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In this study, we prepared SLBs on polystyrene colloids (CSLBs) and planar glass substrates with tunable

cholesterol content. Using a fixed DPPC : DOPC molar ratio of 3 : 1 to promote the phase separation, we

observed pronounced heterogeneity in CSLB diffusion near planar membranes. Notably, by profiling

interbilayer interaction potentials, we found that cholesterol concentrations of ∼11 and ∼30 mol%

significantly enhance bilayer adhesion—likely through membrane fusion intermediates. These findings

highlight cholesterol's critical role in modulating interbilayer mechanics.
1 Introduction

Accumulating evidence highlights the pivotal role of cholesterol
in regulating the biophysical properties of cellular membranes,
particularly in processes involving membrane fusion.1–3

Cholesterol primarily reduces membrane uidity and perme-
ability by rigidifying the uid phase of lipid bilayers.4,5 In
addition, it enhances membrane stability and increases the
bending modulus, promoting negative curvature that serves as
a structural precursor to fusion events.6,7 Through these effects,
cholesterol is thought to modulate a range of critical cellular
processes, including immune signalling,8 host–pathogen
interactions,9 cancer development and progression,10 and
cardiovascular disease.11

Cellular membranes exhibit intrinsic spatiotemporal
dynamics and are characterized by lateral and temporal
heterogeneity at sub-microscopic scales. This heterogeneity,
and its physiological relevance, has been closely associated with
the lipid ra hypothesis,12 which posits the emergence of
liquid–liquid phase separation (LLPS) within lipid bilayers.
According to this framework, affinity–driven interactions and
preferential associations between cholesterol and saturated
lipids facilitate the formation of relatively ordered micro-
domains with reduced uidity. These liquid-ordered (Lo) pha-
ses, enriched in hydrophobic components, promote key cellular
processes such as signalling and trafficking, particularly via
lipidated proteins and glycosylphosphatidylinositol (GPI)-
anchored proteins.13 A previous study reported that approxi-
mately 35% of plasmamembrane proteins localize within the Lo
phase.14 Given the critical role of these phase-separated ra
nanodomains (typically 10–200 nm) that have the potential to
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form microdomains (>300 nm) in mediating lipid–lipid and
lipid–protein interactions, a range of biophysical model
systems—including lipid monolayers, supported lipid bilayers
(SLBs), micro/nanoscopic liposomes, and giant unilamellar
vesicles (GUVs)—have been employed to investigate LLPS and
the underlying principles of lipid ra formation.15–18

State-of-the-art techniques—including super-resolution
optical microscopy (e.g., PALM, STED, and STORM),19–21

single-molecule uorescence tracking,22–28 uorescence corre-
lation spectroscopy,29–34 Förster resonance energy transfer
(FRET),35–39 and quartz crystal microbalance with dissipation
monitoring (QCM-D)40,41—have been employed to probe nano-
scale structures, membrane heterogeneity, and lateral diffusion
of membrane components. These methodologies have provided
compelling evidence for the structural and dynamic character-
istics of cholesterol-enriched domains. In addition, simulations
serve as powerful tools for probing biomolecular diffusivity,
phase separation, membrane fusion, and vesicle–membrane
interactions.2,7,42–54 Recent systematic molecular dynamics
studies have revealed that membrane fusion is facilitated when
lipid bilayers are enriched in cholesterol, whereas fusion is
markedly reduced when both the vesicle and planar membrane
are cholesterol-rich.7 Another study further demonstrated that
elevating the cholesterol content of exosome membranes
enhances their cellular uptake via fusion with the plasma
membrane.2 Collectively, these theoretical investigations high-
light the critical role of cholesterol in regulating the bi-
ofunctions of cellular membranes.

However, direct quantication of cholesterol's impact on
interbilayer interactions remains a fundamental challenge.
Neutron and X-ray reectivity experiments have been widely
employed to probe the attractive interactions between fully
charged lipid bilayers, as well as to quantify key physical
properties such as bending modulus, orientational order
parameters, and membrane curvature during fusion
events.6,55–57 In addition, Bevan and co-workers utilized total
internal reection microscopy (TIRM) to directly measure the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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kT-scale interactions between silica colloids modied with SLBs
of varying compositions (e.g., PEGylated vs. non-PEGylated).58

Their ndings demonstrated that colloid size and the extent of
SLB PEGylation jointly dictate the balance between colloidal
aggregation and SLB fusion, thereby highlighting the interplay
between colloidal surface chemistry and bilayer stability. A
deeper understanding of the underlying physical principles
governing membrane–membrane interactions could pave the
way for the rational design of lipid vesicle-based drug delivery
systems and next-generation gene therapies.

In this study, we aimed to answer, at least in part, how
cholesterol tunes the inter-bilayer interactions by a direct
measurement using TIRM (Fig. 1). We prepared the SLBs on 3
mm polystyrene colloids and planar glass substrates with
tunable cholesterol content. The bilayers consisted of saturated
DPPC and unsaturated DOPC at a xed molar ratio of 3 : 1. This
composition was specically selected to promote LLPS across
a broad cholesterol concentration range (approximately 15–
50 mol%), as supported by previous literature.59 We demon-
strated that cholesterol content can signicantly modulate the
diffusivity of colloidal-supported lipid bilayers near planar
membranes, with notably enhanced interfacial adhesion
observed at approximately 11 and 30 mol% cholesterol.
2 Experimental
2.1. Preparation of liposomes

Liposomes were prepared using saturated 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC, 99%, Macklin), unsaturated
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, >99%,
Aladdin) and cholesterol ($99%, Macklin) based on an estab-
lished protocol.60 In typical experiments, cholesterol (0.3867 g)
was dissolved in 1 mL of a mixed organic solvent (cyclohexane/
ethanol = 19/1, v/v) to prepare a stock solution at a concentra-
tion of 1.0 mmol mL−1. 0.01 g DPPC and 0.0035 g DOPC were
dissolved in the mixed solvent to prepare a solution at desired
concentrations. Lipid samples were dissolved with ultrasonic
assistance to yield liposome solutions at a nal concentration of
Fig. 1 Schematic illustration of the confined motion of colloidal-
supported lipid bilayers near a bio-interface by evanescent scattering
with a penetration depth of dp ∼100 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
2 mM. To remove impurities, each sample was ltered three
times through a 0.22 mm Nylon membrane lter.

2.2. Cleaning of glass plates

Glass slide (25 × 75 × 1 mm, Fisher Scientic) was immersed in
piranha solution (H2SO4/H2O2 = 3/1, v/v) for 2 h and then
washed with D. I. H2O for 10 times to remove the excess piranha
solution. Subsequently, the slide was sequentially washed with
D. I. H2O, absolute ethanol, and D. I. H2O, each for 15 min
through ultrasonication. The cleaned slide was treated with
plasma (PDC-002, Harrick Plasma, USA) for 3 min to obtain
a superhydrophilic surface.

2.3. Preparation of planar supported lipid bilayers

Supported lipid bilayers (SLBs) were prepared through the
Langmuir–Blodgett (LB) technique (Fig. 2).61 Lipid stock solu-
tions were spread at the air–water interface of a LB trough
(Microtrough G2, Kibron, Finland), making the surface pressure
to be 1 mN m−1 aer calibration, and the interface was allowed
to equilibrate for 30 min. The lipid monolayer was compressed
at 10 mm min−1 until the surface pressure reached ∼40 mN
m−1, and then transferred to the glass substrate by vertical
deposition at a pulling rate of 2 mm min−1. The second
monolayer was spread and compressed in the same way as the
one for the rst layer, then deposited on the coated surface by
dipping the substrate into the subphase at a rate of 2
mmmin−1. The lipid bilayer-coated glass was transferred using
a polytetrauoroethylene (PTFE) mold, during which the lipid
bilayer was maintained in an aqueous environment.

2.4. Preparation of colloidal supported lipid bilayers

12 mL lipid solution was dried under nitrogen to form a thin
lm. Aer drying, 1 mM NaCl solution was added, and the
sample was sonicated for 5 min to disperse the lipids. The
mixture was incubated in a 60 °C water bath for 1 h to form
vesicles. Polystyrene (PS) particles (8 w/w%, 3.1 mm, Thermo
Fig. 2 Preparation of the supported lipid bilayers on a glass substrate
through the Langmuir–Blodgett technique. (a) Dipping the substrate
into the subphase to obtain lipid monolayer and bilayer. (b) Langmuir–
Blodgett trough. (c) Compression isotherms.

RSC Adv., 2026, 16, 2702–2709 | 2703
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Fisher Scientic) was added into the solution. Aer 30 min of
incubation, the sample was shaken for 30 min to yield lipid
bilayer-coated particle surfaces (colloidal-supported lipid bila-
yers, CSLBs). Above the phase transition temperature, lipid
molecules become more uid-like and loosely packed, facili-
tating bilayer formation on the particle surface.

2.5. Observation of lipid monolayer and bilayer

To visualize lipid monolayer/bilayer under confocal uorescent
microscopy, 1 wt% uorescent lipid, NBD PC (Avanti) was
added in the lipid solution. The lipid monolayer and bilayer
were prepared on the glass substrate through LB technique and
on particle surfaces as aforementioned. The as-prepared lipid
monolayer and bilayer were observed using a confocal laser
uorescent microscope (Eclipse Ti2, Nikon Inc., JP) at the
exciting wavelength of 488 nm (Fig. 3). The lipid bilayer was
maintained in an aqueous environment during the experiment.

2.6. Total internal reection microscopy

To form an evanescent eld at the glass/water interface, a HeNe
laser with a wavelength l= 632.8 nm (HeNe Laser, Red, 633 nm,
Newport Corporation, USA) was employed in our setup. The
intensity of scattering light I exponentially decays with a sepa-
ration distance h from the interface, expressed as62

I(h) = I0e
−h/dp (1)

where I0 is the maximum scattering intensity of the particles
that have reached the surface and dp is the penetration depth,
expressed as
Fig. 3 Confocal images of as-prepared lipid monolayer (a) and sup-
ported lipid bilayer (b) on glass substrates before (d) and after (e) wiping
by EtOH. (c) Edge region of the supported lipid bilayer. (f) Flowing
chamber assembled under water to maintain the integrity of SLBs. (g)
Height trajectory of single CSLBs to indicate a sticking behavior at
∼1850 s. Inset: confocal image of the CSLBs.

2704 | RSC Adv., 2026, 16, 2702–2709
dp ¼ l

��
4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn1sinqÞ2 � n22

q �
(2)

where l is the laser wavelength, q is the incident angle, n1 and n2
are the refractive indexes of prism (material: N-BK7) and sample
solutions (i.e., aqueous solutions), respectively. Based on the
Boltzmann statistics, the particle–surface interactions can be
calculated from the position distribution of a uctuating
particle along the z direction, given by62–64

pðhÞ ¼ Ae
�fðhÞ
kT (3)

where A is a normalization constant related to the total number
of height observations, f is the interaction potential, p(h) is the
probability of nding a particle at a certain height, k is the
Boltzmann constant, and T 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

fðhÞ � f
�
href

�
kT

¼ ln
p
�
href

�
pðhÞ (4)

where href is oen chosen as hm, which represents the separa-
tion distance with the lowest potential energy.

2.7. Image acquisition and data processing

A high-speed back-illuminated sCMOS camera (Kinetix22, 2400
× 2400 6.5 mm pixels, Teledyne Photometrics Inc., Tucson, US)
in liquid-cooling mode was utilized to capture the TIR-
scattering image sequences. A 40× objective (CFI Super Plan
Fluor ELWD, NA/WD: 0.6/3.6 mm) mounted on an upright
microscope (ECLIPSE FN1, Nikon Inc., JP) was used for
imaging. The effective pixel size, lpix, was determined to be
∼0.16 mm. Typically, an image sequence of N = 100 000 frames
in size of 256× 256 pixels in 16 bits was captured at an exposure
time of 10 ms, referring to a frame rate of 100 fps.

Before TIRM measurements, the background intensity and
the maximum intensity I0 corresponding the zero height for 3.1
mm PS letax microspheres were determined. The setup was
calibrated by standard NaCl solutions to ensure the accuracy. In
the experiments, two microscopic glass plates sandwiched by
a silicone O-ring were employed to construct a owing cell with
1 mm chamber height. Solutions of CSLBs were injected into
the owing cell through a micro-injection pump (1 mL min−1,
SPLab02, Tansoole). CSLBs were allowed to equilibrate for
∼20 min before image capturing. The images were processed
based on the radial symmetry method under particle-tracking
framework using previously reported MATLAB program.65

2.8. The diExp elastic model

For particles stuck on the substrate surface, non-DLVO forces—
such as hydrophobic interaction and hydration force—turn to
be dominated in the intersurface potentials, thus the DLVO
theory is not applicable. Accordingly, we use a modied Hoo-
kean spring model in an asymmetric shape to describe the
potential wells, namely, the diExp elastic model, which is
expressed as66
© 2026 The Author(s). Published by the Royal Society of Chemistry
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UðhÞ ¼

8>>><
>>>:

y0 þ A0

�
xc � h

w1

	p1

; if h\xc

y0 þ A0

�
h� xc

w2

	p2

; if h. xc

(5)

where y0 denotes the offset determined by the baseline of zero
potential, A0 denotes the amplitude describing the elastic
strength for the potential wells, w1 and w2 correspond to the full
width at half maximum (FWHM) on the le and right side of the
potential wells, and p1 and p2 correspond to the compressed
and stretched elastic exponents, respectively. Under this crite-
rion, the effective elastic coefficient, keff, acts as an estimate
describing the intersurface interaction for stuck particles with
so boundaries, which can be given as

keff ∼ (w1
p1w2

p2)−1/2 (6)
Fig. 5 Diffusive behavior of the colloidal-supported lipid bilayers
(CSLBs) modulated by cholesterol content. (a) Diffusion range of
CSLBs. (b) Diffusion coefficients in the z-direction. Lipid compositions
were fixed at a DPPC : DOPC : cholesterol molar ratio of 3 : 1 : x, with
cholesterol fraction x indicated along the bottom axis. (c) Represen-
tative MSD curves of CSLBs at varying cholesterol levels. The dotted
(black), dash-dotted (red), and dashed (blue) lines correspond to
power-law indices a of 1, 0.1, and 0.2, respectively, whereMSD∼ sa. (d)
Power-law index a extracted from short-time (left panel) and long-
time (right panel) MSD measurements.
3 Results and discussion
3.1. Near-wall conned motion of CSLBs

Using total internal reection microscopy, we rst observed
pronounced heterogeneity in the diffusive behavior of CSLBs
near planar membrane surfaces (Fig. 4). This technique lever-
ages evanescent scattering to enable high-precision tracking of
kT-scale interactions between colloids and at interfaces along
the z-axis (normal to the surface). Detailed methodology is
provided in our recent publication and other literature.66,67

Quantitative analysis revealed that the diffusion range of CSLBs
initially increases with cholesterol content, reaching
a maximum at approximately 27 mol% (x = 1.5), followed by
a sharp decline (Fig. 5a). Coincidentally, the diffusion range
Fig. 4 Representative lateral trajectories of colloidal-supported lipid bila
DOPC, with varying cholesterol content.

© 2026 The Author(s). Published by the Royal Society of Chemistry
under strictly-conned motion (e.g., x = 0, 0.5, 1.75 and 2)
corresponded to the size of the phase-separated ra domains
(∼200–300 nm). To further characterize this behavior, we
yers (CSLBs) diffusing on planar membranes composed of 3 : 1 DPPC/

RSC Adv., 2026, 16, 2702–2709 | 2705
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performed time-averaged mean square displacement (MSD)
measurements in three dimensions44

hdsri2i ¼ 1

t� s

ðt�s

0



~r
�
t
0 þ s

��~r
�
t
0��2

dt
0

(7)

where~rðtÞ denotes the position of the tracked CSLBs and s� t is
the lag time. Aer correcting for particle positional errors,
a linear t to the MSD yielded the diffusion coefficient D.
Notably, two distinct minima in the z-directional diffusion
coefficient (D z 1.5–2 nm2 s−1) were observed at ∼11 and
30 mol% cholesterol, indicating strong connement (Fig. 5b).
Consistent with this, we detected extremely weak uctuations in
the corresponding z-directional displacements (data not
shown). Furthermore, we conrmed that the observed low
diffusivity was not solely attributable to near-wall hindrance
effects (see height prole in Fig. 7a). These ndings suggest that
high-curvature lipid-stalk or hemifusion intermediates may
form under these conditions, contributing to the observed
connement.
3.2. Anomalous diffusion of CSLBs

Substantial heterogeneity in the diffusivity of individual CSLBs
was revealed through the broad distributions of MSD and the
power-law index a, where MSD scales as ∼sa) (Fig. 5c and d). In
Fig. 6 Interbilayer potential energy profilesU(h− h0) at varying cholester
elastic model. Top panel: Schematic illustration of the configuration and
planar bilayers.

2706 | RSC Adv., 2026, 16, 2702–2709
classical diffusion, MSD exhibits a linear dependence on lag
time, i.e., MSD ∼ 2Ds, with the diffusion coefficient D deter-
mined solely by the viscosity of a homogeneous environment.
However, anomalous or subdiffusive behavior is commonly
observed in biological systems, such as the lateral diffusion of
transmembrane proteins on cellular membranes.44 Analo-
gously, we observed widespread transient subdiffusion of
CSLBs on membrane surfaces across a broad range of choles-
terol content (x ∼ 0–3), as indicated by MSD analysis. Interest-
ingly, the power-law index a derived from short lag times
exhibited a strong positive correlation with D, whereas the index
obtained from longer lag times (alag) showed an inverse trend
with D as a function of x. Compared to long-time measure-
ments, short-time diffusivity is inherently more variable,
reecting dynamic heterogeneity in the local environment and
transient interactions.68 This inverse relationship between
short- and long-time diffusivity suggests a breakdown of ergo-
dicity in the time-dependent diffusion process of CSLBs on
membranes.69
3.3. Interbilayer interactions

The observed diffusive properties revealed abnormal adhesion
behavior—manifested as extremely low diffusivity—of CSLBs on
bilayer membranes at specic cholesterol concentrations (∼11
ol contents. Representative solid lines correspond to fits using the diExp
fusion process between colloidal-supported lipid bilayers (CSLBs) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and 30 mol%). To further investigate how cholesterol content
inuences interbilayer interactions, we applied Boltzmann
statistics to derive the intersurface potential energy U(h) by
transforming the positional distribution of individual uctu-
ating particles along the z-axis. Fig. 6 presents the interbilayer
potential energy proles, with the equilibrium height h0
selected as the reference position. The most conned diffusion
corresponds to the narrowest potential energy distribution,
indicating strong adhesion with a connement scale of <10 nm
at U = 6kT. Consistent with our previous observation of asym-
metric potential proles—where single coronated particles
diffused on SLBs66—we also detected asymmetry in the
mechanical coupling of CSLBs. To further interpret this
behavior, we applied the diExp elastic model (see Experi-
mental), which yielded potential energy proles in good agree-
ment with non-DLVO theoretical predictions.

To quantify the adhesion strength between bilayers, we
calculated the effective elastic coefficient, keff, which serves as
an estimate of the intersurface interaction for particles exhib-
iting conned motion under so boundary conditions. A
bimodal distribution of keff as a function of cholesterol content
x was observed (Fig. 7b), consistent with the two minima in the
diffusion coefficient. Additionally, Fig. 7c reveals a convergent
distribution of the elastic exponents around a value of 2,
indicative of Hookean spring-like behavior, regardless of
whether the motion is directed toward or away from the wall.
Fig. 7 Quantitative analysis of interbilayer interactions. (a) Distribution
of equilibrium height h0. (b) Effective elastic coefficient keff. (c) Cor-
responding elastic exponents for the potential wells shown in Fig. 6.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Notably, the peak value of keff approaches ∼50 mN m−1,
approximately three orders of magnitude greater than the
adhesion strength observed between protein-coronated parti-
cles and SLBs.66 Such pronounced sticking behavior is unlikely
to arise from purely near-eld interactions without physical
contact.

Therefore, we propose that high-curvature lipid-stalk or
hemifusion intermediates70 may form between the bilayers at
the two specic cholesterol contents (i.e., ∼11 and 30 mol%),
which lie near the phase separation boundaries in the ternary
phase diagram59,71 of the DPPC:DOPC:cholesterol system (see
Fig. 6, top panel). At a relatively low cholesterol content (x ∼ 0–
1), an uplied and exural fold structure with high internal
uidity is expected accordingly. As cholesterol increases beyond
20 mol%, the bilayer becomes more elastic and structurally
stable. Under these conditions, the hydration layer between
bilayers may act as a lubricating boundary, facilitating
enhanced lateral diffusion at x ∼1.5. Further increasing
cholesterol content (∼30 mol%, x ∼1.75–2) likely promotes the
formation of cholesterol-rich microdomains (lipid ras),
potentially triggering hemifusion or full fusion events. At
extremely high cholesterol levels (e.g., >40 mol%), the
membranes become signicantly rigidied, suppressing lipid
exchange between bilayers; instead, interbilayer bridging via
lipid ras may become the dominant interaction mechanism.

4 Conclusions and discussion

Cholesterol is widely recognized as a key regulator of membrane
fusion, where its cone-shaped molecular geometry introduces
intrinsic negative curvature that promotes stalk formation.70

For fusion to occur, however, lipid bilayers must rst overcome
the hydration repulsion barrier imposed by ordered water
molecules at the lipid–water interface.72,73 Recent studies
suggest that cholesterol not only contributes negative curvature
but also reduces hydration forces, thereby facilitating close
membrane apposition and lowering the energetic cost of stalk
formation.74,75 Importantly, the impact of cholesterol is not
universal: while it can soen unsaturated lipid membranes, it
stiffens saturated bilayers, underscoring its complex role in
modulating membrane mobility, curvature sensing, and
elasticity.4,76

In our system, peak-like adhesion enhancement at
∼11 mol% and∼30 mol% cholesterol concentrations in DPPC :
DOPC (3 : 1) supported bilayers reveals a nonlinear regulatory
effect that resonates with established phase diagram studies of
model membranes. Prieto and colleagues have shown that
cholesterol drives liquid-ordered (Lo) and liquid-disordered (Ld)
phase segregation within specic compositional windows,
while suppressing domain formation outside these ranges.77–82

Such nonlinear behavior is attributed to cholesterol's wedge-
like geometry, its modulation of local curvature, and preferen-
tial interactions with sphingolipids. We propose that the
enhanced adhesion observed at intermediate cholesterol
concentrations reects the stabilization of fusion intermediates
through curvature changes in local membrane domains. These
ndings extend the physicochemical framework of cholesterol
RSC Adv., 2026, 16, 2702–2709 | 2707
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View Article Online
action beyond classical DLVO-type interactions, highlighting
the combined roles of hydrophobic and hydration forces in
shaping membrane mechanics. By situating our results within
this broader context, we provide a mechanistic basis for the
unexpected nonlinear pattern and open avenues for conrma-
tory experiments using curvature-sensitive probes or molecular
simulations.

In summary, we used total internal reection microscopy to
directly image and measure the near-wall conned diffusion
and the kT-scale interaction between supported lipid bilayer-
modied colloids and planar surfaces. We demonstrated that
cholesterol content of approximately 11 and 30 mol% signi-
cantly enhance adhesion between lipid bilayers, likely through
mechanisms involving membrane phase separation and fusion.
These ndings highlight the sophisticated role of cholesterol in
modulating interbilayer interactions—an open question that
remains unresolved. Future work will benet from direct
experimental observations such as FRET, single-particle
tracking, Neutron or X-ray scattering and theoretical simula-
tions to further validate the proposed framework, particularly
within the DPPC:DOPC:cholesterol system.
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