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ABSTRACT: Understanding the interplay between lipid assemblies and solid
supports is crucial for advancing model membrane systems and biomedical
applications. This study investigates the interfacial behaviors of unilamellar and
multilamellar cationic liposomes on silicon dioxide and their interactions with a
membrane-active AH peptide. Using QCM-D monitoring, unilamellar liposomes
were found to rapidly form SLBs through one-step adsorption kinetics, whereas
multilamellar liposomes exhibited slower adsorption. Further addition of liposomes
caused fusogenic interactions with SLBs, where multilamellar liposomes formed
more rigid lipid membranes. Upon AH peptide exposure, unilamellar-based lipid
membranes showed higher susceptibility to structural transformations, achieving
complete SLB formation, while multilamellar-based lipid membranes displayed
reduced sensitivity and retained residual viscoelastic components, indicative of incomplete SLB formation. These findings
underscore the significant influence of liposome lamellarity on their interfacial dynamics and peptide interactions, crucial for
designing effective lipid-based delivery and sensing systems.

■ INTRODUCTION
Understanding the complex interplay between lipid assemblies
and solid supports is crucial for comprehending the molecular
dynamics of lipid bilayers and advancing model membrane
systems like intact vesicle platforms and supported lipid
bilayers (SLBs).1−5 These interfacial insights into lipid
assemblies not only shed light on fundamental biological
processes at cellular membranes but also find practical
applications in medical diagnostics, drug screening, and
molecular interactions with biomolecules.6−9

Investigations in this field have extensively employed
surface-sensitive techniques such as quartz crystal micro-
balance (QCM), surface plasmon resonance (SPR), atomic
force microscopy (AFM), and total internal reflection
fluorescence microscopy (TIRFM).2,10−13 Among these,
QCM presents notable benefits as a biosensor due to its
compact and affordable instrumentation, high stability, and
ability to provide real-time monitoring.14−16 Recent advance-
ments in QCM technology have further enhanced its
capabilities. For instance, Murata et al. developed uniformly
stacked flat DNA nanofilms on QCM sensors using the laser
molecular beam deposition (LMBD) method, which outper-
forms DNA thin films fabricated by conventional spin
coating.17 Similarly, Zhou et al. created a wireless micro-
electromechanical systems (MEMS) QCM biosensor with an

improved signal-to-noise ratio by embedding metallic micro-
pillars through the glass substrates.18 Additionally, the quartz
crystal microbalance with dissipation monitoring (QCM-D)
technique has proven valuable due to its high sensitivity to
both mass changes and the viscoelastic properties of adsorbed
layers, demonstrating its capabilities for investigating liposome
adsorption, transformation, and biomolecular interactions on
various substrates.19,20

The adsorption dynamics of liposomes onto solid substrates
are influenced by various parameters, including lipid
compositions,21 temperature,22 osmotic pressure,23 liposome
size,5 and substrate properties.2,24,25 These thermodynamic
factors intricately govern the liposome−liposome and lip-
osome−substrate interactions, controlling whether liposome
adsorption occurs and, if so, whether the liposomes remain
intact or undergo rupture. Nevertheless, the outcome of
liposome adsorption is largely determined by the nature of the
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surfaces.26,27 Under physiological conditions (e.g., pH 7.4),
zwitterionic liposomes tend to self-assemble and form SLBs on
substrates like glass, silicon oxide, and mica.2,28 Conversely,
when adsorbed on gold and titanium oxide, they remain intact
without rupturing.24,29 In support of this, Groves et al.
demonstrated that certain oxide substrates serve as barriers
to the SLB formation.30,31 Additionally, Jackman et al.
discovered that altering the pH or changing the solvent can
modulate the hydration force on aluminum oxide, significantly
impacting liposome adsorption and the formation of SLBs on
this substrate.3 On many substrates, silicon dioxide (SiO2), by
its hydrophilicity, optical transparency, and prevalence in
electronics fabrication, is a commonly employed substrate for
such investigations.3,10,25 Previous research has demonstrated
that modification of the membrane charge in liposomes by
incorporating cationic or anionic phospholipids can alter the
interaction between liposomes and SiO2 surfaces, which
subsequently affects the kinetics of SLB formation.7 Biswas
et al. further elucidated that the solution pH and the
membrane surface charge significantly influence liposome
adsorption behavior on SiO2 by modulating the electrostatic
and interfacial forces involved.32 These studies underscore the
pivotal role of membrane charge in governing the interfacial
behaviors of liposomes.
Cationic liposomes, characterized by their positively charged

lipid constituents, have emerged as a promising platform for
various applications, including drug delivery, gene therapy, and
surface modification.33−35 For example, cationic liposomes
utilizing the positively charged 1,2-dioleoyl-3-trimethylammo-
nium-propane (DOTAP) lipid have been demonstrated for the
ability to produce lipid bilayer coating on silica nano-
particles.36,37 Moreover, cationic liposomes can form com-
plexes with nucleic acids via electrostatic interactions and
facilitate successful cellular delivery through membrane fusion
by combining with fusogenic neutral lipids such as 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE).38,39

Conventionally, cationic liposomes are prepared through
extrusion or sonication techniques, resulting in predominantly
unilamellar structures.40,41 However, recent advancements in
fabrication methods have introduced new possibilities to
produce liposomes with unique attributes.42 Notably, we
have developed the liposome under cryoassembly (LUCA)
cycle as a transformative technique that generates distinct
cationic liposomes characterized by highly concentric multi-
lamellar structures.43 Such unique lamellar structure of
liposomes can impact their adhesion to solid supports, as
demonstrated that freeze−thaw pretreatment on zwitterionic
liposomes facilitates the formation of planar bilayers on silicon
oxide by encouraging the formation of unilamellar structures,
irrespective of liposome size.44 Consequently, the specific
multilamellar architecture of cationic liposomes generated by
the LUCA cycle may notably affect their interfacial
interactions, which necessitates future investigation.
In this context, this study aims to compare the interfacial

dynamics of both unilamellar and multilamellar cationic
liposomes on SiO2 and their interactions with the mem-
brane-active peptide. Initially, the liposome formulation with
distinct sizes and structures was assessed via dynamic light
scattering (DLS) and cryogenic electron microscopy (cryo-
EM). Subsequently, we employed a QCM-D instrument to
monitor the adsorption and structural changes of liposomes on
the SiO2 surface in real time. Lastly, we investigated the
interaction of these liposomes adhered to the SiO2 surface with

a membrane-active α-helical (AH) peptide, originating from
the N-terminal amphipathic helix of the hepatitis C virus
(HCV) NS5A protein and known for its ability to induce SLB
formation by destabilizing adsorbed liposomes.24,45 The AH
peptide has been applied to various liposomes, including those
containing cationic, anionic, and other biologically relevant
lipids.46,47 While the outer layer on multilamellar liposomes
was revealed to be more prone to rupture by the AH peptide
compared to unilamellar structures,48 a deeper understanding
of these interactions, particularly with positively charged
multilamellar membranes, remains elusive. Therefore, the AH
peptide was employed to modulate the structural dynamics of
adhered cationic liposomes, and their interaction dynamics
were comparatively explored.

■ EXPERIMENTAL SECTION
Reagents. 1,2-Dioleoyl-3-trimethylammonium-propane (chloride

salt) (DOTAP) and 1,2-di(9Z-octadecenoyl)-sn-glycero-3-phosphoe-
thanolamine (DOPE) dissolved in chloroform were obtained from
Avanti Polar Lipids (Alabaster, AL). High-purity (96%) AH peptide
(SGSWLRDVWDWICTVLTDFKTWLQSKL-NH2) was synthesized
by AnaSpec Corporation (Fremont, CA, USA). The lyophilized
peptide was weighed and solubilized in deionized water to prepare a
highly concentrated stock concentration (2 mg/mL). The molar
concentration of the peptide was determined by absorbance
measurements at 280 nm wavelength, and a Boeco-S220 spectropho-
tometer (Boeco, Hamburg, Germany) was used for the experiments.49

The peptide concentration was 13 μM for all experiments in this
study based on previous work that reported vesicle rupture in this
peptide concentration range (13−15 μM).24,45 The aqueous buffer
used in all experiments was 10 mM tris(hydroxymethyl)-amino-
methane (Tris) buffer containing 150 mM NaCl (pH 7.5), prepared
using Milli-Q water (Millipore Sigma, Burlington, MA).
Liposome Preparation. Liposomes with net positive charge were

fabricated by thin-film hydration, followed by extrusion or a LUCA
cycle. First, the appropriate amounts of long-chain cationic DOTAP
and neutral DOPE lipids in chloroform were added to a glass vial, and
the solvent was evaporated by gentle drying under a stream of
nitrogen gas and subsequent incubation in a vacuum desiccator
overnight. Next, the dried lipid film was hydrated in Milli-Q-treated
water or UltraPure DNase/RNase-free distilled water (Thermo Fisher
Scientific, Waltham, MA) by vortexing. To prepare unilamellar
liposomes, the resulting suspensions were extruded using track-etched
polycarbonate filter membranes with a 400 nm diameter. To prepare
multilamellar liposomes, the hydrated suspensions were subjected to
five LUCA cycles, involving the following steps: (1) submerse in
liquid nitrogen for 1 min, (2) thaw in a 60 °C water bath for 5 min,
and (3) vortex for 30 s. The DOTAP and DOPE concentrations were
fixed at 10 mM unless stated otherwise. Immediately before the
QCM-D experiment, an aliquot of the stock lipid suspension was
diluted 20-fold using the Tris buffer. The final DOTAP and DOPE
concentrations in QCM-D were 0.25 mM, respectively.
Dynamic Light Scattering (DLS) Measurements. The size

distribution was investigated using a 90Plus particle size/ζ PALS
analyzer (Brookhaven Instruments Corporation, NY). For size
distribution analysis, measurements were based on DLS at a scattering
angle of 90° to minimize the reflection effect. The autocorrelation
function was analyzed using the non-negative least-squares (NNLS)
method. The NNLS method was utilized to generate the intensity-
weighted curve of the liposome size distribution, and the
polydispersity index (PDI) was calculated by (width/mean)2 for
each population. To transform these intensity-weighted diagrams into
number-weighted size distributions, one must account for the
liposome mass as a function of the size. While this relationship is
well-established for unilamellar liposomes, it is often uncertain for
partially or predominantly multilamellar liposomes due to uncharac-
terized lamellarity. Consequently, we present only the original
intensity-weighted size distribution curves. It is important to note
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that in these curves the contribution of liposomes increases
significantly with their size. Therefore, the actual relative proportion
of larger liposomes is much smaller than that of their representation in
intensity-weighted curves.
Cryogenic Electron Microscopy (Cryo-EM). To prepare

samples for cryo-EM imaging, lacey carbon-coated 300 mesh copper
grids (Electron Microscopy Sciences, Hatfield, PA) were glow
discharged. Four microliters of sample solution was deposited onto
a grid at 100% humidity, blotted with filter paper (2 s blotting time, 0
blot force), and plunged into liquid ethane (Vitrobot, FEI Company).
Cryogrids were imaged by using a FEG 200 keV transmission electron
microscope (Arctica, FEI Company) equipped with a direct electron
detector (Falcon II, FEI Company). Images were recorded at a
nominal 53 000× magnification with an integration time (exposure
time) of 1 s.
Quartz Crystal Microbalance with Dissipation Monitoring

(QCM-D). QCM-D experiments were conducted by using a Q-Sense
E4 instrument (Biolin Scientific AB, Stockholm, Sweden). The
quartz-crystal sensor chips had a fundamental frequency of 5 MHz,
and the sensor surface had a 50 nm thick sputter-coated silicon
dioxide layer. Before the experiment, the sensor chips were
successively rinsed with 1% (w/v) sodium lauryl sulfate (SDS)
solution, deionized water, and 95% ethanol, dried under a flow of

nitrogen gas, and then treated in an oxygen plasma chamber (PDC-
002, Harrick Plasma, Ithaca, NY) for 1 min. The temperature of the
QCM-D chambers was maintained at 25 °C. All solutions were added
under continuous flow conditions by using a peristaltic pump (Reglo
Digital MS-4/6, Ismatec, Wertheim, Germany) at a flow rate of 50
μL/min. The Q-Soft software package (Biolin Scientific AB) was used
to collect data at multiple odd overtones. Data processing was
performed using Q-Tools (Biolin Scientific AB) and OriginPro
(OriginLab, Northampton, MA) software programs.

■ RESULTS AND DISCUSSION
Fabrication of Unilamellar and Multilamellar Cationic

Liposomes. We first characterized the biophysical properties
of cationic liposomes fabricated using two different methods:
extrusion and the LUCA cycle. Figure 1A illustrates the
liposome preparation methods and expected structural differ-
ences between the unilamellar liposomes generated via
extrusion and the multilamellar liposomes formed through
the LUCA cycle. We chose extrusion as it is a conventional
technique for generating unilamellar liposomes with mono-
disperse size distribution.40 Conversely, the LUCA cycle was

Figure 1. Fabrication of unilamellar (UL) and multilamellar (ML) cationic liposomes. (A) Schematics illustrating the methods for liposome
fabrication with the chemical structures of the lipids utilized in this study. DOTAP is a permanently charged monocationic lipid, and DOPE is a
neutral helper lipid promoting membrane fusion. UL was produced by extrusion through 400 nm pores, while ML was fabricated through five
LUCA cycles, which is a precisely controlled freeze−thaw-based method. (B) Representative size distribution curves obtained from DLS in
intensity-weighted mode for cationic liposomes treated with different numbers of LUCA cycles. (C) Effects of LUCA cycles on the mean diameter
and polydispersity index of large-sized populations for cationic liposomes (n = 6, mean ± SD). The shaded gray area denotes the liposomes
containing multiple size populations. (D) Mean diameters of UL and ML and (E, F) representative cryo-EM micrographs illustrating structural
differences between them.
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applied to form the concentric multilamellar morphology in
DOTAP/DOPE cationic liposomes, as demonstrated in our
previous study.43 For the lipid composition of the cationic
liposomes, DOTAP and DOPE lipids were selected as the
DOTAP/DOPE system has been commonly used for various
applications.39,50

Upon hydration after thin-film formation, DLS analysis of
cationic liposomes exhibited a broad size distribution with
multimodal peaks at approximately 123, 345, and 815 nm,
indicative of a heterogeneous population (Figure 1B).
However, subjecting the liposomes to the LUCA cycle led to
significant changes in the size distribution. After 1 cycle, the
liposomes displayed two distinct peaks at 201 and 666 nm,
suggesting that the LUCA cycle can effectively partition
heterogeneous liposome populations into more defined size
classes, albeit still exhibiting multiple degrees of size variability.
Further refinement through 3 LUCA cycles resulted in a shift
of the peaks to 141 and 520 nm, indicating that the repeated
LUCA cycles promote the size reduction of liposomes. In
addition, the size distribution of liposomes became more
uniform by selectively concentrating the populations around
520 nm. Finally, after 5 LUCA cycles, the size distribution of
the liposomes converged into a single peak at approximately
348 nm. This significant narrowing of the size distribution peak
underscores the efficacy of the LUCA cycle in producing more
homogeneous liposomes, which is crucial for applications
requiring precise control over liposome dimensions and
uniformity.
A similar trend was observed in the changes in average

diameters and polydispersity index (PDI) in large liposome
populations over the LUCA cycles (Figure 1C). Although the
liposomes treated with from 0 to 3 LUCA cycles exhibited
multimodal population distributions, the average diameters
and PDI values of the largest size population can offer
straightforward and valuable insights into their changes in
response to the LUCA cycles.51 Initially, the average diameter
of cationic liposomes reduced from 810 ± 80 nm to 670 ± 50
nm in this population, accompanied by a decrease in PDI from
0.30 to 0.04 after 1 LUCA cycle, indicating the effect of the
LUCA cycle on narrowing size distribution. While 1 LUCA
cycle reduces the overall size distribution, it is important to
note again that this process results in the partitioning of
liposome populations into a multimodal distribution, as
indicated by an increase in the relative error of the average
size from 0.078 to 0.097 and illustrated by the distinct
multimodal peaks observed in Figure 1B. The smaller
population, approximately 201 nm, also displayed a narrow
distribution with a PDI of 0.03, demonstrating the distinct size
partitioning in well-defined size characteristics promoted by
the LUCA cycle. Further treatments with up to 4 LUCA cycles
induced a decrease in the average diameter of liposomes to 350
± 20 nm with a uniform size distribution, evidenced by a PDI
of 0.04. The decrease in mean diameter observed may be
attributed not only to the overall reduction in the size of the
majority of liposomes but also to a transition of some
liposomes from larger to smaller size distributions, as depicted
in Figure 1B. Given the importance of liposome size
distribution in pharmaceutical fields, the uniform size
distribution observed here provides a notable benefit, position-
ing the LUCA cycle as an effective method for creating lipid-
based delivery systems.43 Further LUCA cycles did not affect
the average diameter or PDI of the liposomes. Based on these
findings, 5 LUCA cycles were selected for further comparative

analysis with the liposomes prepared by extrusion to
investigate the structural differences of cationic liposomes.
The 400 nm extruded unilamellar liposomes (termed “UL”)

exhibited an average diameter of 220 ± 9 nm, while 5 LUCA
cycled liposomes (termed “ML”) showed a larger average
diameter of 344 ± 15 nm (Figure 1D). Cryo-EM analysis
revealed that UL consisted of unilamellar structures,
demonstrating that the extrusion process effectively disrupted
the multilamellar configurations in hydrated liposomes and
resulted in the formation of relatively homogeneous uni-
lamellar liposomes (Figure 1E). In contrast, the ML displayed
a highly concentric multilamellar structure (Figure 1F). It is
important to highlight that ML showed a distinctive onion-like
architecture together with monodisperse size distribution. The
formation of this distinctive structure might be influenced by
the interactions of significant electrostatic charges in cationic
lipids and external environments resulting from repeated phase
transitions.52,53 However, further investigation is necessary to
fully comprehend this phenomenon. Collectively, these
findings demonstrate that cationic liposomes with unilamellar
and multilamellar structures can be successfully formulated by
extrusion and the LUCA cycle, respectively.
Interfacial Behaviors of Unilamellar and Multilamel-

lar Cationic Liposomes onto SiO2. Next, we investigated
the interfacial behavior of UL and ML on SiO2 using QCM-D
monitoring. QCM-D provides label-free detection of surface-
specific kinetic analysis by measuring changes in resonance
frequency (Δf) and energy dissipation (ΔD) in real-time,
reflecting the mass and viscoelastic properties of the adsorbed
layers, respectively. Therefore, this technique has been widely
used to study the surface interactions of liposomes on solid
surfaces.25,54,55

Upon injecting ULs onto SiO2 (t = 7 min), the ULs were
rapidly attached to the surface within 2 min, showing Δf
changes of approximately −26 Hz (Figure 2A) and ΔD
changes less than 1 × 10−6 (Figure 2C) (marked as step I). All
overtones (n) exhibited similar value changes in step I (Figure
S2A,C), demonstrating the formation of supported lipid
bilayers (SLBs) while minimizing the adhesion of intact
liposomes.19,56 During SLB formation, ULs exhibited one-step
adsorption kinetics and ruptured immediately upon adsorp-
tion, due to strong electrostatic forces between highly
positively charged liposomes and negatively charged surface
at pH 7.5 (marked as step I).57,58 Once the SLBs were formed
and additional ULs were introduced further, a significant
decrease in Δf and an increase in ΔD were observed, along
with the overtone-dependent signal changes in step II. Even
though steps I and II were not sharply separated because of the
continuous addition of liposomes, these changes suggest that
extra ULs were either attached to or fused with the lipid
bilayers, creating soft layers with viscoelastic properties due to
the solvents within the intact/hemifused liposomes.20

Although electrostatic repulsion is expected between the
cationic SLBs and liposomes due to the positively charged
DOTAP lipid, the intercalation behavior of ULs into SLBs
appears to be facilitated by the presence of the fusogenic
DOPE lipid. DOPE promotes membrane fusion by stabilizing
negatively curved membrane surfaces, which are essential for
the formation of fusion intermediates such as stalks and
hemifusion states.59,60 These intermediates are critical steps in
the membrane fusion process, allowing ULs to integrate into
the SLBs effectively, despite the electrostatic barriers posed by
DOTAP. Consequently, mass uptake, observed by a decrease
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in Δf changes, reached saturation at approximately −79.6,
−65.3, −55.9, −49.2, and −46.2 Hz for n = 3, 5, 7, 9, and 11,
respectively. The increase in ΔD changes reached equilibrium
at approximately 18.1 × 10−6, 16.5 × 10−6, 14.8 × 10−6, 12.9 ×
10−6, and 10.7 × 10−6 for n = 3, 5, 7, 9, and 11, respectively.
Similar to ULs, MLs exhibited one-step adsorption behavior

to form SLBs, as evidenced by the observed Δf changes of
approximately −26 Hz (Figure 2B), and ΔD changes less than
1 × 10−6 (Figure 2D). However, the adsorption kinetics of
MLs were notably slower compared to that of ULs (Figure
S2B,D). This suggests that the multilayered structure of MLs
requires more time to rupture and form SLB, in contrast to the
unilamellar lipid membrane of ULs. The larger size of MLs
might partially contribute to this effect, as larger liposomes
experience greater steric hindrance, causing slower attainment
of critical coverage of adsorbed liposomes compared to smaller
liposomes.61 Furthermore, the addition of extra MLs did not
induce significant changes in Δf and ΔD during step II. This
behavior can be attributed to the inherent rigidity of

multilamellar lipid bilayers,62,63 where the rigid structure of
MLs likely leads to minimal changes in f and ΔD upon fusion
into the SLBs, as well as a slower rupture process for SLB
formation.
To further analyze the interfacial behaviors of ULs and MLs,

we plotted time-independent Δf−ΔD curves based on the
QCM-D measurements. The Δf values were plotted inversely
on the x-axis to reflect a mass increase, while the ΔD values
were plotted directly on the y-axis to represent changes in
viscoelasticity. For ULs, the adsorption profile in step I
exhibited a gentle slope for all overtones, likely because of the
one-step adsorption and simultaneous rupture process to form
SLBs (Figure 3A). MLs showed a slope similar to that of ULs
in step I, demonstrating SLB formation by one-step adsorption
kinetics (Figure 3B). In stage II, fusion-like behaviors were
evident, characterized by a steeper and overtone-dependent
slope compared to stage I for both ULs and MLs, suggesting a
progressive structural transformation. The significant changes
in Δf and ΔD intimate the presence of hemifused, not fully
ruptured liposomes on SLBs for both ULs and MLs.
Two significant differences were noted between ULs and

MLs at this stage. First, UL interactions with SLBs resulted in a
considerable increase in both bound mass and viscoelasticity,
as reflected by larger changes in Δf and ΔD, respectively,
compared to MLs. This implies that ULs create soft, dynamic
layers through membrane fusion, while MLs form more rigid
structures due to the rigid multilamellar configuration, leading
to smaller Δf and ΔD changes. Second, although the overall
changes in Δf and ΔD were smaller for MLs, they exhibited a
greater slope compared to that for ULs. This indicates a higher
viscoelastic contribution of the adsorbed MLs relative to their
mass, suggesting that MLs induce a faster structural trans-
formation of the lipid membrane, likely due to their fusion
behavior. This rapid fusion induced by the multilamellar
structure of MLs has potential applications in drug delivery and
sensing systems, warranting further investigation to fully
understand the mechanism.
In summary, ULs create soft layers through fusion-like

interactions with SLBs, whereas MLs, due to their inherent
rigidity, form more stable and rigid structures. A hypothetical
model illustrating their interactions with SiO2 is presented in
Figure 3C.
Interactions Dynamics between Cationic Liposomes

on SiO2 and Membrane-Active AH Peptide. To gain
deeper insights into the impact of lamellar structures in
cationic liposomes on biomolecular interactions, we employed
the membrane-active AH peptide on cationic membrane

Figure 2. Adhesion of UL and ML onto the silicon dioxide surface.
QCM-D tracked the change of resonance frequency for (A) UL and
(B) ML adhesion and energy dissipation for (C) UL and (D) ML
adhesion as a function of time from the 3rd to 11th overtone (n). The
stable baseline in the buffer solution was first established, followed by
the introduction of the liposomes into the measurement chamber at
around t = 7 min. A washing step with the buffer solution was then
conducted at around t = 37 min. I and II represent the one-step
bilayer formation and further membrane fusion, respectively.

Figure 3. Frequency−dissipation (Δf−ΔD) plot for the (A) UL and (B) ML adhesion onto the silicon dioxide surface from the 3rd to 11th
overtone (n), on the basis of the QCM-D experimental data from Figure 2. (C) Schematics illustrating the adhesion procedure of cationic
liposomes onto silicon dioxide: (I) one-step lipid bilayer formation; (II) membrane fusion onto the bilayer promoted by fusogenic DOPE lipid.
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surfaces formed by ULs and MLs (Figure 4A). The AH
peptide has been known for its capability to disrupt the lipid

envelopes of virus particles due to its amphipathicity (Figure
S1).45,64 Its membrane-active properties have been extensively
studied in synthetic lipid membranes, where its distinctive
characteristics facilitate the destabilization and rupture of
adsorbed liposomes on solid supports, leading to the formation
of planar lipid bilayers.20,24 However, the interaction of the AH
peptide with highly concentric multilamellar liposome
structures remains unexplored.
Upon the addition of the AH peptide to the UL-derived

lipid membranes (arrow 1), the initial binding of the AH
peptide was observed, as indicated by the decrease in Δf
(Figure 4B). This Δf shift is attributed to the peptide
adsorption onto the liposomes and subsequent uptake in the
hydrodynamically coupled solvent.24,27 Following this, signifi-
cant structural changes in the liposomes were detected,
culminating in their rupture reflected by the Δf changes to
approximately −26 Hz across all overtones. Consequently, the
AH peptide induced a structural transformation of the adhered
UL-based lipid membranes, leading to the formation of
complete SLBs.
In contrast, ML-based lipid membranes exhibited a less

sensitive response to the AH peptide injection, as reflected by
the smaller Δf changes compared to those of UL-based lipid
membranes (Figure 4C). This implies that multilamellar

configurations are less susceptible to structural transformation
by AH peptide. Ultimately, ML-based lipid membranes
displayed overtone-dependent Δf shifts with additional mass
uptake than typical Δf values for SLBs (∼26 Hz),
demonstrating that unruptured liposomes remained with
coupled solvent even after AH peptide treatment.
The increase in hydration on lipid membranes following AH

peptide addition was also reflected in the corresponding
increase in ΔD shifts, but the changes in ΔD shifts were
significantly higher for UL-based lipid membranes than for
ML-based ones (Figure 4D,E). In UL-based lipid membranes,
the final changes in ΔD shifts were less than 1 × 10−6,
consistent with previously reported value for SLB formation.2

On the other hand, ML-based lipid membranes exhibited
higher final values in ΔD shifts, suggesting incomplete SLB
formations with unruptured liposomes.
To analyze the effect of lamellarity on the AH peptide-

mediated liposomal structural transformation, time-independ-
ent Δf−ΔD curves were plotted (Figure 5). We identified five

distinct interaction processes between the AH peptide and
liposomes, following (I) one-step lipid bilayer formation and
(II) membrane fusion (see Figure 3). The main stages of
interactions included (III) binding of AH peptide charac-
terized by an increase in bound mass and energy dissipation,
(IV) structural rearrangement of liposomes with a decrease in
loaded mass and an increase in energy dissipation until
reaching maximum value, (V−VII) liposome rupture and lipid
relaxation with decreases in mass and energy dissipation. The
interaction behaviors across these regimes were generally
similar for both UL and ML-based lipid membranes.
Specifically, in stage III, the AH peptide was initially bound

to the lipid membranes, as indicated by the increase in bound
mass and energy dissipation until reaching the maximum Δf
shift. These changes in Δf and ΔD were more pronounced in
UL-based lipid membranes, suggesting that AH peptide
binding and subsequent uptake of coupled solvent were
more favored in softer UL-based lipid membranes. In stage IV,
the liposomes on the lipid membranes underwent structural
transformation until reaching the maximum ΔD shifts, while
the bound mass decreased. These behaviors were generally
observed by liposome swelling, presumably until reaching a
threshold level.27,65 Again, the changes in ΔD in this stage
were less significant in ML-based lipid membranes, suggesting

Figure 4. Interaction between membrane-active AH peptide and
cationic liposomes adhered onto the silicon dioxide surface. (A)
Schematics illustrating the treatment of AH peptide onto the
absorbed cationic liposomes. QCM-D tracked the change of
resonance frequency for peptide interaction with (B) UL and (C)
ML, and energy dissipation for peptide interaction with (D) UL and
(E) ML adhesion as a function of time from the 3rd to the 11th
overtone (n). The peptide was introduced into the measurement
chamber at around t = 7 min (arrow 1), followed by washing with the
buffer solution at around t = 57 min (arrow 2). Note that the dashed
lines in the graphs indicate the frequency and energy dissipation
values associated with SLB formations.

Figure 5. Structural transformation of cationic liposome induced by
the AH peptide. The frequency−dissipation ( f−D) curves were
plotted for the (A) UL and (B) ML during the interaction between
AH peptide and lipid membranes onto the silicon dioxide surface
from the 3rd to 11th overtone (n), based on the QCM-D
experimental data from Figure 4. Solid arrows labeled III−VII refer
to five distinctly different processes during the whole measurement.
Green dashed circles refer to the final values at different overtones.
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that liposome swelling by the AH peptide was less preferred in
ML-based lipid membranes.
Once the ΔD shifts reached their maximum values, the

liposomes began to rupture in a stage (V). Notably, an
interesting phenomenon was observed during liposome
rupture for both UL and ML-based lipid membranes in stage
(VI), where the additional mass was slightly loaded while the
energy dissipation continued to decrease. Similar “zigzag”
patterns have been observed with other membrane-active
peptides.66,67 This behavior might be attributed to the peptide
insertion, with partial collapse of the lipid membrane. In this
case, the decrease in ΔD shifts was more pronounced in lower
overtones, indicating that the outer part of the lipid membrane
became more rigid.67 This is likely due to the rupture of the
hemifused liposomes rather than structural rearrangements of
pre-existing SLBs close to sensor surfaces. Consequently,
liposomes continued to rupture until a planar bilayer was
formed in a stage (VII) for UL-based lipid membranes.
However, stage VII did not progress to SLB formation for ML-
based lipid membranes (final values were marked as green dash

circles in Figure 5), indicating the presence of residual
viscoelastic components, presumably unruptured liposomes.
Taken together, AH peptide successfully facilitated SLB

formation in cationic lipid layers derived from liposomes with
unilamellar structures but not from liposomes with multi-
lamellar structures. The lamellar structures in liposomes
significantly influenced the interaction dynamics with the AH
peptide, where UL-based lipid membranes exhibited higher
susceptibility to AH peptide-induced structural transforma-
tions. These findings highlight the crucial role of lamellarity in
the interactions of liposomes with membrane-active AH
peptides. The overall interfacial behaviors of ULs and MLs
are depicted in Figure 6.

■ CONCLUSIONS
This study elucidated how the lamellar structures of cationic
liposomes influence their interfacial behavior on a silicon
dioxide substrate and interactions with membrane-active AH
peptides. QCM-D analysis demonstrated that unilamellar
liposomes rapidly formed SLBs through one-step adsorption
kinetics, whereas multilamellar liposomes exhibited slower

Figure 6. Schematic illustrations comparing the interfacial behavior of UL and ML on the silicon dioxide surface and their interactions with
membrane-active AH peptide. UL exhibited the formation of soft lipid layers with higher increases in mass and viscoelasticity, while ML formed
rigid lipid layers with smaller increases in mass and viscoelasticity. Upon binding with AH peptide, the UL-mediated lipid layers underwent
significant structural changes, resulting in complete bilayer formation, whereas the ML-mediated lipid layers experienced minor structural changes,
leading to incomplete bilayer formation.
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adsorption kinetics for SLB formations. Further addition of
liposomes caused fusogenic interactions with SLBs, where
multilamellar liposomes formed more rigid lipid membranes.
Upon interaction with the membrane-active AH peptide,
unilamellar-based lipid membranes displayed a higher suscept-
ibility to peptide-induced structural transformations, leading to
complete SLB formation. In contrast, multilamellar-based lipid
membranes showed less sensitivity to the AH peptide, with
residual viscoelastic components indicative of incomplete SLB
formation.
Our findings underscore the crucial influence of liposome

lamellarity on their interfacial dynamics and interactions with
membrane-active peptides, highlighting the importance of
structural characteristics in liposome applications. The differ-
ential behavior of unilamellar and multilamellar liposomes in
forming SLBs and responding to membrane-active peptides has
significant implications for the design and optimization of
lipid-based delivery systems. For instance, unilamellar lip-
osomes, with their rapid SLB formation and higher sensitivity
to structural transformations, could be advantageous for
applications requiring quick membrane fusion and the efficient
delivery of therapeutic agents. Conversely, the rigidity and
slower response of multilamellar liposomes might be beneficial
in applications where more stable and sustained release profiles
are desired such as in gene therapy or vaccine delivery.
Moreover, the ability to manipulate the structural configuration
of liposomes through techniques such as the LUCA cycle
opens new avenues for tailoring liposome properties to specific
biomedical applications. The insights gained from this study
could also inform the development of biosensors and
diagnostic platforms, where the dynamics of interaction
between lipid membranes and peptides or other biomolecules
are critical. Overall, this research provides a foundational
understanding that could drive innovation in various fields,
including drug delivery, gene therapy, biosensing, and beyond.
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