissipation. The vesicles then transitioned to a rigid lipid
bilayer film, with the frequency and dissipation values
reaching characteristic stable values (see Figure S4b).

As depicted in Figure S4, the vesicles are observed to be
irreversibly adsorbed onto the substrate while remaining
unruptured (see Figure S4a). The introduction of the AH
peptide to the system destabilizes the vesicle structures, likely
through electrostatic interactions that serve as the driving force
for vesicle rupture.”* Upon expanding and rupturing, the
vesicle forms an SLB with final Af and dissipation response
values of 25 + 0.3 Hz and less than 0.1 X 107, respectively
(see Figure S4b). The AH peptide does not contribute any
mass to the supported bilayer, resulting in a complete SLB.

In order to evaluate the formation of a functional lipid
bilayer, we introduced CNTPs, which serve as transmembrane
channels in the SLBs. To accomplish this on the Au electrode,
we prepared two types of CNTPs (08CNTP and 18CNTPs)
by incorporating them into unilamellar vesicles (see Figure
S2). The CNTPs can be successfully inserted into lipid
vesicles, such that the CNTP-incorporated vesicle remains
intact on the electrode, exhibiting high frequency and energy
dissipation values similar to those of intact bare vesicles
(Figure 3a,b (i)—(iii)). Following the addition of the AH
peptide to induce vesicle rupture and the subsequent washing
process, the frequency and dissipation values demonstrate the
stable incorporation of these artificial channels (Figure 3a,b
(iv),(v)). Furthermore, the absence of an abrupt change in
dissipation suggests that the rigidity of the layer has not
significantly altered, indicating the successful incorporation of
CNTPs into the bilayer (Figure 3a,b (iv),(v)).

As shown in Figure 3a, the vesicle containing 08CNTPs
exhibits final frequency and dissipation values of 30 + 1 Hz
and <3.6 X 107 respectively. In Figure 3b, the vesicle
incorporated with the 18CNTP has a final frequency and
dissipation values of 40 + 1.2 Hz and <0.5 X 107%, respectivelzr.
Using the Voinova viscoelastic model from a previous study,””
we estimate that the CNTPs can achieve surface coverage of

6320

~3.54 and 5.3% on the sensor surface. It is important to note
that this estimation may represent an upper limit since the
calculation assumes a flat surface.

The roughness of the Au surface significantly impacts the
formation and stability of SLBs. A smoother Au surface
typically provides more favorable conditions for vesicle
adsorption and subsequent rupture, resulting in the formation
of uniform and stable SLBs. On the other hand, a rougher Au
surface may lead to incomplete bilayer formation or increase
defect density due to irregularities and varying coverage. In our
study, we prepared the Au surface to optimize the balance
between surface roughness and SLB formation. This
optimization is crucial for the formation of defect-free SLBs
on the Au surface, particularly when incorporating CNTPs as
transmembrane channels. Our experiments employed QCM-D
measurements and analysis of frequency and dissipation values
to confirm the successful formation of SLB from vesicles
containing CNTPs.

Characterization of Lipid Bilayer Formation on the
Au Electrode Using Fluorescence Recovery after Photo-
bleaching (FRAP). To further verify the formation of SLB on
the Au electrode, we employed fluorescence recovery after
photobleaching (FRAP) as an optical method to determine the
fluidity of the lipid molecules on the electrodes. In this
experiment, we incorporated Rho-PE (1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt)), a fluorophore-labeled lipid, into the DOPC
lipid (0.1 wt %) to facilitate the tracking of lipid molecule
movement. During the FRAP process, the fluorophore-labeled
lipid molecules within a specific region of interest (ROI) on
the electrode surface were irreversibly photobleached using a
512 nm laser. A circular region with a 20 ym diameter was
selected as the ROI, and the laser power was adjusted to
ensure efficient photobleaching while minimizing the potential
for photodamage to the lipid bilayer. Subsequently, we
monitored the recovery of fluorescence within the RO,
which would indicate the lateral diffusion of unbleached Rho-
PE-labeled lipids into the photobleached area. Within 10 min,
a significant recovery of fluorescence was observed (see Figure
SS), signifying the mobility and diffusion of lipids on the Au
electrode surface. The diffusion coeflicient, calculated from the
FRAP data, was found to be D = 4.86 cm?* s™!, which is in line
with previous studies on similar systems.”” This result not only
confirms the presence of a fluid lipid bilayer on the Au
electrode but also supports the vesicle rupture observed in the
QCM-D measurements.
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M solution and phase angle of (d) 0.001 M, (e) 0.01 M, and (f) 0.1 M solution.

Electrochemical Analysis of SLBs and the Incorpo-
ration of CNTPs on the Au Electrode. CV tests were
performed after the addition of lipids and CNTPs to analyze
the variation in surface characteristics (see Figure S6). When
compared to the bare electrode, the height of the redox curve
of the lipid without AH was significantly reduced, indicating
that the lipid was well covered on the electrode. Additionally,
QCM-D analysis revealed that the covered lipid was a layer of
vesicles (intact vesicle state). The signal strength was lower in
lipids with AH, which acts as a trigger for the formation of the
lipid bilayer, than in lipids without AH. Because the AH
peptide is one of the most effective lipid bilayer-forming
peptides, it can be used to demonstrate lipid bilayer
formation.””** The lipid bilayer incorporated with the
CNTPs did not reach the current level of lipids with AH,
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but they did show effective surface covering. This suggests that
the difference in current peaks with and without CNTPs is
caused by ion transport through the CNTPs, i.e., the CNTPs
in the lipid bilayer act as current paths between the electrode
and solution. This configuration has much lower current values
than the lipid electrode without AH, which is the vesicle layer,
but higher than the lipid with AH. These findings indicate that
the CNTPs effectively formed a lipid bilayer on the electrode
surface.

EIS tests were conducted on the lipid bilayer with CNTPs of
varying diameters on the Au electrode in the presence of a
single cation (K*, Na*, and Ca’") at three different
concentrations (0.001, 0.01, and 0.1 M). The Bode graphs in
Figures 4 and S depict the cation transport effect of the
08CNTPs and 18CNTPs in the lipid bilayer. The range from
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10 Hz to 100 kHz in Bode plots indicated the formation of a
lipid bilayer on the Au electrode.”” As shown in the impedance
plots (see Figures 4 and Sa—c), the highest impedance was
detected in the lipid bilayer frequency range for all Ca** ion
concentrations, regardless of the CNTP diameter. This
indicated that Ca®* ions increased the electrical resistance of
the lipid bilayer by adsorbing onto its surface rather than being
transported via the CNTP channel.*® The impedance values of
K" and Na" increased slightly with ion concentration, but the
increase was less than that observed for the Ca®* ions.

When the phase angle changes (see Figures 4 and Sd—f), the
high-frequency spectra represent bilayer ionic transport
resistance, whereas the low-frequency spectra represent
interfacial charge transfer on the electrode.””™*' The peaks
of the phase angle in the high-frequency area increased with
ion concentration in the Ca*' ion solution, regardless of the
CNTP diameter in the lipid bilayer. This is because Ca** ions
bind with the lipid bilayer, and CNTP increases electrical
resistance by reducing defects and blocking pores.'”** The K*
and Na' ions showed similar properties; however, the
increasing effect of the electrical resistance was weaker than
Ca’ ions. At low frequencies (below 10 Hz), as shown in
Figure 4, the phase angle of Ca®* for 08CNTPs incorporated in
the lipid bilayer did not change significantly with ion
concentration. Because Ca?’ ions are not able to be
transported through the 08CNTP transmembrane channel,
they have little effect on interfacial charge transfer on the Au
electrode. Meanwhile, as the concentration of Ca®* at 18CNTP
incorporated in the lipid bilayer increased, the phase angle
increased slightly due to the reduction of defects effect in the
lipid bilayer, as shown in Figure S. In contrast, K* ions
significantly affected the Au electrode via CNTP in the lipid
bilayer, as evidenced by a considerable increase in the phase
angle with increasing ion concentration, regardless of the
CNTP diameter. Na* ions showed a similar trend to K ions,
albeit to a lesser extent.

Similarly, ion transport resistance can be used to investigate
differences in results based on ion type. The resistance values
were calculated using the ZSimpWin software and an
established equivalent circuit,””~* as shown in Figure 6a.
Calculated results are shown in Tables S1 and S2. The circuit
comprised serially connected impedance elements: the solution
resistance (R;), capacitance generated by the ion transport in
the lipid bilayer (CPE,,), the ion transport resistance of the
lipid bilayer (R,), the capacitance of the Au electrode (CPE,),
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and charge-transfer resistance of the Au electrode (R.,). Given
the dispersion effect of solution resistance dispersion, micro-
scopic electrode roughness, and difference in lipid bilayer
morphology, a constant phase element (CPE) was used as a
substitute for the ideal capacitance. Figure 6b,c shows the
variations in the ion transport resistance of the lipid bilayer
according to the K', Na¥, and Ca®" ion concentrations, as
obtained from the EIS tests.*> Ca®" ions showed the highest
resistance for both types of CNTP diameters. For the 18CNTP
incorporated in the lipid bilayer, for all types of ions, the R,
values of the lipid bilayer gradually decreased as the ion
concentration increased, owing to ion transport through the
channel. Conversely, for the 08CNTPs incorporated in the
lipid bilayer, changes in resistance were negligible during the
test with Ca®" ions because Ca®" ions cannot pass through the
channel. In the case of K" and Na’, regardless of the CNTP
diameter, the resistance decreased with increasing ion
concentration. The phase angle variation at high and low
frequencies strongly correlates with this result. The correlation
between the resistance and phase angle variations of Ca* ions
is related to the hydrated ion size. The diameter of the
18CNTPs is larger than the hydrated ion diameters (K*: 0.66
nm, Na*: 0.72 nm, and Ca’*: 0.82 nm), allowing all ions to
pass through the CNTPs.*® It causes a decrease in ion
transport resistance and an increase in phase angle at low
frequencies. Ca®* ions, on the other hand, could not be
transported through 08CNTPs due to their size. Therefore,
Ca® ions adsorbed onto the lipid bilayer and increased its
rigidity with low defects rather than being transported to the
electrode.’® As the ion concentration was varied, this was
observed as a small change in resistance and phase angle at
high frequencies.

B CONCLUSIONS

In this study, we have successfully demonstrated the formation
of a rigid lipid bilayer incorporating CNTPs on Au electrodes
using the AH peptides. The use of the FRAP test and QCM-D
provided evidence for the formation of an SLB with embedded
CNTPs. The EIS results revealed that regardless of the CNTP
diameter, the R, of K" and Na" ions decreased with increasing
ion concentration. The R, of the Ca** ion in 18CNTP is also
affected by ion concentration, whereas negligible variation was
observed for the 08CNTP channel owing to the hydrated ion
size. The diameter of 18CNTPs is large enough for all ions to
pass through, allowing the electrode to react with all ions. Ca**
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ions, on the other hand, could not be transported through
08CNTPs due to their size. Therefore, Ca>* ions adsorb onto
the surface of the lipid bilayer rather than being transported to
the Au electrode.

Our study demonstrates the potential use of the lipid bilayer
on Au electrodes for ion sensors and selective transport, and
our proof-of-concept platform could be extended with more
complex architectures involving transmembrane proteins or
surface-tuned artificial channels. Future research will focus on
controlling the concentration of CNTP and other conductive
substrates to further enhance the performance of this platform.
Our findings pave the way for the potential for the
development of new biosensing devices and biomimetic
systems.
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