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ABSTRACT: Cholesterol plays a critical role in modulating the lipid
membrane properties of biological and biomimetic systems and recent
attention has focused on its role in the functions of sub-100 nm lipid vesicles
and lipid nanoparticles. These functions often rely on multivalent ligand—
receptor interactions involving membrane attachment and dynamic shape
transformations while the extent to which cholesterol can influence such
interaction processes is largely unknown. To address this question, herein,
we investigated the attachment of sub-100 nm lipid vesicles containing
varying cholesterol fractions (0—4S mol %) to membrane-mimicking
supported lipid bilayer (SLB) platforms. Biotinylated lipids and streptavidin
proteins were used as model ligands and receptors, respectively, while the
localized surface plasmon resonance sensing technique was employed to
track vesicle attachment kinetics in combination with analytical modeling of
vesicle shape changes. Across various conditions mimicking low and high multivalency, our findings revealed that cholesterol-
containing vesicles could bind to receptor-functionalized membranes but underwent appreciably less multivalency-induced shape
deformation than vesicles without cholesterol, which can be explained by a cholesterol-mediated increase in membrane bending
rigidity. Interestingly, the extent of vesicle deformation that occurred in response to increasingly strong multivalent interactions was
less pronounced for vesicles with greater cholesterol fraction. The latter trend was rationalized by taking into account the strong
dependence of the membrane bending energy on the area of the vesicle—SLB contact region and such insights can aid the
engineering of membrane-enveloped nanoparticles with tailored biophysical properties.
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B INTRODUCTION

Cholesterol is a naturally occurring sterol that is found in
biological membranes and plays an important role in

associated with preferential interactions between cholesterol
and saturated lipids." Cholesterol-rich regions have been found
around transmembrane proteins as well." Concerning mem-
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modulating membrane properties such as fluidity, permeability,
and rigidity."” Structurally, the molecular-level interactions of
cholesterol and phospholipids affect membrane packing and
the phase state, which influences dynamic biological processes
such as membrane fusion and endocytosis.” Within this
context, increasing attention has been placed on understanding
how cholesterol affects the biophysical properties of biomi-
metic lipid vesicle and lipid nanoparticle (LNP) delivery
vehicles that are used for vaccine and therapeutic applica-
tions.”” Such efforts have heightened interest in studying the
effects of cholesterol on membrane nanomechanical proper-
ties”” in order to rationally design LNPs with tailored
properties.s’9

In general, membrane nanomechanical properties depend on
the membrane composition and phase state. Within this
context, it is noteworthy that cholesterol tends to induce the
formation of nano- and microdomains in lipid membranes."”
Usually, this effect is observed in bi- or multicomponent
membranes containing saturated and unsaturated lipids and
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brane nanomechanical properties, one can find numerous
studies scrutinizing the effect of cholesterol fraction on lipid
membrane mechanics with respect to membrane composition
and curvature [e.g, by utilizing high-curvature, small
unilamellar vesicles (SUVs) and low-curvature, giant uni-
lamellar vesicles (GUVs) of around <300 nm and >5 um
diameters, respectively, along with planar supported lipid
bilayers (SLBs)], and the main focus has been measuring the
membrane bending modulus, which describes the mechanical
strength of a lipid bilayer to resist deformation.'’”"”
Accordingly, a larger bending modulus indicates greater
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mechanical strength and more resistance to deformation in
response to an applied strain.

Several studies have reported that the bending modulus of a
lipid bilayer increases in the presence of cholesterol when the
bilayer is composed of phospholipids with saturated hydro-
carbon chains.">'* However, the effect of cholesterol on the
bending modulus of lipid bilayers composed of unsaturated
phospholipids, especially 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) lipids, is more widely debated. A few studies
have reported that cholesterol inclusion causes densification-
related stiffening of DOPC lipid bilayers and, hence, an
increased bending modulus, as demonstrated in experimental
models based on GUVs'>'® and SUVs,'” as well as in
computational simulations.’ Conversely, other studies have
determined that cholesterol inclusion causes no change in the
bending modulus of lipid bilayers using GUV'® and SUV"
models while also noting that cholesterol can induce
membrane densification and a corresponding decrease in
water permeability.”’ Regarding these details, it deserves
attention that cholesterol molecules can easily undergo flip-
flop and, thus, relax local stresses induced by bending
deformations.”"

Unraveling how cholesterol affects the nanomechanical
properties of DOPC lipid bilayers in more biologically
significant contexts would complement the aforementioned
studies, especially as molecular components such as DOPC are
increasingly used as helper lipids in LNP delivery vehicles.”>**
Toward this goal, the atomic force microscopy (AFM)
technique has been useful for investigating how a larger
cholesterol fraction can increase the bending modulus of sub-
100 nm lipid vesicles, which have high membrane curvature™*
and are within the typical size range used for biomedical
applications. Such efforts fit within a broader set of AFM-based
experimental efforts®>*® to deposit nonspecifically adsorbed
biomimetic and cell-derived lipid vesicles onto glass surfaces
and to study how adsorbed vesicles deform in response to
mechanical strain induced by the AFM cantilever tip. As sub-
100 nm lipid vesicles are models of membrane-enveloped
exosomes and virus particles that exhibit biological functions
related to receptor-mediated cell membrane interactions and
corresponding shape deformation processes, it would be
opportune to expand on these biophysical approaches to
utilize cell-membrane-mimicking platforms that involve
receptor-mediated binding in a more selective manner. Indeed,
multivalent ligand—receptor interactions at cell membrane
interfaces are central to the biological functions of ligand-
modified exosomes, virus particles, lipid vesicles, and LNPs and
hence rationalizing how such interactions are affected by the
presence of cholesterol in lipid membranes is an outstanding
need.

Herein, using a receptor-modified SLB platform, we
investigated how cholesterol fraction in ligand-modified
DOPC lipid vesicles affects multivalent ligand—receptor
interactions in terms of vesicle attachment kinetics onto the
SLB platform and corresponding shape changes in attached
vesicles. Central to our experimental approach was the label-
free localized surface plasmon resonance (LSPR) technique, in
which a receptor-functionalized SLB platform was conformally
coated on a silica-coated sensor chip and the specific
attachment of ligand-modified lipid vesicles to the SLB
platform was tracked in real-time by measurin_g changes in
the local refractive index near the sensor surface.”’ >’ Using an
analytical model to quantify the LSPR measurement signals, we

identified how the cholesterol fraction in lipid vesicles affects
multivalency-engaged vesicle attachment and the subsequent
shape deformation of attached vesicles by further stiffening
lipid membranes even in the high membrane-curvature regime.

B MATERIALS AND METHODS

Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dihexanoyl-sn-glycero-3- phosphocholine (DHPC), and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)
(DOPE-Biotin) lipids in chloroform were obtained from Avanti
Polar Lipids (Alabaster, AL). Cholesterol in dry powder form (ovine
wool, >98%) was obtained from Avanti Polar Lipids (Alabaster, AL).
Streptavidin in lyophilized form (catalog no. $203) was purchased
from Leinco (St. Louis, MO). Free biotin in lyophilized form (catalog
no. B4639) and other reagents were obtained from Sigma-Aldrich (St.
Louis, MO). Aqueous buffer solution [10 mM Tris (pH 7.5) and 150
mM NaCl] was prepared using Milli-Q-treated water (>18 MQ-cm;
MilliporeSigma, Burlington, MA).

Sample Preparation. Lipid bicelles composed of long-chain
phospholipids (DOPC and DOPE-Biotin) and short-chain phospho-
lipid (DHPC) with a molar ratio of [DOPC + DOPE-Biotin] to
[DHPC] of 0.25 and total lipid concentration of S mM were prepared
by freeze—thaw—vortex processing in order to fabricate biotinylated
SLBs on silica-coated sensor surfaces, as previously described.*’
During SLB formation, long-chain lipids self-assemble into a planar
SLB while short-chain lipids do not reside within the SLB and are
washed away into the bulk solution, eventually being removed upon
buffer washing. Vesicles consisting of DOPC, DOPE-Biotin, and
cholesterol were prepared by the extrusion method.® Briefly,
cholesterol powder was dissolved in chloroform and mixed with
DOPC and DOPE-Biotin phospholipids at a lipid concentration of 5
mg/mL, followed by drying, hydration, and extrusion through track-
etched polycarbonate membranes with SO nm pore diameter. The
exact molar compositions of the three lipids in each vesicle sample are
described in Table S1, while the mol % DOPC listed below more
precisely refers to mol % of [DOPC + DOPE-Biotin] (since the two
long-chain phospholipids were mixed), and the biotinylated lipid
fraction (i.e, mol % DOPE-Biotin) is described explicitly for clarity
when describing experimental results. The vesicle populations had
around 70 £+ 2, 75 + 2, 79 + 2, and 82 + 3 nm mean diameters for
vesicles with 0, 15, 30, and 45 mol % cholesterol fractions,
respectively, as determined by dynamic light scattering (DLS)
measurements. Immediately before the experiment, the bicelle and
vesicle samples were diluted ~32- and S50-times in Tris buffer
solution, respectively. Streptavidin protein was dissolved in Milli-Q-
treated water at a concentration of 24 yM and then diluted in Tris
buffer by ~24-times before the experiment. A 2 mM free biotin stock
solution was prepared in Tris buffer and diluted in Tris buffer by
~1000-fold before the experiment.

Localized Surface Plasmon Resonance (LSPR) Sensing.
LSPR measurements were performed on silica-coated silver nanodisk
arrays by using an Insplorion XNano instrument (Insplorion AB,
Gothenburg, Sweden), which is based on an indirect nanoplasmonic
sensing concept. The sensing platform consisted of silver nanodisk
transducers (~100 nm diameter and ~20 nm height) on a glass
substrate and the entire sensing surface was conformally covered with
an ~10 nm thick layer of silicon nitride.***®> The silver nanodisk
arrays were fabricated by hole-mask colloidal lithography and had
~8% of surface coverage.” Prior to experiment, the sensor chips were
rinsed with ethanol and dried with nitrogen gas, followed by
treatment with oxygen plasma for 1 min by using a CUTE-1IMPR
machine (Femto Science Inc., Hwaseong, Republic of Korea). The
latter step led to the formation of a silica overlayer on the silicon
nitride surface.® Afterward, the silica-coated sensor chip was loaded
into a microfluidic chamber and liquid samples were injected under
continuous flow conditions at a flow rate of 50 yxL/min using a
peristaltic pump (Reglo Digital MS-4/6, Ismatec, Glattsburg,
Switzerland). Of note, the cross-section and length of the flow
channel are around 1 X 2 and S mm, respectively, and hence the
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Figure 1. Experimental strategy to investigate how cholesterol affects multivalency-induced shape deformation of sub-100 nm lipid vesicles. (a)
Schematic illustration of biotinylated DOPC lipid vesicles containing (i) no cholesterol or (ii) variable fractions of cholesterol (15, 30, or 45 mol
%). Note that cholesterol incorporation can influence membrane packing. (b) Overview of LSPR measurement approach to characterize
deformation of vesicles (without or with cholesterol) during their attachment to the SLB (without cholesterol). When there is greater deformation,
the lipid mass will be, on average, in a region of higher LSPR-enhanced field intensity near the sensor surface, which results in a larger measurement
response. This is figuratively shown by drawing one vesicle at the center of an LSPR nanodisk. In reality, vesicles are attached in a more or less
random manner like in the random sequential adsorption model.*” This arrangement of attached vesicles is also implied in our analysis of the

related LSPR signal.

average flow velocity, vy, was calculated to be 25 mm/ min.* During
experiments, the optical extinction spectrum of transmitted white light
passing through the sensor chip was measured by UV—vis
spectroscopy and collected with a time resolution of 1 Hz. The
LSPR peak wavelength that corresponds to the maximum-intensity
extinction wavelength (denoted as ) in each spectrum was
determined by the centroid method,” and data analyses were
conducted using the Insplorer software package (Insplorion AB).

B RESULTS AND DISCUSSION

Measurement Strategy. Figure la presents a schematic
illustration of sub-100 nm lipid vesicles that (i) contain DOPC
phospholipids only and no cholesterol or (i) a mixture of
DOPC phospholipids and cholesterol. Typically, fluid-phase
DOPC lipid bilayers are relatively flexible while cholesterol
incorporation can affect the membrane phase properties, giving
rise to liquid-disordered or liquid-ordered phase states
depending on the overall membrane composition and
cholesterol fraction. It should be emphasized that such findings
have been mainly obtained from planar and low-curvature
model membranes while, for sub-100 nm lipid vesicles, the
membrane is in the high-curvature regime where curvature-
induced membrane stiffening can be appreciable by itself and

the corresponding membrane bending energy of a sub-100 nm
lipid vesicles can be quite large. In the latter high membrane-
curvature regime, the effect of cholesterol incorporation on
membrane nanomechanical properties is less understood
because the contribution of cholesterol-induced membrane
stiffening must be considered within the broader context of
curvature-induced stiffening effects.

To address this gap, we utilized the LSPR technique in order
to track the real-time adsorption of biotinylated vesicles onto a
streptavidin-coated SLB platform (Figure 1b). The biotin—
streptavidin interaction is one of the strongest noncovalent
interactions in nature and is a widely used model system to
study multivalent ligand—receptor binding in general. In our
system, the lipid vesicles contained a tunable amount of
biotinylated lipids (ligands) while there was a fixed amount of
streptavidin proteins (receptors) on the SLB platform
interface. Depending on the balance between the membrane
bending energy and the multivalent ligand—receptor inter-
action energy, attached lipid vesicles will undergo more or less
shape deformation, which can be detected by the LSPR
measurement readout.
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Figure 2. LSPR tracking of 100 mol % DOPC lipid vesicle attachment to streptavidin-coated supported lipid bilayer. (a) Time-resolved A4, shifts
for vesicle addition to streptavidin-coated SLB platform. The molar fraction of biotinylated lipids in the vesicles was adjusted from 0.25 to 2 mol %.
Vesicle addition started from ¢ = 7 min and a buffer washing step was conducted from t = 47 min onward. (b) Final A4,,,, shifts corresponding to
vesicle attachment at saturation and (c) rate of change in the A4,,,, signal during the initial attachment stage [in panel (a)]. Data in panels (b) and
(c) are represented as mean + standard deviation from three independent experiments.

The SLB platform was fabricated on a silica-coated
nanoplasmonic sensor chip and UV-—visible spectroscopy
experiments were performed in transmission mode to track
SLB fabrication and subsequent vesicle attachment, including
shape deformation. The interaction of white light with the
plasmonic nanodisks induces the coherent oscillation of
conduction-band electrons near the nanodisk surface, which
arises from the LSPR optical phenomenon and is characterized
by a maximum-intensity emission wavelength (4,,,,) in the
corresponding optical extinction spectrum. In this case, the
electromagnetic field is enhanced near the sensor surface (~5—
10 nm decay length), allowing one to sensitively detect
changes in the local refractive index that can be measured by a
A shift. For example, lipid molecules have a greater
refractive index than water molecules so an adsorbed lipid
vesicle will increase the local refractive index relative to an
aqueous buffer baseline, which can be detected by a positive
Al shift (Figure S1). Importantly, the time-resolved A,
shift is sensitive to both the number and shape of attached
vesicles and analytical modeling can extract quantitative
information about vesicle shape deformation in the low and
high surface coverage regimes. In general, greater deformation
of an attached vesicle results in the lipid mass being, on
average, in a region of higher field intensity closer to the sensor
surface that translates into a larger A/, shift.

In our experiments, a flow-through microfluidic chamber
was used to house the silica-coated silver nanodisk array and
we fabricated conformal SLBs on top of the sensor surface by
using lipid bicelles containing 99 mol % DOPC lipid and 1 mol
% DOPE-Biotin lipid (Figure S2). Afterward, streptavidin
molecules were added and became firmly attached to available
biotinylated lipid ligands on the SLB platform, yielding a
streptavidin-coated SLB platform whereby streptavidin pro-
teins acted as model receptors to mediate specific binding
interactions with biotinylated lipid vesicles. Since the molar
fraction of biotinylated lipids in the SLB platform was
consistent, the number of attached streptavidin molecules
and hence the corresponding receptor density in the SLB were
fixed in the experiments (Figure S3).

Then, ~75 nm diameter DOPC lipid vesicles containing 0,
15, 30, or 45 mol % cholesterol were injected into the
microfluidic chamber under continuous flow conditions and
gradually became attached to the streptavidin-coated SLB
platform. The corresponding vesicle attachment process was
tracked by monitoring the time-resolved A4, shift relative to
the baseline signal prior to vesicle addition. To facilitate vesicle

attachment, the lipid vesicles also contained 0.25, 0.5, 1, or 2
mol % biotinylated lipid (DOPE-Biotin), which enabled
specific binding to the streptavidin-coated SLB and a larger
fraction of biotinylated lipids contributed to a stronger
multivalent ligand—receptor binding interaction energy. This
compositional tuning allowed us to elucidate how cholesterol
fraction influences vesicle attachment and resulting shape
deformation processes across the tested range of experimental
scenarios ranging from relatively low to high multivalency
conditions. In Figures 2—5 below, the LSPR measurement
baselines refer to the streptavidin-coated SLB platform and the
presented time-resolved A, shifts depict the vesicle
attachment step whereby both the final A/, shift at
saturation and the initial rate of change in the A/, signal
in the low-coverage regime were scrutinized.

LSPR Measurements. Figure 2a shows time-resolved
Al shifts for 100 mol % DOPC lipid vesicles with a
biotinylated lipid fraction of 0.25 to 2 mol % during their
attachment to the streptavidin-coated SLB. Monotonic
adsorption occurred until there was saturation of attached
vesicles for all samples and the resulting final A4, shifts for
vesicle attachment were larger when vesicles had a greater
biotin ligand density. For 0.25 and 0.5 mol % biotinylated lipid
vesicles, the final A4, shifts were 1.28 + 0.08 and 1.49 + 0.04
nm, respectively (Figure 2b). The final AA,,, shift further
increased to 1.76 + 0.02 nm for 1 mol % biotinylated lipid
vesicles while a similar A4, shift of 1.79 + 0.02 nm was
observed for vesicles with 2 mol % biotinylated lipid fraction.
The final A/, shift magnitude depends on both the surface
concentration and deformation of attached vesicles,*> which
led us to further investigate vesicle deformation in the low
surface-coverage regime.

Specifically, we analyzed the rate of change in the A4,
signal during the initial vesicle attachment stage, which reflects
the relative degree of multivalency-induced vesicle shape
deformation (Figure 2¢).%%%% In general, a larger rate implies
greater shape deformation of attached vesicles on a
comparative basis. The rate was around 0.23 + 0.02 nm/min
for 0.25 mol % biotinylated lipid vesicles and further increased
to around 0.28 + 0.02, 0.33 + 0.02, and 0.33 + 0.03 nm/min
for the 0.5, 1, and 2 mol % biotinylated lipid vesicle cases,
respectively. Hence, a greater degree of multivalent biotin—
streptavidin binding interactions triggered the attached vesicles
to deform to a greater extent until a critical density of such
interactions was reached, which agrees well with our past

max
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Figure 3. LSPR tracking of 85/15 mol % DOPC/cholesterol vesicle attachment to streptavidin-coated supported lipid bilayer. (a) Time-resolved
Al shifts for vesicle addition to streptavidin-coated SLB platform. (b) Final A/, shifts corresponding to vesicle attachment at saturation and
(c) rate of change in the AA,,, signal during the initial attachment stage [in panel (a)]. The panels are depicted as in Figure 2.
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Figure 4. LSPR tracking of 70/30 mol % DOPC/cholesterol vesicle attachment to streptavidin-coated supported lipid bilayer. (a) Time-resolved
Al shifts for vesicle addition to streptavidin-coated SLB platform. (b) Final A4, shifts corresponding to vesicle attachment at saturation and

(c) rate of change in the AA,,,, signal during the initial attachment stage [in panel (a)]. The panels are depicted as in Figure 2.
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Figure 5. LSPR tracking of 55/45 mol % DOPC/cholesterol vesicle attachment to streptavidin-coated supported lipid bilayer. (a) Time-resolved
A shifts for vesicle addition to streptavidin-coated SLB platform. (b) Final A4, shifts corresponding to vesicle attachment at saturation and
() rate of change in the Al signal during the initial attachment stage [in panel (a)]. The panels are depicted as in Figure 2.

findings”” and provides a quantitative basis to evaluate the
effects of cholesterol incorporation in the vesicles.

We proceeded to track the time-resolved A/, shifts for 85/
1S mol % DOPC/cholesterol vesicle attachment to the
streptavidin-coated SLB platform (Figure 3a). Again, vesicle
attachment reached a saturation point for all samples, and the
final A4, shifts were generally larger than in the case of 100
mol % DOPC lipid vesicles, which reflects the higher refractive
index of the DOPC/cholesterol lipid bilayer as compared to
that of a DOPC lipid bilayer.”” For 0.25 and 0.5 mol %
biotinylated lipid vesicles, the final A/, shifts at saturation
were around 1.51 + 0.04 and 1.76 + 0.02 nm, respectively
(Figure 3b). The final A4, shifts further increased to similar
values of around 1.87 + 0.02 and 1.84 + 0.02 nm for 1 and 2
mol % biotinylated lipid vesicles, respectively. It should be
noted that, as the molar fraction of biotinylated lipids in the
vesicles increased, the relative magnitude of the A/, shift
values increased by only 24% for the 85/15 mol % DOPC/
cholesterol vesicles, whereas the corresponding increase was

40% in the case of 100 mol % DOPC lipid vesicles described
above.

In addition, the rate of change in the AA,,,, signal during the
initial vesicle attachment stage was around 0.27 nm/min for
85/15 mol % DOPC/cholesterol vesicles with 0.25 mol %
biotinylated lipid fraction, and increased to around 0.29 +
0.02, 0.30 + 0.02, and 0.32 + 0.01 nm/min for the 0.5, 1, and
2 mol % biotinylated lipid vesicle cases, respectively (Figure
3c). In this case, the relative magnitude of the rate increased by
only 19% as the molar fraction of biotinylated lipids in the
vesicles increased from 0.25 to 2 mol %, which was appreciably
smaller than the 43% increase for 100 mol % DOPC lipid
vesicles across the same range. These quantitative trends
support that the extent of deformation of cholesterol-enriched
vesicles is also affected by multivalent ligand—receptor
interactions while the magnitude of such effects is smaller
than for fluid-phase lipid vesicles lacking cholesterol and
indicates a deformation-suppressing effect of cholesterol.

These findings led us to further increase the cholesterol
fraction in the vesicles to 30 mol % and the corresponding
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Figure 6. Biophysical characterization of multivalency-induced shape deformation for cholesterol-enriched vesicles. (a) Contact radius and (b)
height of adsorbed vesicles as a function of molar fraction of biotinylated lipids in the vesicles. The analytical modeling was performed for vesicles
with different cholesterol fractions based on the data in Figures 2—S. (c) Corresponding percentage of the vesicle surface area contacting SLB
relative to the total vesicle surface area as a function of the molar fraction of biotinylated lipids in the vesicles. Dashed line indicates the 10% mark
[vesicle deformation is often described as appreciable when the percentage is higher than 10% (see ref 27 and references therein)]. (d) Schematic
illustration describing how cholesterol fraction affects the multivalency-induced structural deformation of attached vesicles.

time-resolved AA,,, shifts for vesicle attachment to the
streptavidin-coated SLB platform are presented in Figure 4a.
In this case again, similar monotonic adsorption behavior was
observed while the final AA,,, shifts at saturation were
typically larger, which also reflects a larger refractive index of
the lipid bilayer at higher cholesterol fractions as mentioned
above. The final A4, shifts were around 1.85 + 0.06 and 2.02
=+ 0.01 nm for 70/30 mol % DOPC/cholesterol vesicles with
0.25 and 0.5 mol % biotinylated lipid fractions, respectively
(Figure 4b). Similar final A, shifts of around 2.02 + 0.02
and 1.95 & 0.01 nm were also observed for the 1 and 2 mol %
biotinylated lipid vesicle cases, respectively. In addition, the
rates of change in the A4, signal hovered around ~0.32 nm/
min for vesicles across all tested biotinylated lipid fractions and
there was no dependence of the rate on the cholesterol fraction
in the vesicles (Figure 4c).

We also investigated vesicle attachment to the streptavidin-
coated SLB platform for 55/45 mol % DOPC/cholesterol
vesicles and the time-resolved AA,, shifts indicated
monotonic adsorption behavior for vesicles across all tested
biotinylated lipid fractions (Figure Sa). The final A4, shift
was around 1.82 + 0.05 nm for 0.25 mol % biotinylated lipid
vesicles and further increased to around 2.09 + 0.09, 2.03 +
0.02, and 1.93 + 0.01 nm for 0.5, 1, and 2 mol % biotinylated
lipid vesicles, respectively (Figure Sb). A similar trend in the
initial rates of change in the A4, signal was also observed,
whereby the rate was 0.28 + 0.02 nm/min for 0.25 mol %
biotinylated lipid vesicles and increased to around 0.30 + 0.04,
0.34 + 0.01, and 0.34 & 0.05 nm/min for 0.5, 1, and 2 mol %
biotinylated lipid vesicles, respectively (Figure Sc). Hence, the
overall trends were similar to the 70/30 mol % DOPC/
cholesterol vesicle case and indicated that greater multivalency
at higher biotinylated lipid fractions had less effect on the
LSPR measurement responses than in the cases of lipid vesicles
with appreciably less or no cholesterol.

We further analyzed the LSPR measurement data to extract
quantitative details about multivalency-induced deformation of

attached vesicles and the corresponding effect of cholesterol
incorporation in the lipid vesicles (sections 4 and 2 in the
Supporting Information and refs 27 and 28, respectively). In
our analytical model, a deformed vesicle was treated as a
truncated sphere with radius R, and basement radius r, and we
obtained quantitative estimates of r, the deformation-related
height of an attached vesicle (%), and the surface area of the
vesicle-SLB contact region (zr*), from the experimentally
measured rates of change in the A4, signal during the initial
vesicle attachment stage (section 1 in the Supporting
Information and Table S2).

Vesicle Deformation Analysis. Figure 6a—c show the
contact radius and height, r and h, of an attached vesicle as well
as the fractional percentage of the total vesicle surface area,
47R?*, that contacts the SLB interface, 7r>. From these plots,
three general trends can be observed:

First, higher biotinylated lipid fractions lead to an increase in
the contact radius magnitude and decrease in the vesicle height
because they enable a greater possible number of biotin—
streptavidin complexes to be formed in the vesicle-SLB contact
region and hence a stronger multivalent binding energy that
opposed the membrane bending energy. For 100 mol %
DOPC lipid vesicles, the contact radius increased from ~21 to
~32 nm as the molar fraction of biotinylated lipids in the
vesicles changed from 0.25 to 2 mol %, which corresponds to a
52% increase in the contact radius value as the degree of
multivalency increased in the system. The corresponding
contact radii of attached vesicles increased from ~21 to ~26
nm and from ~20 to ~24 nm for 85/1S and 70/30 mol %
DOPC/cholesterol vesicles, respectively, which reflect 24%
and 20% increases in the contact radius values for these two
cases. For 55/45 mol % DOPC/cholesterol vesicles, the
corresponding contact radius increased from ~14 to ~21 nm,
which translates into a 50% increase but still relatively low
value.

Second, a higher cholesterol fraction in vesicles led to a
decrease in the contact radius magnitude and an increase in
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vesicle height. This feature can be explained mainly by a
cholesterol-mediated increase in the lipid bilayer bending
rigidity and partly by a decrease in the amount of biotinylated
lipid with increasing cholesterol fraction (this is the case
because the size of the interface area of the fabricated vesicles
is kept constantly independent of the cholesterol fraction, and
accordingly, increasing the cholesterol fraction decreases the
amount of phospholipid in general and biotinylated
phospholipid in particular).

Third, an increase in the contact radius magnitude and a
decrease in the vesicle height, observed with increasing
biotinylated lipid fraction, become less manifested for vesicles
with increasing cholesterol fraction. In particular, these effects
are nearly negligible for the 55/45 mol % DOPC/cholesterol
lipid vesicles. This feature reflects a similar dependence of the
results shown in Figures 3—5.

At first sight, the third general trend might be unexpected.
To rationalize this trend, we recall our earlier interpretation”’
of the results obtained without cholesterol (cf. Figures 2 and 6)
where the dependence on the biotinylated lipid fraction is
appreciable for the 0.25, 0.5, and 1 mol % cases and nearly
negligible when increasing this fraction from 1 to 2 mol %. In
general, as already noticed, this dependence depends on the
interplay of the membrane bending energy and the multivalent
ligand—receptor interaction energy. In our case, the ligand—
receptor interaction is fairly strong and induces translocation of
biotinylated lipids to the vesicle-SLB contact region. If the
biotinylated lipid fraction, f,;, is small, then the contact region
is rather small even though all of the biotinylated lipids are
there, and this is possible because the corresponding changes
in the membrane bending energy are small (smaller than the
gain in energy due to the formation of ligand—receptor pairs).
In this case, the area of the contact region can be estimated as
ar* o~ mys = fyms, where ny, is the number of biotinylated
lipids in the outer leaflet of a vesicle, n is the total number of
lipids in this leaflet of a vesicle, and s is the area corresponding
to one ligand—receptor pair. With increasing biotinylated lipid
fraction, the bending energy rapidly increases and the
translocation of all the biotinylated lipids to face the contact
region becomes energetically unfavorable. Hence, the depend-
ence of the contact area (or radius) on biotinylated lipid
fraction becomes weaker, in some cases appreciably so. In the
absence of cholesterol, this occurs when increasing the
biotinylated lipid fraction from 1 to 2 mol %. With cholesterol,
the bending rigidity becomes higher, and it appears to happen
already when the biotinylated lipid fraction is low, ~0.25—0.5
mol %. These arguments explain the third general trend and
also why the contact radius (or area) decreases with increasing
cholesterol fraction even when the biotinylated lipid fraction is
low.

Figure 6d presents a schematic summary of our experimental
observations discussed above.

In addition to analyzing how the initial rates of change in the
Al signal relate to multivalency-induced vesicle shape
deformation, we also applied this modeling approach to
determine the surface concentration of attached vesicles from
the final A, shifts at saturation (cf. Figures 2—S5). The
surface concentration of attached vesicles was around 70—80
vesicles per ym* and did not depend on the cholesterol
fraction or biotinylated lipid fraction in the vesicles (Table S3).
This finding is consistent with our past report’’ that
demonstrated changing the biotinylated lipid fraction in the
SLB itself, but not in the vesicles, affects vesicle surface

coverage, while the biotinylated lipid fraction in the SLB was
fixed at 1 mol % in the present experiments. These surface
concentration calculations further reinforce that, for each lipid
composition, larger A4, shifts at saturation mainly reflect a
greater degree of vesicle deformation, which agrees well with
our analysis of the rate of change in the A/, signal in the low
surface coverage regime as described above.

Returning to the question of how cholesterol affects the
nanomechanical properties of DOPC lipid bilayers, our
findings indicate that cholesterol incorporation into sub-100
nm DOPC lipid vesicles increases membrane bending energy,
which was supported by our observation that there was less
multivalency-induced vesicle shape deformation compared to
vesicles without cholesterol. While previous studies have
discussed how cholesterol stiffens lipid membranes in
general,'”*" the nanomechanical properties of sub-100 nm
lipid vesicles are typically measured by AFM-based tip
indentation in a perturbative manner and when the vesicles
are adsorbed nonspecifically to a surface. In marked contrast,
our experimental platform investigated how sub-100 lipid
vesicles containing cholesterol undergo shape deformation in a
label-free, nonperturbative manner due to biologically relevant
multivalent interactions that involve specific binding to
membrane-associated receptors. Obtaining information about
the membrane bending properties of high-curvature mem-
branes in this size regime is challenging and current knowledge
supports that the membrane bending energy of sub-100 nm
lipid vesicles is appreciably higher than that of planar
membranes.”**”

Within this context, it deserves attention that, using neutron
spin—echo (NSE) spectroscopy, Chakraborty et al. found that
the magnitude of the bending rigidity of DOPC lipid vesicles
(<100 nm) is strongly affected by the cholesterol fraction in
the vesicles, demonstrating a roughly 3-fold increase in
bending rigidity as the cholesterol content in the vesicle was
increased up to ~50 mol %."” In our study, we also observed
that cholesterol incorporation appeared to increase the
membrane bending energy of sub-100 nm lipid vesicles,
while the effect of varying the specific cholesterol fraction was
relatively weak in terms of affecting the extent of multivalency-
induced vesicle shape deformation. We have, however,
explained that this weak effect can be rationalized by an
appreciable cholesterol-mediated increase in the lipid bilayer
bending rigidity. Thus, our conclusions are in line with those
by Chakraborty et al.'”

In this context, we can add that in our case the scale of the
ligand—receptor interaction energy is known, and by analyzing
the scale of vesicle deformation, we can in principle estimate
the scale of the bending rigidity for the lipid vesicles we use. In
the absence of cholesterol, it was done earlier.””*® With
cholesterol, the rigidity is higher, but its scale is the same. For
this reason, we do not perform additional estimates along this
line.

In our discussion of the effect of cholesterol on the shape of
attached vesicles, we referred above to the multivalent ligand—
receptor interaction and membrane rigidity. As noticed in the
Introduction, this subject includes many other more specific
interesting aspects. We may add a few related remarks as
follows: (i) In principle, cholesterol can induce the formation
of cholesterol-rich domains in a vesicle. This effect is, however,
usually observed in lipid bilayers containing lipids of at least
two types. To our knowledge, domains have not been observed
in bilayers containing only DOPC lipids, and we believe that
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the domain formation is not relevant to our case. (ii)
Cholesterol molecules can in principle associate with
biotinylated lipid molecules as in the case of transmembrane
proteins briefly described in the Introduction, and there is
some evidence that the presence of cholesterol can reduce the
binding availability of lipid headgroups.””* Cholesterol
molecules are, however, located inside the lipid bilayer where
the structure of biotinylated lipids is the same as that of
ordinary lipids while biotin moieties are located outside lipid
headgroups. For this reason, the sensitivity of cholesterol to the
biotinylated lipid fraction is expected to be weak, and this
factor appears to not be relevant as well. (iii) Cholesterol
molecules can undergo flip-flop and relax local stresses induced
by bending deformations. Although, in principle, this effect can
be relevant quantitatively in our case, it does not affect the
qualitative interpretation of the results.

B CONCLUSION

In this study, we have investigated how cholesterol
incorporation into sub-100 nm lipid vesicles affects multi-
valency-induced shape deformation of the vesicles when
binding to a receptor-functionalized SLB platform. While
cholesterol is generally known to cause membrane stiffening
and higher cholesterol fractions can induce a series of
membrane phase transformations depending on the exact
lipid compositions, our findings reveal a broader effect of
cholesterol to suppress multivalency-induced shape deforma-
tion of attached vesicles across the tested range of cholesterol
fractions. The LSPR technique enabled these findings by
sensitively detecting subtle changes within the vesicle-SLB
contact region in terms of vesicle contact radius, height, and
fractional surface area contact, depending on the cholesterol
fraction in the vesicles and the degree of multivalent binding
interactions in the system. The wide range of cholesterol
fractions that could suppress multivalency-induced vesicle
shape deformation demonstrates that even a relatively small
degree of membrane reinforcement enabled by cholesterol
incorporation in the high membrane curvature regime can have
a significant effect on important structural transformations that
are relevant to understanding key biological and biotechnology
processes such as membrane-enveloped virus particle in-
fectivity and lipid nanoparticle internalization by cells. While
the biophysical insights obtained in this study pertain to
lamellar-phase lipid vesicles, such effects of cholesterol might
be further explored across a wider range of LNPs (e.g,
cubosomes, lipoplexes).**~*
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