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ABSTRACT: Multivalent ligand—receptor interactions are critical to the function of
membrane-enveloped biological and biomimetic nanoparticles, yet resulting nanoparticle
shape changes are rarely investigated. Using the localized surface plasmon resonance (LSPR)
sensing technique, we tracked the attachment of biotinylated, sub-100 nm lipid vesicles to a
streptavidin-functionalized supported lipid bilayer (SLB) and developed an analytical model to
extract quantitative details about the vesicle—SLB contact region. The experimental results were
supported by theoretical analyses of biotin—streptavidin complex formation and corresponding
structural and energetic aspects of vesicle deformation. Our findings reveal how varying the
surface densities of streptavidin receptors in the SLB and biotin ligands in the vesicles affects the
extent of nanometer-scale vesicle deformation. We also identify conditions, i.e., a critical ligand
density, at which appreciable vesicle deformation began, which provides insight into how the
membrane bending energy partially counterposes the multivalent binding interaction energy.

These findings are generalizable to various multivalent ligand—receptor systems.

ultivalent binding interactions are widely found in

biological systems,' ™ and well-known examples involv-
ing biological nanoparticles include virion and exosome
attachment to cellular membrane interfaces.””® These
interactions can have significant biomedical implications,
such as affecting the degree of virus transmissibility (see, e.g.,
refs 10 and 11), and have also inspired the biomimetic design
of therapeutic and diagnostic nanoparticles and tools based on
receptor mimicking,'”~'® While multivalent ligand—receptor
interactions have been extensively studied in the context of
biological nanoparticle attachment,'”%° an emerging and less
well understood topic concerns the resulting shape changes of
attached nanoparticles”** (see also discussion in refs 23 and
24). When soft-matter biological and biomimetic nanoparticles
such as membrane-enveloped virions, exosomes, and lipid
vesicles attach to a receptor-functionalized surface, they can, in
principle, undergo deformation that is dictated by the balance
of the multivalent binding interaction and membrane bending
energies” " (see also examples of shape changes in the
receptor-functionalized surface itself’' ~**). In cases of mobile
ligands and receptors, the deformation process can be
accompanied by the redistribution of ligands and receptors,
effectively increasing their concentrations within the contact
region.

To date, most studies have treated the attaching biological
nanoparticles as nondeformable, while exploring cases that
involve deformable nanoparticles and reshaping events is
relevant to various biological applications. For example, using
the quartz crystal microbalance-dissipation (QCM-D) techni-
que, a recent study”* tracked the attachment of biotinylated,
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~100 nm diameter vesicles to a cell-membrane-mimicking,
streptavidin-protein-functionalized supported lipid bilayer
(SLB) platform35’36 and reported a transition in the structural
properties of attached vesicles depending on the fraction of
biotinylated lipids in the vesicles. However, it was not possible
to extract quantitative shape or energy information about the
implied deformation of attached vesicles due to the relatively
long penetration depth (~100 nm) and hydrodynamic
coupling effects associated with the QCM-D technique.”” In
principle, ligand—receptor interactions involving ligand-pre-
senting nanoparticles can also be scrutinized by atomic force
microscopy (AFM), but again there are technical challenges
such as probe-related artifacts, low throughput, and hindered
access to the nanoparticle—surface contact region.”® All of
these limitations motivate utilizing other classes of ensemble-
average bioanalytical sensors, especially nanoplasmonic sensing
techniques, that have higher surface sensitivity (shorter
penetration depth) and can detect mass and conformational
changes associated with biomacromolecular mass only.””
Herein, we conducted localized surface plasmon resonance
(LSPR) sensing experiments to track the attachment of
biotinylated, fluid-phase lipid vesicles onto streptavidin-
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Figure 1. Experimental strategy and SLB platform fabrication. (A) Schematic illustration of LSPR measurement approach to track biotinylated lipid
vesicle attachment onto a streptavidin-functionalized SLB platform. For example, we show the situation when the biotin fraction in the SLB is in
excess compared to that in vesicles. A larger number of biotin—streptavidin binding events can increase the multivalent binding interaction energy,
which translates into greater deformation of attached vesicles, and hence, lipid molecules are, on average, closer to the sensor surface and in a region
of higher LSPR-enhanced electromagnetic field intensity. (B) Time-resolved A4, shifts during SLB formation on silica-coated sensor surfaces.
The baselines correspond to buffer solution, and DOPC/DOPE-biotin lipid bicelles were added starting at t = 3 min. (C) Time-resolved A4,
shifts for streptavidin-binding to SLBs with different biotin fractions. The baselines correspond to the SLBs in buffer solution, and streptavidin was
added starting at around t = S min. (D) Step-by-step Al shift responses for (i) buffer baseline, (ii) SLB formation, (jii) buffer washing, (iv)
streptavidin addition, (v) buffer washing, (vi) vesicle addition, and (vii) buffer washing. (E) Step-by-step AA,., shift responses for control
experiment. Steps i—v were the same as in panel D, followed by (vi) free biotin addition, (vii) buffer washing, (viii) vesicle addition, and (ix) buffer
washing.

functionalized biotinylated SLBs (Figure 1A). To clarify the energetic aspects because deformation in such cases takes place
aforementioned specifics of the multivalent interactions in this primarily in the contact region near the sensor surface on a
generic system, we systematically varied the biotin fraction in length scale that is comparable to the LSPR penetration depth.
the SLB (in turn, modulating the surface density of Our measurement platform consisted of a streptavidin-
streptavidin receptors) and the biotin ligand fraction in the functionalized SLB on top of a silica-coated silver nanodisk
vesicles and scrutinized the LSPR measurement responses at array,” and vesicle attachment kinetics were tracked by
saturation and corresponding attachment kinetics. Compared monitoring a shift in the maximum-intensity extinction
to the QCM-D and surface plasmon resonance (SPR) wavelength, A, of the embedded plasmonic nanodisk
techniques, the LSPR technique has a much shorter transducers.*’ First, we fabricated biotinylated SLB platforms
penetration depth on the order of 5—20 nm (refs 40 and via the bicelle method,”* and LSPR measurements verified SLB
41) and is sensitive to changes in the local refractive index, formation on account of two-step accelerating kinetics and
which is ideal for probing the receptor-mediated deformation final A4, shifts around 3.11 + 0.05 nm (Figure 1B). The
of attached, sub-100 nm vesicles, and related structural and resulting SLBs contained mainly 1,2-dioleoyl-sn-glycero-3-
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Figure 2. LSPR tracking of biotin-mediated vesicle attachment to streptavidin-functionalized SLBs with varying biotin fractions in the vesicles. The
biotin fraction in the vesicles ranged from 0.125 to 2 mol %, and the streptavidin-coated SLB contained 1 mol % biotin. (A) Time-resolved AZ,,
shifts during vesicle attachment. The baseline corresponds to the streptavidin-functionalized SLB, and the vesicles were added starting at t = S min,
followed by buffer washing from ¢ = 40 min. (B) Summary of final A4, shifts after buffer washing. (C) Summary of the initial rate of change in the
Amax signal. For panels B and C, the data are reported as the mean + standard deviation from three measurement runs.
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Figure 3. LSPR tracking of biotin-mediated vesicle attachment to streptavidin-functionalized SLBs with varying biotin fractions in the SLB. The
biotin fraction in the SLB ranged from 0.125 to 2 mol %, and the biotin fraction in the vesicles was fixed at 1 mol %. (A) Time-resolved A4, shifts
during vesicle attachment. The baseline corresponds to the streptavidin-functionalized SLB, and the vesicles were added starting at t = S min,
followed by buffer washing from ¢ = 40 min. (B) Summary of final A, shifts after buffer washing. (C) Summary of the initial rate of change in the
Amax signal. For panels B and C, the data are reported as the mean =+ standard deviation from three measurement runs.

phosphocholine (DOPC) lipid and a small fraction of 1,2- Figure 2A presents the time-resolved A, shifts for
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) tracking vesicle attachment onto a streptavidin-functionalized
(DOPE-biotin) lipid (0—2 mol %) that was tuned according SLB with 1 mol % biotin, and the tested vesicle populations
to the bicelle composition. In turn, the degree of streptavidin had different biotin fractions (0.125—2 mol %). In all cases,
protein binding to the SLBs depended on the biotinylated lipid monotonic attachment occurred until saturation, and the final
fraction™ within an SLB, and the corresponding A/, shifts Al shifts were generally larger for vesicles with greater
varied from 0.17 + 0.01 to 1.14 + 0.03 nm as the biotin biotin fractions. For vesicles with 0.125 mol % biotin, the final
fraction increased from 0.12S to 2 mol % (Figure 1C). Alinay shift at saturation was 0.75 + 0.01 nm, while the Al

shift increased to 1.28 + 0.08 nm for vesicles with 0.25 mol %
biotin (Figure 2B). For vesicles with 0.375 and 0.5 mol %
biotin, the corresponding A/, shifts were 1.42 + 0.06 and
1.49 + 0.04 nm, respectively. On the other hand, for vesicles
with 1 and 2 mol % biotin fractions, the corresponding A4,
shifts were 1.76 + 0.02 and 1.79 + 0.02 nm, respectively. A
larger AA, shift at saturation can indicate either greater
surface coverage of attached vesicles or more extensive
deformation of attached vesicles,*®*” which led us to further
investigate the corresponding attachment kinetics.

More specifically, we evaluated the initial rate of change in
the A, signal, which depends on the rate of diffusion-limited
vesicle attachment® and the extent of attached vesicle

Figure 1D shows a representative example of an entire LSPR
measurement run in which case a biotinylated SLB was
formed, followed by streptavidin binding and subsequent
addition of biotinylated lipid vesicles under flow conditions.
Appreciable A4, shifts occurred at each step, and the results
are indicative of vesicle attachment. In a control experiment,
we incubated free biotin molecules with a streptavidin-
functionalized SLB prior to adding the biotinylated lipid
vesicles; in that case, no subsequent vesicle attachment was
observed (Figure 1E). It was also verified that no vesicle
attachment occurred when either the SLB or vesicles did not
contain biotinylated lipids (Figure S1). These results verified

that vesicle attachment is mediated by streptavidin protein deformation*>*° (Figure 2C). Because the vesicle diameter
receptors, and all stages of platform fabrication were also was measured to be ~70 nm by dynamic light-scattering
confirmed by QCM-D experiments (Figures S2—S4). In the experiments in all cases and all other experimental parameters
following data sets, the initial baselines in the LSPR were fixed, the vesicle attachment rate was constant. Hence, a
measurements correspond to the streptavidin-functionalized larger rate of change in the A4, signal corresponded to
SLB platform and the reported AA,,,, shifts correspond to the greater deformation of attached vesicles.”” Accordingly, we
vesicle addition step. determined that the initial rate of change in the A/, signal
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Figure 4. Deformation of attached vesicles from LSPR data analysis and theoretical comparison. (A) Radius of the vesicle—SLB contact region and
(B) percentage of total vesicle surface area that contacts the SLB when the biotin fraction in the vesicles was varied from 0.25 to 2 mol % and the
biotin fraction in the SLB was fixed at 1 mol %. (C and D) Corresponding data when the biotin fraction in the SLB was varied from 0.125 to 2 mol
% and the biotin fraction in the vesicles was fixed at 1 mol %. Red circles and black lines represent the radii that were determined from analyzing
LSPR experimental data (see eq 2) and from theoretical calculations that assumed fully flexible vesicles, respectively (see eqs 3 and 4 for panels A/
C and B/D, respectively). Dashed gray lines correspond to the onset of appreciable vesicle deformation for >10% contact area, whereas shaded

gray regions represent the uncertainty in the theoretical calculations. All data are reported as the mean

measurement runs.

+ standard deviation from three

(defined as the maximum slope value) was 0.16 + 0.02 nm/
min for vesicles with 0.125 mol % biotin. For vesicles with 0.25
and 0.375 mol % biotin, the initial rates of change in the A/,
signal were 0.24 + 0.02 and 0.26 + 0.01 nm/min, respectively,
and the rate increased to 0.29 + 0.02 nm/min for vesicles with
0.5 mol % biotin. Appreciably larger initial rates of change in
the A4, signal of 0.31 + 0.01 and 0.31 + 0.02 nm/min were
observed for vesicles with 1 and 2 mol % biotin, respectively.
These findings support that the deformation of attached
vesicles tended to be greater for vesicles with larger biotin
fractions up to a certain point. For vesicles with >1 mol %
biotin fractions, the similar, experimentally tracked rates
suggest that the extent of attached vesicle deformation remains
roughly the same within this range.

While this analysis focuses on scrutinizing the deformation
of attached vesicles in the low surface coverage regime, the
trend in the rates of change largely mirrors the trend in Ad,,
shifts at saturation as described above. Considering that the
extent of attached vesicle deformation is mainly affected by
vesicle—SLB interactions, the similar trends further support
that, with increasing biotin fraction in the vesicles, the larger
A shifts at saturation also occur due to greater deformation
of attached vesicles.

In addition to changing the biotin fraction in vesicles, Figure
3A presents the time-resolved A/, shifts for tracking vesicle
attachment onto streptavidin-functionalized SLBs with variable
biotin fractions (0.125—2 mol %) and a fixed biotin fraction (1
mol %) in the vesicles. Monotonic attachment until saturation
was again observed, and the final A/, shifts were generally
larger for vesicle attachment onto SLBs with greater biotin
fractions. For SLBs with 0.125 and 0.25 mol % biotin, the final
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A, shifts at saturation were 0.60 + 0.01 and 0.93 + 0.02
nm, respectively, while the A4, shift markedly increased to
1.51 # 0.04 nm for SLBs with 0.5 mol % biotin (Figure 3B).
On the other hand, for SLBs with 1 and 2 mol % biotin, the
corresponding A/, shifts were 1.76 &+ 0.02 and 1.91 + 0.02
nm, respectively.

We also evaluated the initial rate of change in the A4,
signal for all cases and, in marked contrast to the first
experimental series, observed nearly negligible rate changes as
a function of biotin fraction in the SLB (Figure 3C). The initial
rate of change in the A/, signal was 0.29 + 0.01 nm/min for
vesicle attachment onto SLBs with 0.0125 mol % biotin, while
the rates slightly increased to 0.31 + 0.01 and 0.33 + 0.03 nm/
min for SLBs with 0.25 and 0.5 mol % biotin, respectively.
Similar rates of 0.31 + 0.01 and 0.33 + 0.01 nm/min were
recorded for vesicle attachment onto SLBs with 1 and 2 mol %
biotin, respectively. These results indicate that the extent of
attached vesicle deformation is similar in all cases and that the
dependence of the final A4, shift on the biotin fraction in the
SLB is related to the surface coverage of attached vesicles at
saturation. We also verified the experimentally observed trends
in vesicle attachment kinetics by conducting QCM-D
measurements, which showed qualitative agreement with the
LSPR data (Figures SS and S$6). Collectively, the findings
support that varying the biotin fraction in the vesicles
modulates the degree of attached vesicle deformation while
varying the biotin fraction in the SLB influences the surface
coverage of attached vesicles but does not affect the extent of
vesicle deformation.

As mentioned above, the vesicle attachment kinetics under
consideration exhibit the transient, nearly linear regime and
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subsequent steady state (see also section 2 in the Supporting
Information). Our theoretical estimates indicate that formation
of the vesicle—SLB contact region, including redistribution of
biotinylated lipids, occurs rapidly just after attachment of a
vesicle (section 3 in the Supporting Information), and the size
of this region is determined primarily by the number of
biotinylated lipids in a vesicle, which is expected to affect the
extent of attached vesicle deformation.

To interpret the LSPR measurement data, we scrutinized the
linear phase of the corresponding attachment kinetics and
extracted the radius of the vesicle—SLB contact region (section
4 in the Supporting Information). We recall that the
corresponding LSPR penetration length, a, is relatively short
and note that the dependence of the LSPR signal on the vesicle
geometry can be calculated analytically by using the dipole

attenuation function, R*é/(R* + 2)° (refs 50 and 51), where
R. is the effective radius of plasmonic nanodisks (in this model,
a R./S). Deformed vesicles can be represented by a
truncated sphere with a flat basement of radius r. In our case,
the extent of vesicle deformation is weak or relatively modest
and the radius of the truncated sphere is close to that of
vesicles in solution, R = 35 nm. Under this condition, the
LSPR signal is proportional in good approximation to 2aR + r*
(see refs SO and S1 and eq 11 in the Supporting Information).

Taking into account the diffusion-limited vesicle adsorption
kinetics in the linear regime, the LSPR measurement response
can be described as

Al = B(2aR + r*)Ct (1)
where B is a constant that depends on the measurement
specifics (i.e., on flow channel dimensions and sensor
sensitivity), C, is the vesicle concentration in solution, and ¢
is time. With increasing biotin fraction in vesicles, as already
noticed, r is expected to increase and the AA_,, shift should
increase as well. Because t corresponds to the time from which
vesicle attachment commenced, eq 1 can be rewritten as

AV S di 2
= B(2aR + r7)C,
At dt

max

~

@)

In this equation, the initial rate of change in the LSPR signal
during each measurement run is measured, whereas all other
values except the radius of the vesicle—SLB contact region, r,
can be calculated or are known from independent measure-
ments (see sections 1, 2, and 4 in the Supporting Information),
and accordingly the value of r can be determined from each
LSPR measurement run.

When the biotin fraction in the SLB was fixed at 1 mol %
and the biotin fraction in vesicles was varied from 0.125 to 2
mol %, the radius of the contact region increased from ~12 nm
to 30 = 2 nm (Figure 4A). At relatively low biotin fractions in
the vesicles, the experimental results agreed well with
theoretical estimates assuming maximum deformation of a
fully flexible vesicle and that all of the biotinylated lipids in the
outer leaflet of a vesicle are located in the contact region and
form biotin—streptavidin complexes (BSCs) (section S in the
Supporting Information). Specifically, the theoretical estimate
was obtained by calculating the maximal radius of the vesicle—
SLB contact region, 1., as follows:

N 1/2
(ZR ya ss]
Tmax =
51

(3)
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where y, is the biotin fraction in a vesicle, s, the area per
streptavidin (229 nm?), and s the area per lipid (0.6 nm?).
On the other hand, at higher biotin fractions (>1 mol %), there
was a larger gap between the experimental results and
theoretical prediction.

From the radius of the vesicle—SLB contact region, we also
calculated the percentage of the total vesicle surface area, 47R?,
that contacts the SLB, 7zr%, and this percentage increased from
~3% to 20 + 2% when the biotin fraction in vesicles was varied
from 0.125 to 2 mol % (Figure 4B). Previous studies”* have
defined vesicle deformation as appreciable when this
percentage value exceeds 10%, which corresponds to an
equivalent biotin fraction of 0.27 mol % for the vesicles in our
experiments based on linear regression analysis. According to
the theoretical analyses, the contact area, S,,,, of an attached
vesicle was also calculated as

271'R2;(v S

max
S

)
and applied to theoretically estimate the contact area
percentage as a function of biotin fraction. On the basis of
these results, the trends in experimental values and theoretical
estimates agreed well for vesicles with 0.125—1 mol % biotin
while there was a deviation for vesicles with 2 mol % biotin.
The latter result supports that the extent of vesicle deformation
is partially counterposed by the need to increase the vesicle
bending energy.

On the other hand, when the biotin fraction in vesicles was
fixed at 1 mol % and the biotin fraction in the SLB was varied
from 0.125 to 2 mol %, the radius of the contact region was
nearly constant around 31 nm (Figure 4C). This trend agreed
well with the trend predicted by theoretical calculations based
on a fully flexible vesicle and is in line with eq 3, which does
not depend on the biotin fraction in the SLB. The
corresponding percentage of the vesicle surface area that
contacted the SLB was around 20% in all cases, which indicates
appreciable deformation and is in line with eq 4 that also does
not depend on the biotin fraction in the SLB (Figure 4D).

Considering the LSPR data, we can further estimate the
membrane bending energy of the vesicles in our experiments
by taking into account that the onset of appreciable
deformation occurs for vesicles with 0.27 mol % biotin
(equivalent to f = 0.0027, where f is the molar fraction of
biotinylated lipids in a vesicle). Indeed, the BSC-induced
deformation of an attached vesicle is partly counterposed by
the need to deform a vesicle or, more specifically, by the
corresponding membrane bending energy (section 6 in the
Supporting Information). Our theoretical analysis supports
that, when f < 0.0027, the number of biotins (on the vesicle
side) involved in the vesicle—SLB contact region is <69. The
formation of biotin—streptavidin pairs in the contact region is
accompanied by the loss of entropy of biotinylated lipids and
streptavidin proteins, which can be estimated as —2kzT In (f)
or 5.9 kcal/mol (when f= 0.0027). The Gibbs free energy, AG,
of biotin—streptavidin binding is around 18 kcal/mol (ref 52),
so the free energy gain due to bond formation is around 18 —
5.9 = 12.1 kcal/mol per pair. For 69 pairs, this gain is around
800 kcal/mol or 1400 kgT, from which it can be determined
that the membrane bending rigidity, k, of the attached vesicles
is about 700 kT because the vesicle bending energy is
comparable with 2k for modest vesicle deformations (see
analysis in ref 23), and this value fits within the range of
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literature estimates for sub-100 nm lipid vesicles.””*”>® As

such, this finding reinforces that the LSPR measurement
approach taken here is useful for extracting structural and
energetic information about biological nanoparticles, in this
case lipid vesicles, that bind multivalently to receptor-
functionalized surfaces.

To contextualize these findings, we briefly discuss recent
trends in the field. Many studies have investigated the receptor-
mediated attachment of biological nanoparticles to biomimetic
and biological surfaces, and the main focus has been on
scrutinizing the attachment process while treating the bio-
logical nanoparticles as nondeformable in most cases. In a few
cases,”””> there has been discussion about the possible
deformation of biological nanoparticles (exosomes) by
conducting conventional SPR experiments, but the penetration
depth of the SPR technique is typically greater than 100 nm,>*
which means that it has relatively low sensitivity to
nanoparticle shape changes that occur near the sensor surface.
Using the attachment of biotinylated lipid vesicles to a
streptavidin-functionalized SLB as a model system, our findings
demonstrate that the high surface sensitivity of the LSPR
technique is advantageous to track receptor-mediated vesicle
attachment and corresponding shape changes, especially in
combination with a newly developed analytical model to
extract quantitative information about the vesicle—SLB contact
region. From a physicochemical perspective, our theoretical
analyses take into account various factors, such as redis-
tribution of BSCs and biotinylated lipids, multivalent biotin—
streptavidin binding interactions, and vesicle bending energy.
The interplay of the corresponding concepts and equations
provides fundamental insight into structural and energetic
aspects of receptor-mediated vesicle deformation.

The conceptual framework and tools developed in this study
can be broadly useful to investigate a wide range of
fundamental and applied topics related to the attachment
and subsequent reshaping of biological and biomimetic
nanoparticles. Among various possibilities, one option involves
studying the attachment and deformation of membrane-
enveloped virions that bind to membrane-associated cell
surface receptors and testing antiviral drug candidates that
decrease the fluidity of viral membranes™ to potentially inhibit
receptor-mediated deformation.
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