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Lipid bilayer-mediated spatiotemporal
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We employed intensity fluctuations of evanescent light scattering to probe spatiotemporal correlations
in the near-wall confined motion of microspheres on supported lipid bilayers (SLBs). Normalized cross-
correlation analysis revealed long-range, time-resolved correlations in particle—wall separation distances,
demonstrating that interfacial stress propagation can transmit mechanical signals across membrane
interfaces. The motion exhibited broadly corralled diffusion, with both the corral size and diffusion con-
stant confined to the nanoscale. This confinement could be further classified into fast and slow modes,
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with most diffusion constants residing in the slow regime, indicating that SLBs predominantly retard and
localize microsphere dynamics at the interface. Furthermore, a transition in the interbilayer interaction
profile—from bimodal to single-peak behavior—introduced a characteristic length scale and a kT-scale
energy barrier, underscoring the cooperative interplay between interfacial stress propagation and
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Introduction

Cellular membranes are fundamental to a wide range of
biological processes.'™ For instance, they serve as the outer-
most barrier, protecting the intracellular cytoplasm and orga-
nizing essential components such as genetic material. Within
cells, biomembranes enable compartmentalization into subcel-
lular organelles, supporting complex yet highly organized bio-
chemical activities. Notably, membranes also function as two-
dimensional (2D) platforms for critical cellular processes such
as signal transduction, by facilitating the lateral diffusion and
clustering of lipids, proteins, and other macromolecules.” This
diffusive behavior plays a key role in modulating reaction
kinetics and mediating intermolecular interactions, including
ligand-receptor recognition.”>”’

Among membrane properties, the viscosity of lipid bilayers
critically governs the length and time scales of diffusion-driven
processes.®® For 2D systems/interfaces, the effective viscosity #
can be quantitatively related to the diffusion constant D via the
Stokes-Einstein relation

D = ukgT oc n~ kgT (1)
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where p is a translational or rotational hydrodynamic mobility,
kg (or k) is the Boltzmann constant and T is the temperature. In
densely crowded membranes, microscopic inclusions often
exhibit slowed or anomalous diffusion, as revealed by lateral
mean squared displacement (MSD) measurements.'®'" This
behavior is typically characterized by a nonlinear time
dependence

(6*(A)) = 4D, A" with 0 < o < 1 (2)

where o is the anomalous diffusion exponent and D, is the
generalized diffusion constant of physical dimension m”> s
The decoupling of two distinct characteristic timescales in the
diffusional motion has been attributed to local heterogeneity
within cellular membranes.'”"* Specifically, the long-time
regime reflects the dynamics of the global continuous phase,
while the short-time regime captures local fluidity within
heterogeneous microdomains such as cholesterol-enriched
lipid rafts. Thus, anomalous diffusion across different time-
scales fundamentally arises from spatial heterogeneity under
2D confinement.

While lateral diffusivity on lipid membranes—including
planar and colloidal-supported lipid bilayers (SLBs and CSLBs,
respectively)—has been extensively characterized using single-
molecule and single-particle tracking techniques,'>™” far less is
known about how micro- and nanoscale carriers diffuse near
membrane surfaces and subsequently interact with or fuse into
the membranes, particularly in the normal direction when two
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lipid bilayers approach one another. A microscopic under-
standing of SLB approach, adhesion, spreading, and the for-
mation of negative curvature and hemifusion intermediates is
essential for elucidating the physical basis of cell-cell commu-
nication, endocytosis, and exosome transport, as well as for
advancing the development of liposome-based antitumor thera-
pies. Probing membrane interactions requires measurements
on well-controlled systems that closely mimic natural condi-
tions, where fluctuations play a critical role. Neutron and X-ray
scattering have been employed to investigate the interaction
potential between two lipid bilayers, where one adsorbed on a
solid surface and the other floating close by.'®'® Total internal
reflection microscopy (TIRM) has also been used to directly
quantify the kT-scale interactions between lipid bilayers by
monitoring the lateral diffusion and z-directional fluctuations
of SLB-modified colloids near membrane surfaces.>**! In addi-
tion, simulations provide powerful tools for probing biomolecu-
lar diffusivity, phase separation, membrane fusion, and vesicle-
membrane interactions.?*® Collectively, these approaches
underscore the central importance of membrane shape remodel-
ing during membrane-membrane interactions.

Importantly, lipid membranes are inherently non-planar,
exhibiting three-dimensional (3D) architectures such as cap-
like protrusions and bulged domains.>’ These micro- and
nanostructures, shaped by intrinsic curvature, offer unique
opportunities for membrane-mediated interactions. The
presence of such protrusions has been confirmed by 3D
single-particle tracking and confocal imaging.'®*%?® In parallel,
lipid membranes are quasi-2D materials with intrinsic hetero-
geneity and phase separation. Cholesterol-enriched lipid raft
domains are randomly embedded across the membrane sur-
face. Previous studies have shown that cholesterol modulates
the bending modulus of lipid bilayers, and membrane bending
is widely recognized as a critical early step in fusion
processes.”>*' Therefore, elucidating z-directional diffusivity
and transient local deformations during bilayer approach is
essential for understanding membrane shape remodeling and
the principles underlying interbilayer interactions.

In this study, we aim to elucidate—at least in part—the z-
directional diffusive behavior and interbilayer interactions that
arise when two lipid bilayers approach one another. To this
end, we employed a classical ternary lipid system composed of
saturated 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
unsaturated 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
and cholesterol at a fixed molar ratio of 3:1:1, supported on
3 um polymeric microspheres and planar glass substrates.
Using TIRM, a scattering-based technique,®*>* we imaged
fluctuations in the z-directional displacement of microspheres
near the interface, enabling quantitative extraction of diffusion
parameters and interbilayer interaction potentials (see Fig. 1).
Remarkably, we observed long-range correlations in the con-
fined motion of microspheres separated by distances exceeding
100 pm. Furthermore, we characterized the temporal evolution,
or aging, of both the correlated diffusivity and the interbilayer
potential energy over the course of the observation period. Our
results suggest that interfacial stress, membrane elasticity, and
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Fig. 1 Schematics for observing the z-directional diffusivity and interbi-
layer interaction by evanescent wave scattering-based microscopy. (a)
Principle of the total internal reflection microscopy (TIRM). (b) Spatial
distribution of microspheres (particles 1-7) on the surface of supported
lipid bilayer. Right panel: Interbilayer configuration.

dynamic remodeling play critical roles in facilitating the long-
range transmission of mechanical signals across cellular
membranes.

Experimental

Preparation of liposomes

We employed a ternary lipid mixture—1,2-dipalmitoyl-sn-gly-
cero-3-phosphocholine (DPPC, 99%, Macklin), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, >99%, Aladdin), and choles-
terol (>99%, Macklin)—as a model membrane system. Speci-
fically, 0.0100 g DPPC and 0.0035 g DOPC were weighed into a
reagent vial. Separately, 0.3867 g powdered cholesterol was dis-
solved in 1 mL of a mixed organic solvent (cyclohexane/ethanol =
19:1, v/v) to prepare a stock solution at 1 mmol mL~". A volume
of 4.45 pL of this cholesterol stock was added to the lipid mixture,
followed by 11.813 mL of the same mixed solvent. The solution
was sonicated to facilitate dissolution, yielding a liposome sample
with a final concentration of 2 x 10™* mmol mL " and a molar
ratio of 20%. To remove impurities, the solution was filtered three
times using a 0.22 um Nylon membrane.

Preparation of colloidal supported lipid bilayers

A volume of 12 pL of lipid solution was added to a sample vial
and dried under nitrogen to remove the organic solvent, form-
ing a lipid film with a transparent center and white edges.
Then, 100 mM NaCl was added, and the sample was sonicated
(5 min) to disperse the lipids in water. The mixture was
incubated in a 60 °C water bath for 1 h to form liposomes.
Subsequently, 1 puL of PS microspheres (3.1 um diameter, 8%
solids, Thermo Fisher Scientific) was added. After 30 min of
incubation, the sample was shaken for another 30 min to yield
lipid-coated PS particles (i.e., CSLBs). Upon heating above the
lipid phase transition temperature, lipid molecules became
more fluid and loosely packed, forming a liquid phase with
enhanced mobility.

Hydrophilic treatment of glass substrates

Glass slides (25 x 75 x 1 mm, Fisher Scientific) were immersed
in piranha solution (H,SO,/H,0, = 3:1, v/v) and treated for 2 h.
Afterward, they were rinsed with deionized water to remove
residual piranha solution. The slides were then cleaned three
times with deionized water and absolute ethanol, each followed
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by 15 min of sonication. Finally, the slides were dried under
nitrogen and treated with plasma for 5 min (PDC-002, Harrick
Plasma, USA).

Formation of supported lipid bilayers on glass substrates

Supported lipid bilayers were fabricated using the Langmuir-
Blodgett (LB) technique.*® After instrument calibration, the
prepared lipid solution was deposited onto the air-water inter-
face. Upon solvent evaporation and stabilization at ~1mN m™*
surface pressure for 30 min, the monolayer was compressed at
10 mm min~ " until the surface pressure reached 40 mN m™".
The first monolayer was transferred onto the glass substrate via
vertical lifting at 2 mm min ', The second monolayer was
prepared similarly and deposited by vertical immersion at
2 mm min~" using a PTFE trough, maintaining the bilayer in
an aqueous environment.

Principle of total internal reflection microscopy

The central of the technique of TIRM is the application of
evanescent wave, which allows it to measure kT-scale inter-
action between a colloidal microsphere and a flat transparent
surface with outstanding distance resolution in direction nor-
mal to the wall.**?*3%3 In principle, the evanescent wave or
field is generated by total reflection of a laser beam at an
interface of glass slide and solution. The intensity of scattering
light I exponentially decays with a separation distance /4 from
the interface, expressed as®*

1(h) = Iye "' (3)

where dj, is the penetration depth, expressed as
dy = }v/ [47: (ny sin 0)2—n22} (4)

where 4 is the laser wavelength, § is the incident angle, n; and
n, are the refractive indexes of prism (material: N-BK7) and
sample solutions (i.e., aqueous solutions), respectively.
Therefore, in a typical TIRM measurement, the separation
distance between the interface and the particle can be given by

eqn (3) as
1(h)
()
B

where I, is the maximum scattering intensity of the particles
that have reached the surface. Regarding the collection and
processing of the signal, a photomultiplier tube or a high-speed
charge coupled device is utilized for capturing the signal from
the scattering particles. Then, based on the Boltzmann statis-
tics, the particle-surface interactions can be calculated from
the position distribution of a fluctuating particle along the z
direction, given by**?*%3°

()

—¢(h)
p(h) = AcHT ©)

where A is a normalization constant related to the total number
of height observations, ¢ is the interaction potential, p(h) is the
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probability of finding a particle at a certain height, k is the
Boltzmann constant, and 7 is the temperature. Instead of
measuring an absolute value of the interaction potential, the
potential measured with TIRM is usually a comparative value,
given by

(7)(}1) B ¢(href) _ 1np(href)

KT () )

where A, is often chosen as A, which represents the separa-
tion distance with the lowest potential energy. By measuring
the number of times a particle samples each height during the
course of an experiment, a particle height histogram, n(#), can
be measured from the time dependent height fluctuations, i.e.,
h(t) — n(h). With a large enough number of observations to
ensure sufficient statistical sampling, n(h) can be considered a
good approximation of the probability density of heights, p(#).
The interaction potential at the separation distance where the
particle appears most frequently is recognized as the ‘zero’

point of the interaction curve, can be given by***%3°

d(h) — () _ 1/
™ (8)

TIRM-based measurement of inter-bilayer interactions

To measure inter-bilayer interactions using TIRM, a flow cell
was assembled with a 20% cholesterol-containing lipid-coated
slide. The air-exposed surface was cleaned with mixed solvent,
rinsed with ethanol and water, and dried under nitrogen.
Immersion oil was applied to the cleaned surface, and the slide
was tightly coupled to a 70° prism to avoid air bubbles. The flow
cell was placed on the microscope stage and connected to a
syringe pump. A 20 mL volume of 100 mM NaCl was injected to
replace ultrapure water in the cell. Cholesterol content on both
the slide and PS particles was varied to modulate system
conditions.

Lipid-coated PS particles (CSLBs) were loaded into a syringe
and introduced into the inverted flow cell. The sample was
washed with 20 mL of 100 mM NaCl at 1 mL min " After
washing, the flow cell was returned to its upright position to
begin imaging. Images were recorded in dynamic range mode
with gain set to 16-bit, ROI at 512 x 512 pixels and exposure
time of 10 ms (Kinetix22, Teledyne Photometrics Inc., US).
Seven spatially distinct particles were tracked, with a total of
30000 frames captured. Imaging was repeated every 20 min,
with the final time point at 80 min. The images were processed
based on the radial symmetry method under particle-tracking
framework using previously reported MATLAB program.*’

Results and discussion
Spatiotemporal correlation of confined motion

We first examined the spatiotemporal correlations in the
scattered intensity and height profiles of microspheres (parti-
cles 1-7, P1-7 in Fig. 2). A total of N=30000 images (512 x 512
pixels) were acquired at a sampling rate of 100 frames

This journal is © The Royal Society of Chemistry 2026
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per second, corresponding to an exposure time of 10 ms. To
mimic physiological conditions and screen electrostatic repul-
sion between lipid bilayers (zeta potential ~—50 mV), an
aqueous solution containing 100 mM NaCl was used—poten-
tially facilitating membrane fusion or remodeling.

Fig. 2a present representative z-directional trajectories over
time (see Fig. S1 for more trajectories). Upon injection, micro-
spheres rapidly settled onto the surface of the SLBs, where
interbilayer separations %, ranged from ~10 to 50 nm. Short-
timescale stochastic fluctuations (~200-400 ms) were confined
within a narrow range of ~2-3 nm (background noise <1 nm,
data not shown), consistent with lipid bilayer-mediated con-
finement. This strictly limited motion echoes findings from our
previous study involving SLBs under basic pH conditions.*'
Interestingly, beyond these small-scale fluctuations, we
observed transient displacements from the equilibrium posi-
tion. These events manifested as sudden, step-like “jumps” of
several nanometers, with dwell times ranging from 10 to
15 seconds or longer. Such behavior may arise from non-
specific interactions, potentially driven by microdomain-
induced affinity between the two bilayers.*>*?

Notably, we observed a striking correlation in the z-directional
displacements—particularly the step-like “jumps”— among the

a t=0 min

40 min

View Article Online
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seven microspheres of interest. These correlated motions were
not attributable to background vibrations, which were carefully
ruled out: no such correlation was detected on bare microsphere
surfaces or substrates lacking lipid membranes (Fig. S2). As
previously discussed, cholesterol increases the bending modulus
of cellular membranes and may also enhance the elasticity and
interfacial tension of the SLBs. This increased elasticity likely
facilitates interfacial stress propagation, enabling pulse-like
mechanical signals to be transmitted across the membrane
interface.**™*’

To quantitatively assess the degree of correlation between
the z-directional displacements of CSLBs, we employed a nor-
malized cross-correlation function (CCF) applied to pairs of
time-resolved intensity signals (e.g., I; and I,)***

i) _ i _ <515(l+ 7)- 51,-([)>
CCFY = G0) == a0 T,

: ©)

where (-) denotes the time average, 7 is the lag time between the
two time series signals, and 81 = — (I). Fig. 2b shows the cross-
correlations profiles on lipid bilayers, using the intensity signal
of particle 1 (I) as the reference. G®)(t) decayed rapidly with a
characteristic correlation time 7 ranging from few to tens of
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Fig. 2 Spatiotemporal correlation in the near-wall diffusions. (a) Representative trajectory of the z-directional displacements of particles 1-7 (P1-7) at
different points in time. Horizonal dotted lines represent the equilibrium height hg for each particle. Ah denotes the changes in hg, indicated by the
numbers (in unit of nm) above the dotted arrows. (b) Normalized cross-correlation functions (CCF) using signals of P1 as the reference. t < O represents

the negative lag time.

This journal is © The Royal Society of Chemistry 2026

Soft Matter, 2026, 22, 636-644 | 639


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01211b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 27 1404. Downloaded on 26/01/1405 09:32:09 ..

(cc)

Soft Matter

] 1
1 2 3 4 5 6 r

View Article Online

Paper

°
>

Max Correlation

0 min 20 min 40 min

60 min 80 min

Fig. 3 Two-dimensional distribution of the cross-correlations at zero lag time G(0). Numbers along the x and y coordinates represent the seven

microspheres of interest (P1-7). Color bar indicates the value of G(0).

seconds (see Fig. S3 for more CCF). At zero lag, i.e.,, 1 = 0, a
higher cross-correlation value G(0) was observed among parti-
cles P1 to P6, suggesting that shorter spatial separation
between microspheres (Fig. 1b) enhances intensity-fluctuation
similarity.

To further visualize this effect, we plotted the 2D distribu-
tion of G(0) for all microspheres across different observation
times (Fig. 3). Notably, G(0) values among particles P1 to P6
were much larger than G(~~°/~)(0), where the former increased
over time, peaked around 40 minutes, and gradually declined
thereafter. Specifically, for P7, we observed relatively stronger
correlation after a longer period, with G(0) > 0.75 at 80 min
(Fig. S3, right-bottom panel). This temporal evolution of cross-
correlation suggests that z-directional displacement and diffu-
sivity between the two approaching bilayers are both long-range
(>100 pm) and time-resolved, dynamically evolving over tens
of minutes. Such behavior may arise from lipid exchange or
the transient formation of bridging structures between
bilayers. These events could propagate rapidly across the
membrane surface via interfacial tension, potentially giving
rise to the observed spatiotemporal correlations.***° The
relatively weaker and unstable correlation observed for P7
likely reflects the finite range of propagation and concomitant
energy dissipation, compounded by a non-uniform local
environment.

Anomalous diffusion

We next evaluate the z-directional diffusive behavior between
the two approaching lipid bilayers. To quantify the diffusivity,
we calculated the time-averaged MSD for individual particle
trajectories at various time intervals™

<61212> =

JH E( +1) —n()Pdl (10)

t—1),
where z,(t) denotes the separation distance between particle i
and the substrate at time ¢ and t « ¢. Instead of the subdiffu-
sive behavior described by eqn (2), a broadly corralled diffusion
pattern was observed. The MSD curves exhibit confinement
within a corralled boundary (Fig. 4a) and, in some cases,
display an abrupt change in slope after a characteristic time-
scale (see MSD curves at¢=0s, 170 s, 1200 s, 2438 s, and 4910 s
in Fig. S4). To quantitatively extract the diffusion coefficient
within the corralled region, we employed an exponentially

640 | Soft Matter, 2026, 22, 636-644
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Fig. 4 Anomalous diffusion in the z-direction. (a) Representative mean
squared displacements of the seven microspheres of interest. Solid lines
represent the non-linear fitting by eqn (11) for corralled diffusion with
a relaxed power-law exponent. (b) Time-evolution of the diffusion con-
stants D,. Lines are drawn for guides of eye. (c) Diffusivity in the fast
(dashed dotted line) and slow mode (solid line). Inset: Semi-log plot of D,
versus o. Right-bottom: Stochastic collision between two approaching
lipid bilayers.

decaying analytical form of the MSD curves with a relaxed
power-law index>'

(AZ?) = (z) {1 — Ajexp (%)} (11)

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01211b

Open Access Article. Published on 27 1404. Downloaded on 26/01/1405 09:32:09 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

where (z.”) denotes the corral size, 4, is a parameter deter-
mined by the corral geometry, and D, is the diffusion constant
in the normal direction. Fig. 4b shows the time-resolved D, for
each particle (see Fig. S5 for z. and «). The diffusion exhibited
pronounced fluctuations throughout the observation period.
Similar to the z-directional displacements, the temporal varia-
tion of D, was nearly correlated across all microspheres (lower
correlation for P7), reflecting synchronized confined motion
mediated by the soft interfaces constituted of two lipid bilayers.

It is noteworthy that the D, values are nearly six to seven
orders of magnitude lower than those of lipids or proteins
diffusing within membranes."”>""” Considering the inverse
relationship between diffusion coefficient D and particle size
a (Stokes-Einstein relation, D ~ kpT/a), the diffusivity of a
microscale particle is expected to be approximately three orders
of magnitude lower than that of nanoscale biomolecules. In
addition, for near-wall confined diffusion, Bevan and Prieve®®
provided a drag correction factor, 5 , as a close approximation
to Brenner’s infinite series solution,** reported that

6(h/a)*+2h/a
B, =D, Dy~ SO T2h]a_ (12)
6(h/a)"+9/a+2
where £ is the particle-wall separation distance, approximately
represented by the equilibrium height A,. For ho/a ~ 0.01, we
obtained f, ~ 1072, indicating that the diffusion coefficient is
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reduced by an additional two orders of magnitude due to near-
wall hindrance.** The remaining suppression (a further
reduction of one to two orders of magnitude in D) can be
attributed to the SLBs, suggesting that interbilayer interactions
substantially inhibit the confined motion of CSLBs, likely
through lipid bilayer adhesion, fusion, and spreading.*’

Furthermore, the diffusive behavior of confined motion can
be classified into two distinct regimes—a fast mode and a slow
mode—based on the relationship of D,-versus-u (Fig. 4c).
The corralled diffusion follows a power-law dependence,
expressed as

o ~ 2.302¢InD, (13)

where ¢ is the scaling exponent. We determined ¢ ~ 0.412 for
the slow mode and ¢ ~ 0.211 for the fast mode. The majority of
D, fell within the slow mode regime, indicating that the two
lipid bilayers predominantly confine, retard, and localize
microsphere diffusion at the interface. In contrast, the fast
mode may reflect conformational changes in membrane shape
at the contact region, where the bilayers stochastically and
repeatedly collide. The emergence of bending or bulging struc-
tures likely relaxes confinement, creating a more flexible
interfacial space and enabling faster diffusion.”*>® Notably,
similar fast and slow anomalous diffusion behaviors have been
reported in cellular membranes via single-lipid, single-protein,
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Fig. 5 Potential energy U(h — hy) for the interacting two lipid bilayers at various observation times. The potentials transitioned from bimodal to single-
peak profile. Energy barrier A® was determined by the difference between the two minima in the bimodal distributions.
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Fig. 6 Plot of the energy barrier A@-versus-evolution time for particles 1-6.

and single-particle tracking.'®'*'*'%1” These phenomena are

often attributed to phase-separation-induced spatial confine-
ment in crowded quasi-2D fluids. Our findings further suggest
that the fast and slow z-directional diffusion modes are closely
linked to dynamic membrane shape remodeling.

Potential energy

To further quantify membrane shape remodeling, we analysed
the interaction potential energy between the two bilayers—
namely, the immobilized planar SLBs on solid substrates and
the diffusing CSLBs with intrinsic curvature. Fig. 5 shows the
time evolution of the potential energy profiles Uk — h,) for
individual CSLBs, where h, denotes the equilibrium height
corresponding to the minimum potential. Typically, the pro-
files transitioned from a bimodal distribution to a single-peak
form, suggesting the existence of at least two equilibrium or
pseudo-steady states during bilayer approach and deformation.
A similar phenomenon was previously reported by Everett and
Bevan,”® who employed TIRM to monitor the spreading of
supported lipid bilayers from a wall onto bare 1.5 um silica
particles.

The bimodal-to-single peak transition also revealed a char-
acteristic length scale, defined as the height difference between
the two equilibrium positions. Over time, this length scale
decreased from approximately 4-6 nm (0-40 min) to ~2 nm
(~60 min), suggesting a dynamic process evolving from the
transient emergence of SLB bulges to eventual bilayer fusion.
Notably, this length scale is much narrower than the ~18 nm
separation between potential energy minima as previously
reported.”® Such differences in length scales highlight distinct
SLB configurations associated with interbilayer fusion versus
single bilayer spreading. When considered together with the
~1 nm corral size (Fig. S5b and c), our findings provide new
insight into the fusion mechanism of apposing SLBs at even
smaller nanoscales, thereby deepening the microscopic under-
standing of lipid vesicle-membrane interactions.
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Additionally, a kT-scale energy barrier A® between transi-
tional membrane fusion configurations—defined as the energy
difference between the two potential energy minima—was
quantified (Fig. 6). The value of A® initially increased, reaching
a maximum of approximately 3kT around 40 min, before
gradually declining to zero. This temporal evolution suggests
that transient structural rearrangements initially stabilize inter-
mediate fusion states, but are eventually relaxed as the bilayers
proceed toward complete fusion. Notably, a similar time-
dependent trend was observed in the zero-lag cross-
correlations G(0), underscoring the coupling between diffusiv-
ity correlations and energetic barriers. The coincidence of these
behaviors highlights the cooperative interplay between inter-
facial stress propagation and membrane shape remodeling,
indicating that mechanical stresses and elastic deformations
act in concert to regulate the kinetics and energetics of bilayer
fusion.

Conclusions and discussion

Using total internal reflection microscopy, we uncovered a long-
overlooked spatiotemporal correlation in the near-wall con-
fined motion of micro-carriers, where both the particle and
wall surfaces were modified with lipid bilayers containing
cholesterol (20 mol% in this study). Instead of the typical
sublinear diffusion behavior, a corralled diffusion pattern was
observed and quantitatively analyzed, offering new insights
into diffusive mechanisms in bio-membrane systems. Further
analysis of the interbilayer interactions revealed a transition in
the potential energy profile from a double-well to a single
harmonic-like well, reflecting the time-dependent evolution of
fusion configurations.

Overall, this study advances our understanding of
membrane shape remodeling. We demonstrate that non-
specific interactions can induce transient deformations, such
as bulges or cap-like structures,”®”’ thereby providing new
experimental evidence for the dynamic mechanisms underlying
membrane fusion.’**' The observed remodeling of membrane
morphology and transitions between multiple equilibrium
states highlight the critical roles of elasticity and interfacial
tension in regulating local deformations, offering insight into
how membranes mechanically respond to external forces or
interactions.”®*® In addition, the discovery of long-range corre-
lated motion of colloidal-supported lipid bilayers suggests that
interfacial fluctuations can transmit mechanical signals across
large spatial scales, thereby deepening our understanding of
mechanical coupling and signal propagation in cellular
membranes.*>**® Finally, the identification of fast and slow
anomalous diffusivities associated with structural heterogene-
ity indicates that local membrane inhomogeneity, such as lipid
raft domains, may play an essential role in governing
membrane-membrane interactions.*®®!

Beyond membrane remodeling, a quantitative understand-
ing of interbilayer interactions provides valuable guidance for
the development of biomimetic membranes, enabling designs

This journal is © The Royal Society of Chemistry 2026
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that more closely replicate the stability and functionality of
natural cell membranes.®>®* Insights into adhesion and defor-
mation mechanisms can inform the optimization of liposomal
drug-delivery carriers, improving their fusion efficiency with
cellular membranes and enhancing targeting and release con-
trol. Measurements of interaction potentials and diffusion
behaviors also contribute to a more comprehensive explanation
of cell-cell contact, adhesion, and signal transmission, sup-
porting progresses in cell biology and immunology.®* ®® More-
over, the observed particle motion patterns offer a model for
lipid vesicle-membrane interactions, helping to predict the
behavior of liposomes in vivo and their binding and penetration
into cellular membranes.®”"*

In summary, our observations collectively suggest that when
two lipid bilayers with high internal fluidity approach one
another, non-specific interactions can induce the transient
formation of bulged structures, most likely protruding from
the planar supported lipid bilayers. These dynamic shape
changes lead to shifts between distinct equilibrium states in
the interbilayer interaction potential. Structural heterogeneity
further contributes to the emergence of fast and slow anom-
alous diffusion behaviors in lipid-bilayer-enveloped micro-
carriers. Moreover, membrane elasticity and interfacial tension
appear to facilitate spatiotemporal correlations in confined
motion. Future investigations employing fast, super-resolution
imaging techniques to track the in situ correlated diffusion of
interacting cellular membranes are expected to yield direct evi-
dence of membrane shape remodeling.
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