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ABSTRACT

Lipid membranes are ubiquitous structures in nature that enable efficient charge separation and electrochemical gradients across
interfaces. Despite recent progress in understanding the structural properties of lipid membranes, the electronic properties
of lipid assemblies in the solid state are not fully understood. Here, we show that dehydrated lipid assemblies serve as soft
dielectric materials for molecular electronics. Polymer-supported lipid bilayers are prepared on gold electrodes via vesicle fusion,
yielding uniform films with sub-nanometer roughness determined by atomic force microscopy (AFM). The dielectric properties
of dehydrated lipid assemblies are characterized using the soft-contact liquid-metal eutectic gallium-indium (EGaln) technique.
Capacitance measurements in a parallel-plate geometry enable determination of the dielectric constant of lipid bilayers, which

is systematically tuned via molecular structure, composition, and assembly conditions. Lipid assemblies formed with increased
cholesterol content or at lower temperatures exhibit reduced surface roughness, consistent with enhanced molecular ordering
upon dehydration. These results highlight the role of self-assembly on the structural and electronic properties of dehydrated lipids

and establish new avenues for biologically inspired soft dielectrics.

1 | Introduction

Lipids are key components of biological membranes and play a
central role in wide range of biochemical processes. In nature,
lipid membranes serve as both a structural scaffold and a dynamic
functional platform for membrane proteins [1, 2]. Lipid bilayers
exhibit intriguing electronic properties such as high resistivity
and capacitance, thereby serving as natural charge separation
motifs in biology [3, 4]. Biological membranes store and transmit
electrical signals due to their intrinsic electrochemical properties,
as observed in the propagation of action potentials in neuron
cells [5, 6]. Moreover, amphiphilic lipid molecules spontaneously

self-assemble into nanometer-thick bilayers and micron-scale
structures such as vesicles, which are readily visualized under an
optical microscope [7]. The fluid nature of lipid bilayers further
allows for rapid repair of structural disruptions, giving rise to
self-healing behavior [8].

Lipid-based materials offer several advantages for applications
in microelectronics owing to their intrinsic electronic properties,
spontaneous self-assembly behavior, and potential for large-area
uniformity. Top-down fabrication of nanometer-thick dielectric
layers for dynamic random access memory (DRAM) capacitors
is challenging [9, 10], where it is desirable to achieve nanometer
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-scale dielectric layers with minimum roughness and uniform
thickness over high-aspect-ratio structures [11]. Traditional fab-
rication methods such as atomic layer deposition and atomic
layer etching typically require energy-intensive processes and
harsh chemical environments [12, 13]. In contrast, self-assembled
lipids offer a potential alternative strategy using a bio-inspired
material that naturally forms ultrathin dielectric layers with
reduced demands on fabrication [14].

The electronic properties of lipid bilayers have been extensively
studied in solvated electrochemical environments [3, 14, 15],
but the vast majority of electronic devices operate in the solid
state. Direct characterization of dehydrated lipid assemblies
is therefore essential for advancing lipid-based materials for
electronic applications [16]. A central challenge in using lipid
bilayers as functional thin films lies in their structural fragility:
bilayers tend to reorganize during dehydration, which compli-
cates the preparation of ordered structures on solid substrates
or at air-water interfaces [17, 18]. In addition, establishing
reliable electrical contacts without perturbing soft materials or
interfaces remains challenging, as conventional solid metallic
electrodes often exert mechanical stresses that can compromise
film integrity [19]. Early studies of fatty acid salt monolayers
established the feasibility of using molecularly thin lipid-like
assemblies as tunneling barriers [20]. However, the structure-
property relationships of dehydrated phospholipid assemblies
are not yet fully understood. In particular, how lipid molecular
structure, assembly pathways, and dehydration-induced mor-
phology collectively influence dielectric behavior remains an
open question.

In this work, we explore the use of dehydrated lipid assemblies
as soft dielectric materials. Polymer-supported lipid bilayers are
formed on template-stripped gold substrates, which serve as a
bottom electrode, and a liquid metal (eutectic gallium-indium
alloy, EGaln) is used as the top electrode. EGaln provides a
soft, non-invasive contact ideal for characterizing the electronic
properties of soft matter systems [21]. Surface characterization
techniques including contact angle measurements, atomic force
microscopy (AFM), and infrared spectroscopy are further used to
study lipid assembly and evaluate film morphology and unifor-
mity. Following fabrication and structural characterization, the
capacitance and breakdown voltage of lipid assemblies are mea-
sured using a parallel-plate capacitor geometry (Figure 1). Our
results demonstrate that the structure and dielectric properties of
lipid assemblies can be systematically tuned through molecular
design (lipid tail length), composition (cholesterol content), and
assembly conditions (temperature), with dehydration playing a
central role in establishing the resulting structure-property rela-
tionships. Overall, these finding suggest that self-assembled lipids
form insulating, large-area films with controllable dielectric
behavior.

2 | Results and Discussion
2.1 | Vesicle Preparation
We began by fabricating self-assembled polymer-supported lipid

bilayers on gold substrates. Template-stripped gold surfaces with
extremely low surface roughness were prepared as described

in prior work [22]. Several lipids with varying acyl-chain
lengths were used in this study: 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (C14), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC, C18), and 1,2-dierucoyl-sn-glycero-3-phosphocholine
(C22). Lipids were purchased from Avanti Polar Lipids and used
as received (Materials and Methods). Phosphatidylcholine
(PC) lipids were selected because they are widely used as model
membrane-forming lipids, commercially accessible, and readily
form vesicles for supported lipid assembly. PC lipids have
phase-transition temperatures below the assembly conditions
used here, such that vesicles remain in a fluid phase during
deposition. Membrane fluidity promotes vesicle adhesion,
rupture, fusion, and reorganization on PDL-functionalized gold
surfaces, enabling formation of supported lipid assemblies prior
to dehydration.

We first attempted to directly assemble lipid C18 onto template-
stripped gold surfaces, but the structure of lipid assemblies
on bare gold surfaces was significantly disrupted upon drying,
consistent with prior work showing that dehydration disrupts
the bilayer architecture due to surface tension-induced stresses
[23, 24]. To overcome this issue, polymer-supported lipid bilayers
were formed on template-stripped gold surfaces using poly-
D-lysine (PDL), which is commonly used to enhance surface
adhesion in biological systems [25]. Contact angle measurements
revealed that template-stripped gold surfaces are hydrophobic,
but the PDL-coated gold surfaces were generally hydrophilic
(Figure S1). PDL-functionalized gold surfaces were incubated
in a solution containing C18 lipid, followed by gentle rinsing
with deionized water and drying under vacuum. Self-assembled
lipids on gold surfaces were characterized using attenuated total
reflectance-Fourier-transform infrared (ATR-FTIR) spectroscopy
(Figure S2), with spectral features consistent with the presence of
lipid molecules.

We next prepared ordered lipid assemblies over large, micron-
scale areas for electronic measurements. To achieve large-area
uniformity, lipid molecules were assembled on gold substrates
using a vesicle-fusion process, wherein vesicles adsorb, rup-
ture, and spread upon contact with PDL-functionalized gold
surfaces, reorganizing into a continuous bilayer (Supplementary
Information, Section 3) [26, 27]. Two approaches were used
to prepare lipid vesicles. In the first method, C18 lipids were
dispersed in water and sonicated, yielding a complex mixture of
spontaneously assembled small unilamellar vesicles and multi-
lamellar aggregates with characteristic diameters ranging from
approximately 100 to 500 nm [28]. In the second method, giant
unilamellar vesicles (GUVs) were generated using an electro-
formation method, yielding micrometer-sized vesicles, followed
by adsorption and spreading onto solid substrates (Figures S3
and S4) [29]. Lipid films formed by these two different vesicle
adsorption methods exhibited strikingly different morphologies
(Figure 2). AFM topography images show that the sonicated
lipid samples produced rough and uneven surfaces (Figure 2a),
with AFM phase images showing patchy contrast indicative of
heterogeneous surface morphologies with variable tip-sample
interactions and (Figure 2b). In contrast, GUV-derived films
show decreased roughness (Figure 2c) with a uniform phase
behavior over micron-scale areas (Figure 2d), consistent with
a continuous and homogeneous lipid layer. Electroformation
favors the formation of unilamellar vesicles, which provide
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FIGURE 1 | Chemical structure of lipid molecules and overview of lipid sample preparation and electronic measurements. (a) Chemical structures
of lipids with varying hydrophobic tail lengths. (b) Overview and schematic of lipid bilayer fabrication process and electronic measurements.

FIGURE 2 | Surface characterization of dehydrated lipid layers. (a) AFM characterization of lipid assembled layers formed by sonicating C18 lipid
in water for 10 min with (b) the corresponding phase contrast image. (c) AFM topography image of a C18 lipid layer formed by adsorption and spreading
of giant unilamellar vesicles (GUVs) with (d) corresponding phase contrast image.
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continuous membrane material that can rupture and spread on
PDL-functionalized gold surfaces, whereas sonication generates
heterogeneous mixtures of small vesicles, multilamellar vesicles,
and lipid aggregates that lead to patchy surface assemblies.
However, supported-bilayer formation is governed by a balance
between surface adhesion, membrane bending and curvature
energy, hydration repulsion, lipid composition, and temperature.
Well-defined extruded unilamellar vesicles often rupture on
hydrophilic substrates, and smaller vesicles generally exhibit
higher curvature-induced stresses; however, substrate chemistry
and the onset of rupture above a critical adsorbed coverage
are also decisive factors [23, 27, 30-33]. Conversely, single-GUV
studies have shown that adsorbed GUVs can deform, rupture,
and spread into planar bilayer patches through several pathways
[34]. Results from the present studies compare a heterogeneous
sonicated dispersion with an electroformed GUV preparation
rather than a systematic SUV vs. GUV size series. The smoother
GUV-derived films may therefore reflect combined differences
in lamellarity, dispersity, membrane continuity, and substrate-
specific rupture kinetics. Based on these results, GUVs were used
to prepare polymer-supported lipid assemblies on gold surfaces
for electronic measurements.

2.2 | Structural Characterization

Film thickness serves as a critical parameter for determining the
dielectric constant of electroactive materials. We characterized
lipid layer thicknesses using an AFM scratching method, wherein
a controlled force of 100 nN is applied in contact mode to
selectively remove the soft organic layer without damaging the
gold substrate (Figure S5) [35]. The height difference between the
regions with and without the organic layer is used to determine
the film thickness (Figure 3). Height histograms are constructed
from AFM topography scans (Figure 3b), revealing two distinct
Gaussian distributions for regions with and without the organic
layer, and the peak-to-peak separation is used to determine the
film thickness. The C18 lipid assembled on PDL-adsorbed gold
surfaces at 45°C was found to have a thickness of 5.8 nm. After
correcting for the 0.9 nm thickness of the PDL linker (Figure
S6), the thickness of the C18 layer (alone) was 4.9 nm, which is
larger than C18 bilayer thicknesses reported in prior work (e.g.,
3.9 nm by Kucerka et al. [36], 3.5 nm by Tristram-Nagle et al.
[37]). The slightly larger thickness in our system is attributed in
part to the elevated temperature of lipid assembly in our work
(45°C), as discussed in detail below, whereas the prior structural
data were obtained at room temperature (25°C). Moreover, our
measurements correspond to dehydrated lipid films, and prior
work has shown that the thickness of lipid bilayers increases
due to lateral compression upon drying [38-42]. In particular,
the area per lipid decreases during dehydration whereas the
specific molecular volume remains constant, leading to a com-
pensatory increase in height in the vertical direction. As a result,
acyl chains adopt more ordered conformations and reduced
mobility in the dehydrated state, resulting in slightly thicker
films [38-42]. In addition, previously reported values of lipid
bilayer thickness were determined from scattering techniques,
whereas our results rely on AFM measurements. Nevertheless,
the experimentally measured thickness values are consistent with
lipid bilayer assembles, as multilayer assemblies are known to
generate substantially thicker films.

We systematically varied the acyl-chain length by using different
lipids denoted as C14, C18, and C22 (Figure 1). Upon increasing
the lipid tail length, the film thickness increased to 5.0, 5.8, and
6.1 nm for C14, C18, and C22 respectively, when assembled at 45°C
(Figures S7-S9). These results are consistent with the expected
increase in molecular length for ordered assembled layers with
bilayer-like structural characteristics (Figure 3d), as opposed
to disordered, amorphous films. Surface roughness (Rq) was
observed to slightly increase upon increasing the lipid tail length
(Figure S10), which is attributed to the structural reorganization
that occurs during dehydration, where the area per lipid (APL)
decreases as the acyl chains lose flexibility and become ordered
[41]. Dehydration is expected to be nonuniform due to local
variations in substrate adhesion, lipid mobility, and residual water
content, giving rise to nanoscale height variations. Because the
amplitude of such variations is comparable to the film thickness,
thicker layers are expected to show an increased apparent surface
roughness.

Environmental factors such as temperature also affect the
self-assembly behavior of lipid assemblies [43]. We prepared
PDL-supported C18 lipid layers at 20°C, 45°C, and 60°C and
characterized their morphology by AFM (Figure 3d and Figure
S11-S13). At lower temperatures, the apparent film thickness was
markedly reduced, whereas the apparent thickness increased at
higher temperatures. These trends in lipid film thickness appear
counterintuitive relative to hydrated vesicles, where increased
tail disorder at elevated temperatures typically leads to lateral
expansion and a slight decrease in bilayer thickness [44, 45].
Here, we attribute the increase in thickness observed at elevated
temperatures to the dehydration process. Because the lipid films
are dehydrated and surface-confined, the observed morphology
reflects a kinetically trapped structure on a solid substrate due to
dehydration-induced reorganization rather than an equilibrated
hydrated bilayer. Lipid layers assembled at 60°C are initially
more fluid and disordered, with larger area per lipid [46], but
upon dehydration, the acyl chains coalesce and the area per
lipid decreases. As the film contracts, the absence of nearby
mobile lipid molecules to fill the emerging gaps results in
the formation of local microvoids, consistent with results from
AFM imaging (Figure S14). In this way, dehydration at elevated
temperatures results in enhanced surface heterogeneities with
a larger average thickness and an increase in surface rough-
ness as determined by AFM measurements, reflecting increased
structural disorder rather than a densely packed layer. On the
other hand, lipid layers assembled at 20°C are initially more
ordered and closely packed, which results in smaller changes
in the area per lipid upon dehydration, yielding assembled
films that closely resemble the original hydrated bilayer. Over-
all, these results suggest that the dehydration process plays
a critical role in the structural properties of assembled lipid
films.

We next systematically varied the cholesterol content in lipid
assembles. Cholesterol intercalates between lipid acyl chains,
reducing lipid tail mobility and thereby stiffening the membrane
[47-49]. Cholesterol was added to C18 lipid at 0 mol%, 15
mol%, and 30 mol% during assembly. AFM characterization
of dehydrated films revealed that both the apparent thickness
and surface roughness Rq decreased with increasing cholesterol
(Figure 3d and Figures S15 and S16). Interestingly, C18 lipid
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FIGURE 3 | Structural characterization of lipid assemblies. (a) AFM topography of the C18 lipid-assembled structure, with the central region

scratched under a 100 nN applied force. (b) Height histogram determined from AFM. (c) Section profile across the scratched and intact regions,

highlighting the step height of the assembled layer. (d) Summary of lipid layer thickness under various assembly conditions, with corresponding surface
roughness values (Rq) shown as error bars. Lipid tail length experiments were conducted for samples assembled at 45°C (left), temperature-dependent
studies were performed using C18 (middle), and cholesterol-content experiments were conducted with C18 lipid assembled at 45°C (right).

films formed with 30 mol% cholesterol were strikingly smooth
with low surface roughness values Rq ~ 0.75 nm (Figure S17).
Although cholesterol has been previously reported to increase
bilayer thickness in hydrated vesicles, our measurements reveal
an opposite trend for dehydrated lipid films. Incorporation of
cholesterol enhances the ordering of acyl chains which reduces
the amount of available residual free volume upon drying,
yielding smoother and more compact films that undergo minimal
structural changes during dehydration. In contrast, cholesterol-
free C18 films exhibit increased heterogeneities with a larger
surface roughness.

2.3 | Electronic Characterization

A liquid metal electrode technique (EGaln) was used to char-
acterize the electronic properties of polymer-supported lipid
assemblies. The EGaln method relies on using a liquid metal
alloy as a soft electrical contact for capacitance (or conductiv-
ity) measurements. This approach enables characterization of
self-assembled molecular monolayers or bilayers without signif-
icantly affecting their underlying structure [21]. In this way, a
parallel-plate capacitor geometry was formed using gold as the
bottom electrode and EGaln liquid metal as the top electrode
(Figure 1).

We began by determining the leakage current behavior and
breakdown voltage of lipid layers, which are critical parameters
for functional dielectric materials. Using the EGaln setup, we
first measured the current-voltage (I-V) response of C14, C18, and
C22 lipid films prepared at 45°C with no cholesterol (Figure 4a).
A weak current response was observed upon sweeping the
voltage between —1 and 1 V, with current densities reaching
approximately 10™> A cm~2 at + 1 V (Figure 4a). This current
leakage is comparable to typical inorganic dielectrics such as ZrO,
(32 x 1075 A cm™% at 2 V for a 12.5 nm film) [50], highlighting
the superb electronic insulating qualities of self-assembled lipid
layers. The relatively low leakage current density suggests that
the lipid films are largely free of macroscopic pinholes that would
result in direct liquid metal contact with the gold electrode.
Comparing lipids of different tail lengths, C18 and C22 samples
exhibited similar leakage currents, whereas the C14 film showed
slightly higher leakage current values, which is attributed to the
reduced thickness of the C14 layer. In these devices, the assembled
lipid layer functions as a tunneling barrier, and the tunneling
probability decreases exponentially with barrier thickness [51].
We further evaluated the breakdown voltage of each sample
by linearly ramping the applied bias until electrical shorting
(Figure 4b). Our results show that the thinnest lipid film (C14)
exhibited breakdown at 4.2 V, followed by C18 at 4.8 V and C22
at 5.1 V. Overall, these results are consistent with the expectation
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that thicker dielectric layers can sustain higher electric fields
before electrical breakdown.

We further measured the capacitance of assembled lipid lay-
ers using an inductance-capacitance-resistance (LCR) meter
(Figure 5). For these experiments, the contact area between the
liquid metal electrode and the lipid interface was determined

by imaging, and the corresponding capacitance values were
measured at 0.5 V at 10 kHz and plotted as a function of the
contact area (Figure S18). We first compared the capacitance
measurements for C18 layers assembled by small lipid vesicle
fusion and GUV fusion at 45°C (Figure 5a). Results from the
measured capacitance vs. contact area were analyzed using linear
regression, yielding a slope of 4.3 + 0.3 nF/mm? for C18 GUV sam-
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ple and 2.4 + 0.2 nF/mm? for C18 small lipid vesicle sample. The
measured capacitance values are comparable to those reported
in foundational molecular-electronics studies of fatty acid salt
monolayers [20]. Comparing the two assembly approaches, the
larger capacitance per area of the GUV-fused layer is attributed
to higher structural uniformity achieved using this method of
preparation (Figure 2). We posit that the GUV-fused layers
reduce the effective dielectric thickness and minimize defects
by decreasing surface heterogeneity, thereby increasing the film
capacitance. Overall, the GUV-fusion assembly method improves
reproducibility in surface structural properties and electrical
characterization experiments.

We next characterized the dielectric properties of the assembled
lipid films. The dielectric constant (or relative permittivity) ¢,
reflects the ability of a material to store charge in charge-
separating media. Based on the structure of a lipid molecule,
the hydrophilic head region is expected to exhibit a larger
dipole moment compared to the hydrophobic tail region [52]. To
determine the dielectric constant of self-assembled lipid layers,
we used an expression for a parallel-plate capacitor:

C = 505,.3 1)
where C is the capacitance, ¢, is the dielectric constant of the
material, €,is the vacuum permittivity, A is the electrode area,
and d is the dielectric layer thickness. Using this approach,
we determined the dielectric constant €, of the assembled lipid
layers using experimentally measured values of the capacitance
C, contact area A, and film thickness d. We systematically studied
a series of conditions for lipid assembly by varying lipid tail
length, assembly temperature, and cholesterol content, which
are known to strongly influence lipid membrane structures [47,
53-55].

We first examined the effect of lipid tail length on capacitance
using an assembly temperature of 45°C in the absence of choles-
terol. As shown in Figure 5b, the Cl4 lipid layers exhibit a
larger specific capacitance, whereas the C18 and C22 samples
showed similar capacitance values. This observation is consistent
with the current-voltage (I-V) behavior, where C18 and C22
exhibited similar I-V responses, but C14 showed slightly larger
leakage currents. The larger capacitance observed for C14 was
attributed to its smaller film thickness, consistent with the inverse
relationship between capacitance and layer thickness based on
the parallel-plate capacitor relation (Equation 1). Cl4 exhibits
a larger influence of its polar head group relative to the non-
polar tail, which likely contributes to a higher dielectric response.
Overall, these results indicate that lipid tail length plays a key role
in determining the dielectric properties of the assembled layers.

We next characterized the capacitance of C18 lipid layers assem-
bled at different temperatures (Figure 5c). Lipid layers formed
at 20°C exhibited the highest specific capacitance (7.3 + 0.3 nF
mm~2), whereas lipids assembled at 60°C showed the smallest
capacitance value (3.8 + 0.2 nF mm~2), which is consistent
with the inverse relationship between capacitance and dielectric
layer thickness. We further calculated the dielectric constants
based on Equation 1, obtaining values of 2.8 + 0.1 for both 20°C
and 45°C samples, and increasing to 3.8 + 0.2 at 60°C. These

results suggest that although the dielectric response remains
similar at lower assembly temperatures, lipid assemblies formed
at elevated temperatures become less ordered. We hypothesize
that disordered lipid layers provide additional space for dipolar
reorientation of the polar headgroups, leading to enhanced
polarization and a larger effective dielectric constant [56-58]. In
contrast, more tightly packed layers formed at lower temperature
restrict dipole mobility, resulting in a lower dielectric response.

We further analyzed the capacitance of the C18 layers with
varying cholesterol content (Figure 5d). The thinnest lipid layer
with 30% cholesterol exhibited the highest specific capacitance
(9.1 + 0.3 nF mm~2), followed by 15% cholesterol (7.0 + 0.2 nF
mm~2), and the 0% cholesterol lipid sample (4.3 + 0.2 nF mm~2).
The corresponding dielectric constants were 3.7 + 0.1 for 30%
cholesterol, 4.2 + 0.1 for 15% cholesterol, and 2.8 + 0.1 for the
pristine film, indicating that cholesterol incorporation generally
enhances the dielectric response. We attribute the overall increase
in dielectric constant for samples containing cholesterol to a
higher molecular packing density, which increases the number of
dipolar units per unit area [59]. The slight decrease in dielectric
constant upon increasing cholesterol content from 15% to 30%
is attributed to an increase in packing density, such that lipid
films become highly ordered, restricting dipolar reorientation of
the lipid headgroups along with the addition of the nonpolar
cholesterol molecule, which effectively dilutes the fraction of
polar headgroups at high cholesterol content.

3 | Conclusions

In this work, we show that self-assembled lipids serve as effec-
tive soft dielectric materials. Using a vesicle fusion method
on polymer-coated gold electrodes, we demonstrate uniform
and continuous lipid films suitable for direct electrical char-
acterization using a liquid-metal electrode technique (EGaln).
Systematic variation of lipid tail length, assembly temperature,
and cholesterol content shows clear trends in structure-property
relationships. Interestingly, the film thickness trends observed
under different assembly conditions are generally opposite to
those reported for hydrated lipid bilayers, indicating that lipid
structural ordering during dehydration is influenced by process-
ing conditions during assembly and fabrication. In addition,
temperature and cholesterol-dependent electronic characteriza-
tion experiments show that when the hydrated, solid-supported
lipid layers are assembled in a densely packed state, dehydration
induces minimal structural reorganization. In this way, the dehy-
drated lipid films exhibit low surface roughness values similar
to the original bilayer structure. Overall, this work establishes
new avenues for using self-assembled lipid-based materials as a
promising strategy for fabricating ultrathin dielectric films for soft
bioelectronic applications.

4 | Materials and Methods

4.1 | Lipid Handling and Electroformation of
GUVs

All lipids were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL, USA) and used as received. Giant unilamellar
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vesicles (GUVs) of varying compositions were prepared using
the electroformation method as previously described [60]. Lipid
mixtures containing the specified phospholipids and cholesterol
were dissolved in chloroform and deposited onto indium tin
oxide (ITO)-coated glass slides (25 mm X 75 mm, NanoCs,
Inc.) by spin-coating. The lipid-coated slides were subsequently
desiccated under vacuum for at least 3 h to ensure removal of
residual solvent. Polydimethylsiloxane (PDMS) spacers (5 mm
thickness) were fabricated using SYLGARD 184 Silicone Elas-
tomer Kit (Dow Chemical Company) with a 10:1 base-to-curing
agent ratio. The mixture was degassed under vacuum, poured
into molds, and cured at 60°C for 3 h. After curing, the
PDMS slabs were cut to match the dimensions of the glass
slides.

Electroformation chambers were assembled by sandwiching two
ITO-coated slides face-to-face with the PDMS spacer positioned
between them. The chamber was filled with pure water and
secured with clamps. Electroformation was performed by apply-
ing a sinusoidal electric field at 1 V/mm and 10 Hz for 4.5 h
at 45 degrees using a function generator. GUVs formed with
the electroformation process were imaged using fluorescence
microscopy (Figures S3 and S4) for samples containing lissamine
rhodamine B sulfonyl (Rhod-PE 18:1, Avanti Polar Lipids, Inc.)
as a fluorescent lipid marker (typically 0.5-1 mol%), and phase
contrast microscopy for unlabeled samples.

For the vesicle fusion process, surface-modified gold substrates
were copiously rinsed with deionized water and dried under
vacuum. The dried substrates were then placed in small glass
vials, and the GUV suspension was slowly injected into each vial.
The vials were sealed and incubated at 20°C, 45°C, or 60°C for
3 h to promote vesicle rupture and fusion onto the gold surface.
Following incubation, the gold substrates were carefully removed
from the vials and gently rinsed with deionized water using
indirect flow to avoid direct spray onto the surface. The rinsed
substrates were then desiccated under vacuum prior to subse-
quent measurements. For direct visualization of vesicle rupture
and supported bilayer formation, surface-treated glass coverslips
were used in place of gold substrates. The adsorption process
was monitored in real-time using fluorescence microscopy, which
allowed observation of vesicle adhesion, rupture, and fusion on
the surface.

4.2 | Contact Angle Measurements

Contact angle measurements were performed to determine the
surface wetting properties under different conditions. Static water
contact angles were measured using a Ramé-Hart Model 250
contact angle goniometer via the sessile drop method. For each
sample, ten measurements were performed over different regions
and averaged to determine statistical mean values.

4.3 | ATR-FTIR

Attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy was performed using a Thermo Nicolet
iS50 FTIR to evaluate the chemical composition of the assem-
bled layer. For pure lipid samples, a solution containing lipid

molecules was first deposited onto the ATR crystal, and the
solvent was allowed to fully evaporate. ATR-FTIR analysis
was then performed on the dried lipid molecules on the sur-
face. For measurements involving gold substrates, the substrate
surfaces were pressed directly onto the ATR crystal for data
collection.

4.4 | Atomic Force Microscopy

Atomic force microscopy (AFM) was employed to characterize
both the surface morphology and assembled layer thickness.
Surface topography measurements were performed in tapping
mode using an Asylum Research MFP-3D AFM equipped with
Tap300Al-G probes. To determine the layer thickness, a 1 um?
central region was scratched using the AFM tip. Prior to scratch-
ing, the cantilever spring constant was calibrated to ensure
accurate force control. As a control experiment, a normal force
of 200 nN was applied to a bare Au substrate, confirming that
this load did not induce damage to the gold surface (Figure
S5). Subsequently, the films were locally removed under contact
mode by applying a constant force of 100 nN. The resulting
height step between the scratched and unscratched regions
was visualized by extracting line profiles across the boundary.
For quantitative thickness determination, height histograms
were generated from topography data and analyzed by fitting
two Gaussian distributions, corresponding to the exposed Au
surface and the intact lipid layers. The thickness was deter-
mined from the separation between the two Gaussian peak
positions.

4.5 | Preparation of Gold Electrode Surfaces

We used template-stripped gold (Au™) substrates for self-
assembly owing to the exceptional flatness of these surfaces (RMS
roughness ~0.4 nm over a 5 um X 5 um area scan). Au™ substrates
were fabricated from clean silicon wafers. The Si wafers were first
subjected to a standard cleaning procedure involving sequential
sonication in isopropyl alcohol, acetone, and isopropyl alcohol
again, each for 15 min. Subsequently, a 200 nm gold layer was
deposited onto the Si wafer using electron-beam evaporation at a
rate of 0.5 A s™'. A droplet of Norland 61 optical adhesive was then
deposited onto the gold surface, followed by pressing a cleaned
glass strip onto the adhesive. After UV curing, the gold layer was
firmly bonded to the glass support. Immediately prior to lipid
deposition and self-assembly, the glass strip was gently striped
away from the Si wafer. Because of the inherently weak adhesion
between gold and silicon, this process exposes the gold surface
that was in contact with the Si template. The resulting exposed
surface is atomically smooth and provides an ideal platform for
high-quality self-assembled layers.

Prior to lipid assembly, we first formed a poly-D-lysine (PDL)
self-assembled monolayer on Au™ substrates by immersing the
freshly prepared Au™ in a PDL solution (0.1 mg mL~! in
PBS). The thin PDL coating significantly reduced the surface
hydrophobicity of gold. After incubation at room temperature
for 1 h, the sample was removed and thoroughly rinsed with
deionized (DI) water to eliminate excess PDL molecules. The
resulting PDL layer was determined to be ~0.9 nm in thickness.
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The film was then dried under a gentle stream of nitrogen and
further dried under vacuum.

For vesicle fusion, PDL-functionalized gold surfaces were
immersed in a vesicle suspension prepared via electroformation.
The incubation was carried out at the target temperature for 3 h
to ensure complete surface coverage through vesicle fusion. After
incubation, the sample was gently rinsed with excess DI water to
remove any multilamellar aggregates, followed by drying under a
nitrogen stream and subsequent vacuum drying for at least 12 h.

4.6 | EGaln//Self Assembled Layer//AuTS
Measurement

Electronic measurements were performed using a two-electrode
configuration as previously described [35]. Au™ served as the
bottom electrode, whereas conical tips of eutectic gallium-indium
(EGaln) alloy liquid metal were used as the top contact. The
experimental setup was constructed on a vibrationally isolated
optical table (Newport) to minimize mechanical instabilities.
Liquid metal manipulation and contact establishment were exe-
cuted using a Zaber motorized translation stage, which offers a
resolution down to 0.03 um/s.

Capacitance measurements were performed using a BK Precision
891 LCR meter in a four-wire configuration, with a 0.5 V AC
excitation at 10 kHz. The measurements were conducted in
the parallel (Cp-Rp) mode, which is most suitable for high-
resistance dielectric films. Lipid assembled layers exhibit low
leakage currents and behave as nearly ideal capacitors with
a small parallel leakage resistance; thus, the Cp model pro-
vides an accurate description of the electrical response. For
each sample, approximately 20 independent contact points were
probed, and the capacitance (Cp) was recorded. A digital camera
was used concurrently to image each contact event, and the
captured images were analyzed to determine the effective contact
cross-sectional area. These values were subsequently used for
quantitative capacitance-area analysis.

To determine an appropriate measurement frequency, we per-
formed frequency-dependent scans of Cp as shown in Figure
S3. The capacitance exhibited a slight decrease with increasing
frequency, consistent with the expected dielectric dispersion of
molecular films: at low frequencies, slow polarization processes
such as dipolar reorientation and interfacial charge accumulation
contribute to a higher apparent permittivity, whereas at higher
frequencies, only the faster electronic and atomic polariza-
tions can respond, resulting in a lower effective capacitance.
A frequency of 10 kHz was chosen to ensure stable measure-
ments while retaining sensitivity to organic molecule dipolar
and interfacial polarization processes that diminish at higher
frequencies.

Breakdown voltage measurements were carried out using a
Keithley 1602B source-measure unit (SMU). After establishing
electrical contact, the voltage was linearly swept from 0 to 6 V
with a step size of 0.01 V and a dwell time of 0.005 s per step. The
breakdown voltage was identified as the point at which a sudden
increase in current was observed, indicating dielectric failure of
the film.
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