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ABSTRACT: The size of membrane-enveloped virus particles, exosomes, and lipid
vesicles strongly impacts functional properties in biological and applied contexts.
Multivalent ligand−receptor interactions involving nanoparticle shape deformation are
critical to such functions, yet the corresponding effect of nanoparticle size remains largely
elusive. Herein, using an indirect nanoplasmonic sensing approach, we investigated how
the nanoscale size properties of ligand-modified lipid vesicles affect real-time binding
interactions, especially vesicle deformation processes, with a receptor-modified, cell
membrane-mimicking platform. Together with theoretical analyses, our findings reveal a
pronounced, size-dependent transition in the membrane bending properties of nanoscale
lipid vesicles between 60 and 180 nm in diameter. For smaller vesicles, a large membrane
bending energy enhanced vesicle stiffness while the osmotic pressure energy was the
dominant modulating factor for larger, less stiff vesicles. These findings advance our
fundamental understanding of how nanoparticle size affects multivalency-induced
nanoparticle shape deformation and can provide guidance for the design of biomimetic nanoparticles with tailored nanomechanical
properties.

The functions of membrane-enveloped biological nano-
particles such as exosomes1,2 and virus particles3,4 along

with synthetic ligand-functionalized vesicles5,6 and lipid
nanoparticles (LNPs)7,8 often depend on multivalent ligand−
receptor interactions with cell membrane surfaces. For
example, exosome attachment to cellular membranes is an
important step in diverse biological processes, including
cellular signaling,9 immune responses,10 and cancer pro-
gression.11 In addition, the multivalent binding of virus
particles to cell membrane receptors can affect the degree of
virus transmissibility.12 Recently, there has been heightened
interest in not only understanding the fundamental biology of
these nanoparticle−membrane interactions but also elucidating
key nanoparticle design parameters that can be utilized to
develop more effective nanoparticle-based vaccines, therapeu-
tics, and diagnostics.7,8 For example, LNPs and synthetic lipid
vesicles have been increasingly used for vaccine and drug
delivery applications,7,8 and it has been observed that their
properties such as size and membrane composition can
influence membrane fusion, cellular internalization, and/or
immunogenicity.13,14

Experimentally, fluid-phase lipid vesicles have served as
simple models of nanoscale membrane curvature, and
researchers have sought to understand how membrane stiffness
depends on deformation-related changes in the membrane
bending energy and osmotic pressure.15,16 These nanoscale
deformation effects have been mainly studied by depositing
lipid vesicles onto a flat, polyelectrolyte-coated substrate and

measuring indentation properties by atomic force microscopy
(AFM). Early studies in the field demonstrated that
deformation-induced osmotic pressure was a key contributing
factor to membrane stiffness whereby fluid-phase lipid vesicles
became stiffer as the osmotic pressure increased due to vesicle
deformation.17,18 In such studies, it is usually implicitly
assumed that the membrane bending rigidity, a quantitative
parameter related to membrane bending energy, is an intrinsic
property of vesicles with a particular composition and that the
corresponding modulus is independent of vesicle size. Other
studies have focused on more heterogeneous, cell-derived
biological nanoparticles (e.g., exosomes and extracellular
vesicles) and further demonstrated that the bending modulus
can be influenced by (i) vesicular contents such as the lipid
composition and the type and amount of membrane-associated
proteins19,20 and (ii) nanoparticle size.21 In the latter case, it
was reported that larger extracellular vesicles tended to have
less stiff membranes because of smaller membrane bending
energy and osmotic pressure.21
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However, to date, relevant studies have been focused on the
deformation of lipid vesicles and exosomes attached to
substrates via nonspecific electrostatic attraction, and size-
dependent studies within the scope have utilized cell-derived
vesicles that have inherent heterogeneity. There is an
outstanding need to improve our biophysical understanding
of the attachment-related deformation of nanoscale lipid

vesicles to the more biologically relevant context of specific,
multivalent ligand−receptor interactions and to elucidate how
nanoparticle size might affect such interactions.
To address this question, herein, we have controlled the

nanoscale size properties of ligand-modified, fluid-phase lipid
vesicles and scrutinized how vesicle size affects receptor-
mediated vesicle attachment to and resulting deformation on a

Figure 1. Biophysical concept of nanoparticle size-dependent multivalent binding interactions and experimental strategy. (A) Schematic illustration
of how a ligand-modified, membrane-enveloped nanoparticle binds multivalently to cell surface receptors according to (1) diffusion, (2) binding,
(3) reshaping, and (4) internalization (via fusion or endocytosis). (B) Schematic illustration of receptor-mediated binding of ligand-modified
nanoparticles (vesicles in our case) to cell surface receptors as a function of nanoparticle size (top) and the corresponding experimental platform
based on tracking the attachment of different-size, biotinylated lipid vesicles to an SLB platform bearing membrane-associated streptavidin protein
receptors (bottom). In general, when the biotin ligand density in vesicles is relatively low, there can be some empty biotin-binding sites still
available on streptavidin receptors, whereas these receptor sites are fully occupied when the biotin ligand density in vesicles is higher. Hence, the
number of biotin−streptavidin bond pairs at the vesicle−SLB interface can be varied depending on the ligand density. At very high biotin ligand
densities in the vesicles, there can be an excess of biotin ligands, in which case the number of biotin−streptavidin bond pairs is alternatively
determined by the streptavidin receptor density in the SLB. (C) Representative LSPR Δλmax shift responses tracking the attachment of different-
size biotinylated lipid vesicles to a streptavidin-functionalized SLB surface. In the representative experiments, the SLB and vesicles both contained 1
mol % biotin. The baseline signals were initially established in (i) a buffer solution, followed by (ii) bicelle addition and SLB fabrication, (iii) a
rinsing step, (iv) streptavidin protein attachment, (v) another rinsing step, (vi) vesicle attachment, and (vii) a final rinsing step. (D) Corresponding
LSPR Δλmax shifts for control experiments to confirm that the attachment of biotinylated lipid vesicles relies on specific biotin−streptavidin
interactions. Steps (i−v) were conducted as described for panel C, and then (vi) free biotin was added to bind to membrane-associated streptavidin
receptors, followed by (vii) a rinsing step, (viii) vesicle attachment, and (ix) another rinsing step.
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supported lipid bilayer (SLB) platform that recapitulates basic
architectural features of cell membranes, including membrane-
associated receptor presentation. Our experimental strategy
was centered around an indirect nanoplasmonic sensing
approach, whereby a receptor-modified SLB platform was
fabricated upon a silica-covered substrate containing hidden,
plasmonic silver nanodisk transducers and real-time attach-
ment and deformation of different-size lipid vesicle populations
binding to the SLB were tracked by monitoring changes in the
localized surface plasmon resonance (LSPR) measurement
signal.22 We interpreted the LSPR experimental data with
refined analytical models to extract key structural information
about the contact radius and height of attached vesicles in the
deformed state, which allowed us to gain quantitative insight
into how membrane curvature affects energetic aspects related
to membrane bending energy. Through these integrated
experimental and theoretical efforts, a major effect of <100
nm membrane curvature on modulating the membrane
bending properties of lipid vesicles was identified.
Figure 1A outlines the basic steps involved in the attachment

of ligand-modified, membrane-enveloped nanoparticles to
receptor-functionalized cell membranes as follows: (1)
diffusion toward the cell membrane, (2) binding to cell
surface receptors, (3) subsequent nanoparticle reshaping upon
attachment, especially in multivalent binding cases, and (4)
nanoparticle−membrane fusion or nanoparticle endocytosis
depending on the internalization pathway, if applicable. In
general, more ligand−receptor binding events between a
flexible nanoparticle and a cell membrane surface increase
the total magnitude of the binding energy, which can result in
more extensive deformation of a bound nanoparticle (Figure
1B). In line with these biological principles, we fabricated an
SLB platform that contained a fixed density of membrane-
associated streptavidin protein receptors (biotin−streptavidin
complexes), which was controlled by including 1 mol %
biotinylated lipid in the SLB, and streptavidin proteins could
bind to the SLB via biotin−streptavidin coupling. The SLB
platform has proven to be useful in various contexts to
investigate multivalent ligand−receptor interactions involving
biomimetic and biological nanoparticles,3,23−29 and we focus
here on scrutinizing the nanoparticle size factor, which is a new
dimension that benefits from the fabrication control afforded
by working with synthetic lipid vesicles.
In addition to controlling the lipid vesicle size, we also tuned

the biotinylated lipid fraction (i.e., ligand density) in the

vesicles, whereby the corresponding fraction in 60, 130, or 180
nm diameter vesicles was increased from 0.016, 0.031, or 0.125
mol %, respectively, to 2 mol %. The major phospholipid
component in the SLB and vesicles was the 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) lipid, and the minor
phospholipid component was the 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl) (DOPE-biotin) lipid,
which has a biotin-functionalized headgroup. Accordingly,
biotinylated lipid vesicles with different biotin fractions were
fabricated by the extrusion method and the vesicle populations
had average diameters (60, 130, or 180 nm) depending on the
extrusion pore size, as measured by dynamic light scattering
(DLS) measurements.
Figure 1C presents representative, step-by-step LSPR

measurement runs, including SLB fabrication on a silica-
coated sensor chip, addition of streptavidin protein to
biotinylated lipids in the SLB, and the addition of biotinylated
lipid vesicles containing 1 mol % biotin, for different-size
vesicle cases. In the LSPR measurements, time-resolved shifts
in the peak extinction wavelength of the plasmonic nanodisks,
Δλmax, were tracked by ultraviolet−visible spectroscopy
measurements and corresponded to changes in the local
refractive index adjacent to the SLB-coated sensor surface,
which arose from vesicle attachment and attachment-related
deformation.30,31 A larger Δλmax shift can occur due to greater
adsorption uptake and/or more extensive vesicle deformation
depending on the context. It is noteworthy that the decay
length of the LSPR-enhanced electromagnetic field is on the
order of 10−15 nm whereby the relative spatial proximity of
lipid molecules within attached vesicles influences the Δλmax
shift.32

The SLB platform was fabricated using lipid bicelles, and
LSPR measurement tracking showed two-step formation
kinetics along with final Δλmax shifts of around 3.14 ± 0.13
nm relative to the baseline, both of which are consistent with
past reports33,34 (Figure S1). Then, streptavidin protein was
added to the SLB platform via biotin−streptavidin coupling.
Because the biotinylated lipid fraction in the SLB was 1 mol %
in all cases, the amount of streptavidin protein receptors
attached to the SLB was consistent across all experiments and
the corresponding Δλmax shift was 0.66 ± 0.10 nm for that
step, which also agrees with past reports.22

Next, biotinylated lipid vesicles were added, which led to a
further increase in the Δλmax shift due to the attachment of
vesicles to membrane-associated streptavidin receptors, and

Figure 2. LSPR measurements tracking the attachment of 60 nm diameter, ligand-functionalized vesicles to receptor-functionalized SLBs. (A)
Time-dependent Δλmax shifts corresponding to attachment of biotinylated lipid vesicles to an SLB for different biotin ligand densities in the vesicles
(0.125−2 mol % fractions). The measurement baseline denotes the fabricated streptavidin receptor-modified SLB platform. Vesicles were added
from 5 min, and then a buffer rinsing step was conducted from 65 min. (B) Tabulated Δλmax shifts for vesicle attachment at saturation and (C)
slopes of the Δλmax shift responses during the initial attachment stage, plotted on a log2 scale and corresponding to the data in panel A. Where
applicable, the measurement values are represented by the mean ± standard deviation from three runs per condition.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.2c00090
J. Phys. Chem. Lett. 2022, 13, 1480−1488

1482

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c00090/suppl_file/jz2c00090_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00090?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00090?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00090?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00090?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c00090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the corresponding magnitude of the measurement response
depended on the vesicle size and biotinylated lipid fraction in
the vesicles. We also confirmed that the biotinylated lipid
vesicles of all tested sizes attach specifically to the streptavidin
receptors and do not adsorb nonspecifically onto the SLB
platform; the specific binding was verified by first incubating
the streptavidin-functionalized SLB with free biotin molecules,
before the addition of biotinylated lipid vesicles of different
sizes (Figure 1D). In those control experiments, the
streptavidin receptors were occupied with free biotin molecules
so vesicle attachment did not occur, as indicated by nearly
negligible changes in the Δλmax shifts upon addition of vesicles.
On the basis of this platform, we focus on scrutinizing the
vesicle attachment kinetics across various biotinylated lipid
fractions in the lipid vesicles for the different-size vesicle
populations. The measurement baselines in Figures 2−4
correspond to the fabricated SLB platform, i.e., the streptavidin
receptor-modified lipid bilayer coating on the sensor surface,
and the presented Δλmax shifts described below are related to
the subsequent vesicle addition step whereby biotinylated lipid
vesicles attached to the SLB in a manner dependent on the
biotin ligand density in the vesicles and the vesicle size.
Figure 2A shows the time-dependent Δλmax shift responses

corresponding to the attachment of 60 nm diameter vesicles to
an SLB that contained streptavidin receptors. The ligand
density was controlled by adjusting the molar fraction of
biotinylated lipids in the vesicles from 0.125 to 2 mol %.
Across all tested ligand densities, monotonic attachment of
intact vesicles was observed on the basis of the measurement
signatures and the resulting Δλmax shifts at saturation were
greater at higher biotin fractions. In the case of vesicles
containing 0.125 mol % biotin, the final Δλmax shift was 0.89 ±
0.08 nm, and a larger Δλmax shift of ∼1.19 ± 0.01 nm was
recorded for vesicles containing 0.25 mol % biotin (Figure 2B).
When the biotin fraction in the vesicles was increased to 0.5
mol %, the Δλmax shift at saturation was again larger and equal
to ∼1.45 ± 0.05 nm. For vesicles containing 0.75, 1, and 2 mol
% biotin fractions, modestly larger Δλmax shifts corresponding
to 1.65 ± 0.07, 1.69 ± 0.02, and 1.68 ± 0.01 nm, respectively,
were recorded and indicate that the measurement response
began to plateau at higher biotin fractions.
The slope of the Δλmax shift during initial vesicle attachment

was also calculated, which reflects the degree of vesicle
deformation and could be related to the biotin ligand density
in the vesicles (Figure 2C). Because the vesicle size was fixed at
∼60 nm diameter independent of the biotin fraction, the
diffusion-limited rate of vesicle attachment was constant and
therefore larger initial slopes can be attributed to more

extensive vesicle deformation.35,36 The slopes had larger
magnitudes when the vesicles had a greater biotin ligand
density. At low biotin fractions of 0.125 and 0.25 mol %, the
corresponding slopes were ∼0.21 ± 0.03 and ∼0.22 ± 0.01
nm/min, respectively. Moreover, for vesicles containing 0.5
mol % biotin, the slope was ∼0.33 ± 0.05 nm/min, which
indicates more extensive vesicle deformation. For vesicles
containing 0.75 and 1 mol % biotin, the slopes increased
modestly to 0.37 ± 0.02 and 0.39 ± 0.01 nm/min, respectively.
Moreover, the slope further increased to 0.47 ± 0.03 nm/min
in the case of vesicles containing 2 mol % biotin. Accordingly,
we determined that a greater biotin fraction in the vesicles, i.e.,
a greater ligand density, induces more extensive vesicle
deformation and, in turn, a larger Δλmax shift at saturation,
which agrees well with our past findings for 70 nm diameter
vesicles.22

Figure 3A shows the time-dependent Δλmax shift responses
corresponding to the attachment of 130 nm diameter vesicles
to an SLB that contained streptavidin receptors. The molar
fraction of biotinylated lipids in the vesicles was varied from
0.031 to 2 mol %. Again, monotonic vesicle attachment
occurred in all cases, and the corresponding Δλmax shifts at
saturation also tended to be larger at higher biotin fractions. In
the case of vesicles containing 0.031 mol % biotin, the final
Δλmax shift was 0.35 ± 0.03 nm (Figure 3B). For vesicles
containing 0.063 and 0.125 mol % biotin, the Δλmax shifts
increased to 0.75 ± 0.01 and 0.95 ± 0.02 nm, respectively. A
larger Δλmax shift of ∼1.13 ± 0.02 nm was observed in the case
of vesicles containing 0.25 mol % biotin. Markedly larger Δλmax

shifts of 1.38 ± 0.01, 1.35 ± 0.03, and 1.39 ± 0.03 nm were
recorded for vesicles that contained 0.5, 1, and 2 mol % biotin
fractions, respectively, indicating a plateau in the measurement
response.
The initial slope in the Δλmax shift response was again

evaluated, and as with the smaller vesicles, the trend indicated
that there was more extensive deformation of attached vesicles
at higher biotin fractions, especially in the >0.25 mol % biotin
regime (Figure 3C). In the case of vesicles containing 0.031
mol % biotin, the slope was ∼0.13 ± 0.01 nm/min, while the
slope increased slightly to 0.16 ± 0.01 nm/min for vesicles
containing 0.063 mol % biotin. The slope further increased to
∼0.18 ± 0.01 nm/min for vesicles containing 0.125 and 0.25
mol % biotin. On the contrary, for vesicles containing 0.5 mol
% biotin, the rate increased modestly to 0.21 ± 0.02 nm/min
and the slope increased more appreciably to 0.22 ± 0.01 and
0.24 ± 0.01 nm/min for vesicles containing 1 and 2 mol %
biotin, respectively.

Figure 3. LSPR measurements tracking the attachment of 130 nm diameter, ligand-functionalized vesicles to receptor-functionalized SLBs. As in
Figure 2, except that the biotin ligand density in the vesicles ranged from 0.031 to 2 mol % fraction.
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Figure 4A shows the time-dependent Δλmax shift responses
corresponding to the attachment of 180 nm diameter vesicles
to an SLB that contained streptavidin receptors. In this case,
the molar fraction of biotinylated lipids in the vesicles was
varied from 0.016 to 2 mol %. For vesicles containing 0.016
and 0.031 mol % biotin, the Δλmax shifts were 0.15 ± 0.06 and
0.24 ± 0.05 nm, respectively (Figure 4B). The magnitude of
the Δλmax shifts steadily increased to 0.42 ± 0.02, 0.69 ± 0.01,
and 0.91 ± 0.01 nm for vesicles that contained 0.063, 0.125,
and 0.25 mol % biotin, respectively. On the contrary, in the
case of vesicles containing 0.5 mol % biotin, the Δλmax shift
increased appreciably to 1.16 ± 0.03 nm, while there were
similar Δλmax shifts of 1.23 ± 0.02 and 1.08 ± 0.09 nm for
vesicles containing 1 and 2 mol % biotin, respectively.
We next determined the initial slopes in the Δλmax shift

responses, and the trend again showed that there was greater
deformation of attached vesicles for vesicles that contained
more biotinylated lipids, especially in the >0.5 mol % biotin
regime (Figure 4C). The slopes in the Δλmax shifts were ∼0.12
and ∼0.13 ± 0.02 nm/min for vesicles containing 0.016 and

0.031 mol % biotin, respectively, while slightly larger slopes of
∼0.16 ± 0.01, ∼0.14 ± 0.01, and ∼0.15 ± 0.01 nm/min
occurred for vesicles that contained 0.063, 0.125, and 0.25 mol
% biotin, respectively. The slope increased slightly to 0.17 ±
0.01 nm/min in the case of vesicles containing 0.5 mol %
biotin and further increased to 0.19 ± 0.01 and 0.21 ± 0.01
nm/min for vesicles containing 1 and 2 mol % biotin,
respectively.
To analyze the LSPR data for different-size vesicle

populations, we refined an analytical model to describe how
the Δλmax signal is related to the degree of vesicle deformation
and could extract shape parameters related to how an attached
vesicle contacts the SLB (section 2 of the Supporting
Information; see also Figure S2). In our previous study22 in
which only small vesicles were studied and the vesicle
deformation was considered modest, a deformed vesicle was
modeled as a truncated sphere that has a basement of radius r
and it was assumed that the radius of a truncated vesicle, Rv,
was roughly equal to that of a nondeformed vesicle, R. In the
study presented here, we used a wider range of vesicle sizes,

Figure 4. LSPR measurements tracking the attachment of 180 nm diameter, ligand-functionalized vesicles to receptor-functionalized SLBs. As in
Figure 2, except that the biotin ligand density in the vesicles ranged from 0.016 to 2 mol % fraction.

Figure 5. Quantitative analyses of vesicle shape deformation and membrane bending energy for different-size vesicles. All of the results were
calculated by using the LSPR data shown in Figures 2C−4C. (A) Normalized radius, r/R, of the attached vesicle region that contacts the SLB
platform for different-size vesicles depending on the biotin ligand density (on a log2 scale) in the vesicles. (B) Normalized height, h/2R, of an
attached vesicle corresponding to the data in panel A. (C) Fraction of vesicle surface area contacting the SLB platform, expressed in terms of the
relative percentage of total vesicle surface area. The dashed gray line corresponds to an ≅20% contact area for comparison. (D) Membrane bending
energy for each vesicle size that corresponds to the biotin fraction at which the vesicle contact area percentage is 20% (estimated using the data in
panel C and assuming the role of osmotic pressure to be minor).
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and because larger vesicles can typically undergo more
pronounced shape deformation, we adjusted our model of
the vesicle shape for analytical calculations. Specifically, Rv was

expressed via r and R: = − −R R r R r(4 )/ 16 8v
2 2 2 2 . As

such, the LSPR measurement response corresponding to
diffusion-limited vesicle adsorption can be written as

λΔ = −
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where B is a constant related to the experimental conditions
and sensor properties, a is the LSPR-enhanced field
penetration depth, Cv is the bulk vesicle concentration, and t
is the time elapsed since vesicle attachment began. The time
derivative of the LSPR measurement response during the initial
stage of vesicle attachment, i.e., the slope, can be further
analyzed and described as
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Because the values of all of the other parameters in this
equation except for r are known or can be determined
independently, it is possible to extract the corresponding r
values from the experimentally measured slopes described
above.
Figure 5A presents the normalized radius, r/R, of the vesicle

region (i.e., basement radius) that contacts the SLB platform
for different-size vesicles as a function of the biotin ligand
density in the vesicles. In all tested cases, there was a similar
trend indicating that the contact radius became larger at higher
biotin fractions in the vesicles. In the case of 60 nm vesicles,
the normalized value of the contact radius of an attached
vesicle was ∼19% for vesicles containing 0.125 mol % biotin
and increased to ∼106% for vesicles containing 2 mol % biotin.
On the contrary, in the case of 130 nm vesicles that contained
biotin fractions ranging from 0.031 to 2 mol %, the normalized
contact radius increased from ∼77% to ∼117%. For 180 nm
vesicles, the corresponding biotin fraction range in the vesicles
was 0.016−2 mol %, and the normalized contact radius
increased from ∼91% to ∼126% across this range. These
trends support the idea that the degree of vesicle deformation
was generally greater for larger vesicles. At the same time, the
magnitude of the change in vesicle deformation from low to
high biotin fractions was greatest for small vesicles while larger
vesicles had already undergone extensive deformation at
relatively low biotin fractions.
On the basis of the calculated contact radius values, we also

determined the height of attached, deformed vesicles, h, to
further analyze the attachment-induced structural changes in a
vesicle. The height of the truncated part of a sphere can be
written as h′ = Rv[1 − cos(θ)], where θ = arcsin(r/Rv) is the
angle characterizing the truncation. Accordingly, the height of
a deformed vesicle was estimated as 2R − h′. Figure 5B
presents the normalized height, h/2R, of an attached vesicle as
a function of biotin ligand density in the vesicles, for all vesicle
sizes. For 60 nm vesicles, the relative height of an attached
vesicle decreased from ∼98% to ∼56% when the ligand density
increased from 0.125 to 2 mol % biotin. For 130 and 180 nm
vesicles, the relative height of an attached vesicle decreased
from ∼82% to ∼46% and from ∼73% to ∼55% when the
ligand density increased from 0.031 to 2 mol % biotin and

from 0.016 to 2 mol % biotin, respectively. Accordingly, across
all tested vesicle sizes, the relative vesicle height decreased
when the biotin ligand density in the vesicles was greater. On
the contrary, the magnitude of the change in vesicle height was
more appreciable for smaller vesicles from low to high biotin
fractions, whereas the larger vesicles were already quite
deformed even at low biotin fractions.
Taking into account the fact that the total vesicle surface

area is 4πR2 and conserved, we also estimated the
corresponding surface area fraction that contacts the SLB,
πr2, as a function of biotin ligand density in the vesicles, for all
vesicle sizes (Figure 5C). In general, this fraction tended to
increase at higher biotin fractions for all tested vesicle sizes.
For 60 nm vesicles, the corresponding percentage increased
from ∼2% for vesicles containing 0.125 mol % biotin to ∼28%
for vesicles containing 2 mol % biotin. On the contrary, for 130
and 180 nm vesicles, the contact area percentage increased
from ∼15% to ∼34% and from ∼21% to ∼40%, respectively,
when the biotin fraction increased from 0.031 to 2 mol % or
from 0.016 to 2 mol %. In previous works,22,24,37 we had
determined that a significant degree of vesicle deformation
occurred when the contact area percentage reached 10% and,
on the basis of this metric, significant vesicle deformation
occurred in the case of 130 and 180 nm vesicles even at low
biotin fractions.
To quantitatively evaluate how vesicle size affects membrane

nanomechanical properties, we estimated the membrane
bending energy for each vesicle size that corresponds to the
biotin fraction at which the contact area percentage is ∼20%
(Figure 5D). For 60 nm vesicles, this contact percentage
occurred for vesicles containing 1 mol % biotin (defined as f =
0.01 on the basis of the fractional quantity of biotinylated lipids
relative to all lipids in a vesicle). Accordingly, the number of
biotin pairs formed between an attached vesicle and the SLB
was estimated to be ≤188 when f ≤ 0.01 (section 3 of the
Supporting Information). The change in the total Gibbs free
energy, ΔG, that is caused by biotin−streptavidin bond
formation (equivalent to 18 kcal/mol) along with the
corresponding entropic loss can be calculated with the
equation ΔG = 18 − 2kBT ln( f), where kB is the Boltzmann
constant and T is the temperature. The corresponding free
energy due to the formation of a biotin−streptavidin pair is
∼12.5 kcal/mol. For 188 pairs, the increase in Gibbs free
energy is ∼2350 kcal/mol = 4000 kBT, which is expected to be
comparable to the membrane bending energy and accordingly
can be identified as a measure of the latter energy [at least for
60 and 130 nm sized vesicles (see below)] provided the role of
the osmotic pressure is minor. Following this approach, for 130
and 180 nm vesicles, the biotin fractions in the vesicles
corresponding to a 20% contact area percentage were 0.063
and 0.016 mol %, respectively. From these values, it was
determined that the membrane bending energy values
corresponding to a 20% contact area percentage were 900
and 300 kBT for 130 and 180 nm vesicles, respectively.
Together, these findings support the idea that, when
undergoing receptor-mediated shape deformation to an
appreciable extent, smaller vesicles have greater opposing
membrane bending energies than larger vesicles21 (see also ref
38 for detailed analysis) and a sharp transition in the
membrane bending energy occurred in the <100 nm diameter
range.
Considering that the membrane bending energy and

deformation-induced osmotic pressure contribute to vesicle
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stiffness, we additionally estimated the osmotic pressure across
the lipid bilayer of an attached vesicle (section 4 of the
Supporting Information). More specifically, when a vesicle
undergoes deformation, the effective ion concentration inside
the vesicle increases due to the fixed number of ions and
compressed volume while the ion concentration in the bulk
solution remains the same and is hence lower than that inside
the vesicle. The corresponding scale of the change in the
osmotic pressure-related energy due to attachment-related
vesicle deformation is given by

αΔ = −E k TcV (1 )op B 0
2

(3)

where c (= cNa+ = cCl−) is the NaCl concentration in a
nondeformed vesicle and in the bulk solution under isotonic
conditions, V0 = 4πR3/3 is the volume of a nondeformed
vesicle, and α is a dimensionless coefficient characterizing the
extent of vesicle deformation that is given by Vd/V0, where Vd
is the volume of a deformed vesicle.
Using eq 3, we estimated the trend in how the osmotic

pressure-related energy depended on the biotin ligand density
in the vesicles, for each vesicle size. For 60 nm diameter
vesicles, the osmotic pressure energy was negligible at low
biotin ligand densities in the vesicles and reached ∼60 and
∼240 kBT for vesicles containing 1 and 2 mol % biotin,
respectively. By contrast, the membrane bending energy was
on the order of 4000 kBT for vesicles that contained 1 mol %
biotin, indicating that the membrane bending energy, not the
osmotic pressure energy, was the major factor influencing
vesicle stiffness in this size regime. On the contrary, for larger,
130 nm diameter vesicles, the osmotic pressure energy was
∼400 and ∼1000 kBT for vesicles containing 0.063 and 0.125
mol % biotin, respectively, whereas the corresponding
membrane bending energy was on the order of ∼900 kBT
for vesicles that contained 0.063 mol % biotin. This finding
indicates that, as receptor-mediated vesicle deformation
became more appreciable, the osmotic pressure energy became
the more dominant factor in this case. For the largest, 180 nm
diameter vesicles, the osmotic pressure energy was estimated
to be even higher, on the order of ∼1600 kBT, for vesicles that
contained 0.016 mol % biotin, whereas the corresponding
membrane bending energy was ∼300 kBT. Hence, for <100 nm
vesicles, the membrane bending energy was the major factor
influencing vesicle stiffness while the osmotic pressure energy
was mainly the dominant factor for larger vesicles, especially in
cases of greater receptor-mediated deformation at high biotin
fractions in the vesicles (as schematically shown in Figure S3).
In this study, an indirect nanoplasmonic sensing approach

was applied to track the attachment and resulting shape
deformation of different-size, biotinylated lipid vesicles to a
streptavidin receptor-modified, cell membrane-mimicking plat-
form. By combining this LSPR-based experimental approach
with analytical modeling to quantify shape parameters related
to vesicle deformation, including the contact radius, contact
area, and height, we can draw several conclusions about the
size-dependent effects on receptor-mediated lipid vesicle
attachment and deformation in multivalent ligand−receptor
interaction contexts. (i) For all tested vesicle sizes (∼60−180
nm diameter), the vesicle−SLB contact radius percentage
increased and the vesicle height decreased for higher biotin
fractions in the vesicles, which can be rationalized by a larger
binding interaction energy due to more streptavidin−biotin
binding events. (ii) At relatively low biotin ligand densities in

the vesicles, larger vesicles already underwent appreciable
attachment-related deformation while a higher biotin ligand
density in the vesicles was required to induce extensive
deformation for smaller vesicles. (iii) The corresponding
magnitude of the membrane bending energy opposing
appreciable vesicle deformation (i.e., when 20% of the vesicle
surface area was located close to the SLB) increased sharply
and nonlinearly with a decrease in vesicle size. (iv) The relative
interplay of the membrane bending energy and osmotic
pressure energy factors contributing to vesicle stiffness
occurred in a highly size-dependent manner. For 60 nm
diameter vesicles, the membrane bending energy was the
dominant factor influencing vesicle stiffness while the osmotic
pressure energy was more dominant for 130 and 180 nm
diameter vesicles. Collectively, these findings indicate that
pronounced changes in the nanomechanical properties of lipid
vesicles occur in the <100 nm regime; i.e., for highly curved
membranes, there is appreciable membrane stiffening, due to a
large membrane bending energy, whereby more extensive
multivalent ligand−receptor binding interactions are needed to
induce a high degree of vesicle shape deformation compared to
larger vesicles with less membrane curvature.
From a biological perspective, our finding that ∼100 nm

membrane curvature demarcates a key transition point
influencing the degree to which lipid vesicles can undergo
shape deformation in response to multivalent ligand−receptor
binding interactions offers numerous possible directions for
future research. For example, the diameter of membrane-
enveloped virus particles is typically ∼50−250 nm and one
might consider how virus particle size affects cellular infectivity
processes related to multivalent binding and resulting shape
deformation. Such biophysical effects could potentially
improve our understanding of why enveloped virus particles
undergo either membrane fusion or endocytosis during the
initial cellular attachment step. From an applied perspective,
rationalizing and eventually harnessing these biophysical effects
could also prove to be useful for designing tailored LNPs with
well-defined membrane compositions and nanoparticle sizes to
improve functional performance. As mentioned in the
introduction, this research area is currently a high priority
for the development of improved vaccine and drug delivery
strategies among various possibilities and highlights how
emerging insights into the size-dependent membrane bending
properties of nanoscale lipid vesicles are practically relevant to
translational medicine and biotechnology applications.
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