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ABSTRACT: Multivalent ligand−receptor interactions between receptor-presenting lipid
membranes and ligand-modified biological and biomimetic nanoparticles influence cellular
entry and fusion processes. Environmental pH changes can drive these membrane-related
interactions by affecting membrane nanomechanical properties. Quantitatively, however,
the corresponding effects on high-curvature, sub-100 nm lipid vesicles are scarcely
understood, especially in the multivalent binding context. Herein, we employed the label-
free localized surface plasmon resonance (LSPR) sensing technique to track the
multivalent attachment kinetics, shape deformation, and surface coverage of biotin ligand-
functionalized, zwitterionic lipid vesicles with different ligand densities on a streptavidin
receptor-coated supported lipid bilayer under varying pH conditions (4.5, 6, 7.5). Our
results demonstrate that more extensive multivalent interactions caused greater vesicle
shape deformation across the tested pH conditions, which affected vesicle surface packing
as well. Notably, there were also pH-specific differences, i.e., a higher degree of vesicle
shape deformation was triggered at a lower multivalent binding energy in pH 4.5 than in pH 6 and 7.5 conditions. These findings
support that the nanomechanical properties of high-curvature lipid membranes, especially the membrane bending energy and the
corresponding responsiveness to multivalent binding interactions, are sensitive to solution pH, and indicate that multivalency-
induced vesicle shape deformation occurs slightly more readily in acidic pH conditions relevant to biological environments.

■ INTRODUCTION
The engagement of multiple ligand−receptor bonds, so-called
multivalent binding interactions, is associated with a variety of
biomacromolecular interaction processes that occur at the
interface between cell membranes and biological nanoparticles
such as extracellular vesicles1 and virions2,3 along with
biomimetic drug and vaccine delivery carriers such as lipid
nanoparticles (LNPs).4 For example, exosome binding to cell
membranes plays an important role in regulating cell-to-cell
communication and cancer cell proliferation,5 and receptor-
mediated binding is critical to cellular internalization by virions
and resulting infectivity processes.6 In the field of LNP-based
delivery vehicles, receptor-mediated endocytosis and subse-
quent internalization through cell membranes have been
proposed as a mechanism for cellular uptake,7 and thus
understanding the interplay between multivalency and the
nanomechanical properties of LNPs can help to rationalize the
mechanism of their internalization process. Therefore,
researchers have focused on investigating the nanomechanical
properties of membrane-enveloped LNPs via ligand−receptor
binding interactions by various experimental techniques such
as fluorescence microscopy,8,9 quartz crystal microbalance-
dissipation (QCM-D),10 and surface plasmon resonance

(SPR).11 Understanding the effect of environmental pH on
these properties is a central issue in the field.12

Since planar-supported lipid bilayers (SLBs) and nanoscopic
lipid vesicles can be readily prepared and tuned by varying
preparation conditions, such nanoarchitectures have been
extensively utilized in most of the relevant biophysical studies
as simple models of the cell membrane and LNPs/extracellular
vesicles, respectively.13,14 Early work focused on developing a
measurement platform to monitor the attachment of biotin-
modified lipid vesicles onto a streptavidin-coated SLB surface
and resulting vesicle shape deformation in multivalent ligand−
receptor interaction contexts.15 More recently, this measure-
ment approach has gained scientific interest to study various
factors that influence the membrane properties of LNPs such
as nanoparticle size,16,17 lipid composition,18,19 and cholesterol
fraction,20 which indicates the potential to further assess the
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effect of environmental conditions, including salt21 and
solution pH.22

In biological systems, LNP-based delivery vehicles encounter
aqueous environments with different pH levels,23,24 which can
range from the extracellular environment around pH 7.4 to
mature endosomal interiors that can drop to below pH 5.25

This pH variation is the basis for designing ionizable lipids
while the fundamental properties of conventionally used
zwitterionic phospholipids�employed in LNPs as helper
lipids and more broadly in lipid-based nanoparticles as the
main component�are also affected by these pH changes. In
particular, the effect of pH on the stability of individual LNPs
containing ionizable lipids and contacting an SLB has recently
been scrutinized.12 In a broader context, the membrane
bending rigidity�a quantitative parameter to describe the
intrinsic nanomechanical properties of lipid bilayers�has also
been examined for zwitterionic phosphatidylcholine (PC)
membrane models and shown to exhibit modest pH-depend-
ent variations in giant unilamellar vesicle (GUV) and in small
unilamellar vesicle (SUV) systems.26,27 Other studies have
demonstrated that the interfacial tension, membrane dipole
potential, and lipid mobility of zwitterionic lipid bilayers can
also be affected by solution pH conditions.28,29 Additionally, it
has been demonstrated that changes in solution pH can affect
the membrane fusion process between two planar PC lipid
bilayer membranes,30 supporting that such biological processes
are related to fundamental membrane properties. While it is
widely understood that solution pH affects the intrinsic
nanomechanical properties of zwitterionic lipid bilayers, it
remains to be clarified how such variations may influence
multivalent binding interactions involving ligand-modified
vesicles, especially considering that sub-100 nm lipid vesicles
can have appreciably higher membrane bending rigidities than
flatter membranes.17

To address this question, herein, we employed the localized
surface plasmon resonance (LSPR) sensing technique to
scrutinize the multivalent binding interactions between bio-
tin-modified, sub-100 nm lipid vesicles and streptavidin-coated
SLB platforms in different pH conditions, i.e., pH 4.5, 6, and
7.5, that reflect the range of typical extracellular, cytosolic, and
specific organelle conditions encountered in biological systems
(as reviewed in ref 25). By systematically tuning the
biotinylated lipid ligand fraction in the vesicles from 0.25 to
1 mol %, we were also able to modulate the multivalent
biotin−streptavidin binding interaction energy whereby a
larger ligand fraction corresponds to a greater multivalent
binding interaction energy. This biomimetic platform
approach, including analytical modeling of the LSPR measure-
ment response as employed earlier15,17 to tackle other aspects
of the system under consideration, enabled us to obtain
fundamental insights into how environmental pH condition
affects multivalency-induced vesicle adsorption and resulting
shape deformation of attached vesicles. Furthermore, based on
the analytical modeling, we could also extract quantitative
information about the surface coverage of attached vesicles and
evaluate how multivalency-induced shape deformation influ-
ences the corresponding jamming limit.

■ MATERIALS AND METHODS
Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, pKa

of its phosphate group is ∼1; ref 31), 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC), and 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine-N-(cap biotinyl) (DOPE-Biotin) lipids in chloroform

were purchased from Avanti Polar Lipids (Alabaster, AL). Lyophilized
streptavidin (catalog no. S203) was acquired from Leinco (St. Louis,
MO) and other reagents were obtained from Sigma-Aldrich (St.
Louis, MO). Aqueous buffer solutions composed of 10 mM Tris and
150 mM NaCl were prepared using deionized water (>18 MΩ·cm)
that was obtained from a Milli-Q water purification system
(MilliporeSigma, Burlington, MA). The solution pH was adjusted
by adding HCl and NaOH as appropriate until reaching the desired
pH value.
Sample Preparation. Bicelles, employed to fabricate an SLB on

the sensor surface, were generated by using a mixture of DOPC,
DOPE-Biotin, and DHPC lipids based on the freeze−thaw−vortex
cycling method.32 The concentrations of long- and short-chain lipids
were fixed at 1 and 4 mM, respectively, and accordingly, the q-ratio
([DOPC + DOPE-Biotin]/[DHPC]) was 0.25, whereas the DOPE-
Biotin fraction in the [DOPC + DOPE-Biotin] concentration used for
SLB preparation was fixed at 1 mol %. Of note, long-chain
phospholipids self-assemble to form an SLB on the sensor surface
while short-chain lipids leave the surface and are washed away during
the buffer washing step.33 For vesicle fabrication, DOPC and DOPE-
Biotin lipids were mixed at the appropriate molar ratios while the total
mass concentration was kept at 5 mg/mL, followed by extrusion using
50 nm diameter polycarbonate membranes, as previously described.34

The molar ratio of DOPE-Biotin lipids in the vesicles ranged from
0.25 to 1 mol % and the diameters of the resulting vesicles were
determined to be around 75 nm by dynamic light scattering (DLS)
measurements. Before experiment, the stock solutions of bicelles and
vesicles were diluted by around 32 and 50 times in Tris buffer with
appropriate pH values. Lyophilized streptavidin was solubilized at a
concentration of 24 μM in Milli-Q-treated water and, before
experiment, the streptavidin protein sample was diluted with Tris
buffer solution to a concentration of 1 μM, which is a sufficiently high
concentration to ensure that the biotinylated SLB surface with 1 mol
% DOPE-Biotin lipid is fully saturated with attached streptavidin
molecules.35

LSPR Measurements. The experiments were performed on silica-
coated silver nanodisk arrays by using an Insplorion XNano
instrument (Insplorion AB, Gothenburg, Sweden). To prepare
silica-coated silver sensor chips, silver nanodisks were deposited on
a glass substrate by hole-mask colloidal lithography,36 followed by
sputter-coating a thin silicon nitride overlayer across the entire
surface.37 Prior to each experiment, the sensor chips were rinsed with
ethanol and dried under a nitrogen gas flow, followed by treatment
with oxygen plasma (PDC-002, Harrick Plasma, Ithaca, NY) at 180 W
for 1 min. After this cleaning step, the sensor chip was assembled
within the measurement chamber, followed by the introduction of
liquid sample at a constant flow rate of 50 μL/min by using a
peristaltic pump (Reglo Digital, Ismatec, Glattbrugg, Switzerland).
Transmission-mode optical extinction spectra were measured by a
UV−visible spectrophotometer, and the centroid position in the
spectrum was defined as the LSPR peak wavelength (λmax).

38 All
measurement data were collected every 1 s by the Insplorer software
package (Insplorion AB). In applicable cases, statistical analysis of
measurement data between multiple test groups was conducted by
one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison test in the GraphPad Prism8 software (GraphPad
Software, San Diego, CA), and multiplicity-adjusted P values of
0.05 were considered statistically significant.

■ RESULTS AND DISCUSSION
Nanoplasmonic Sensing Strategy. Figure 1A schemati-

cally illustrates the LSPR-based measurement platform that
was fabricated on the silica-coated sensor surface by sequential
exposure to (i) biotinylated lipid bicelles, (ii) streptavidin
protein, and (iii) biotinylated lipid vesicles. To investigate how
environmental pH conditions affect multivalency-related
vesicle attachment, we systematically tuned the solution pH
across the range of 4.5−7.5 while the biotinylated lipid fraction
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in the vesicles was varied from 0.25 to 1 mol %. The time-
resolved Δλmax shift was tracked throughout the measurements
and a positive Δλmax shift resulting from vesicle addition to the
SLB platform corresponds to an increase in the local refractive
index near the sensor surface due to either increased vesicle
mass attachment and/or greater deformation of attached
vesicles, whereby the lipid mass in an attached vesicle lies
closer, on average, to the sensor surface.39,40 Analytical
modeling of the LSPR measurement response and correspond-
ing optical adlayer properties allowed us to extract quantitative
information about how multivalent binding interactions
influenced vesicle shape deformation (by using the approach
described in detail earlier in refs 15 and 17; see also Section 1
in the Supporting Information) and surface coverage of
attached vesicles (Section 2 in the Supporting Information),
including the relationship between these two factors.
A representative LSPR sensorgram of the experimental

protocol is presented in Figure 1B, which consists of the
following steps: (i) an initial baseline was recorded in Tris
buffer (pH 7.5) and then a bicelle-containing solution was
added to fabricate the biotinylated SLB on the sensor surface,
followed by a buffer washing step; (ii) the SLB surface was

functionalized with streptavidin protein receptors and then
washed with the same buffer solution; and (iii) the buffer
solution was next exchanged with another buffer solution at the
desired pH, followed by biotinylated lipid vesicle addition and
a washing step with equivalent buffer solution. The fabricated
SLB platform contained 1 mol % biotinylated lipid in all cases
so that the corresponding amount of bound streptavidin
protein molecules was consistent, which was verified by the
Δλmax shift recorded during that step (Figure S1).
LSPR Measurements. Representative time-resolved Δλmax

shift responses for biotinylated lipid vesicle attachment onto
streptavidin-modified SLB platforms are presented in Figure
2A−C. The molar fraction of biotinylated lipid in the vesicles
was systematically tuned from 0.25 to 1 mol % and vesicle
addition was performed in different pH conditions that ranged
from pH 4.5 to 7.5. At all tested pH conditions, monotonic
adsorption kinetics until reaching saturation were observed and
the Δλmax shift at saturation tended to be greater at higher
biotinylated lipid fractions in the vesicles. The corresponding
LSPR measurement responses measured at each tested pH
condition are summarized in Figure 2D. Vesicle attachment at
pH 7.5 yielded final Δλmax shifts around 1.58 ± 0.06, 2.00 ±
0.02, and 2.03 ± 0.04 nm when the biotinylated lipid fractions
in the vesicles were 0.25, 0.5, and 1 mol %, respectively. Similar
measurement responses were observed for vesicle attachment
at pH 6, with corresponding final Δλmax shifts around 1.63 ±
0.07, 1.97 ± 0.02, and 2.06 ± 0.07 nm. In addition, for vesicle
attachment at pH 4.5, the final Δλmax shifts were also around
1.72 ± 0.01, 2.08 ± 0.01, and 2.06 ± 0.04 nm for vesicles with
0.25, 0.5, and 1 mol % biotinylated lipid fractions, respectively.
Thus, the dependence of the Δλmax shifts at saturation on the
ligand density was similar across all tested pH conditions.
Next, we evaluated the initial rate of change in the time-

resolved Δλmax signal during vesicle attachment in the low
surface coverage regime, which provides insight into the
relative extent of multivalency-induced shape deformation of
attached vesicles (Figure 3). Since the vesicle attachment rate
is controlled by diffusion and the bulk concentration of vesicles
was fixed, the LSPR signal is sensitive to the shape of attaching
vesicles whereby a larger rate indicates greater shape
deformation.15,17 In general, a greater density of multivalent
biotin−streptavidin binding interactions at higher ligand
densities drove more extensive vesicle shape deformation
across the tested pH conditions, but there were also important
differences depending on the solution pH. For vesicle
attachment at pH 7.5, the rates were 0.33 ± 0.01 nm/min in
the case of 0.25 mol % biotinylated vesicles, while the slope
increased to 0.36 ± 0.01 and 0.43 ± 0.01 nm/min for 0.5 and 1
mol % biotinylated lipid vesicles, respectively (Figure 3A). A
similar rate trend was observed at pH 6, and the corresponding
rates were 0.38 ± 0.02, 0.39 ± 0.02, and 0.46 ± 0.03 nm/min
for the 0.25, 0.5, and 1 mol % biotinylated vesicle cases,
respectively (Figure 3B). In the latter two pH conditions, the
key transition point in the rate change occurred when the
biotinylated lipid fraction was changed from 0.5 to 1 mol %.
On the other hand, for pH 4.5, the rates were 0.36 ± 0.03,

0.43 ± 0.01, and 0.41 ± 0.03 nm/min for the 0.25, 0.5, and 1
mol % biotinylated vesicle cases, respectively (Figure 3C).
Hence, the most pronounced rate change in this case occurred
when the biotinylated lipid fraction changed from 0.25 to 0.5
mol %, supporting that the multivalent biotin−streptavidin
energy was counterposed by a weaker membrane bending
energy at pH 4.5 than at pH 6 or 7.5. Indeed, the measured

Figure 1. LSPR measurement strategy to track pH-induced changes in
multivalent binding interactions of sub-100 nm lipid vesicles. (A)
Schematic illustration of LSPR measurement platform composed of
(i) biotinylated SLB, (ii) streptavidin protein, and (iii) sub-100 nm,
biotinylated lipid vesicle adlayers under various pH conditions (4.5, 6,
7.5). Analytical modeling of the LSPR measurement response can
extract quantitative information about the shape deformation of
attached vesicles at low surface coverage and adlayer properties at
saturation coverage. (B) Time-resolved LSPR Δλmax shift response for
a representative experimental protocol on a silica-coated silver
nanodisk array. The experimental steps included (i) addition of
biotinylated lipid bicelles to promote SLB formation, (ii) addition of
streptavidin protein molecules to functionalize the SLB surface, and
(iii) addition of biotinylated lipid vesicles that can selectively bind to
the streptavidin-coated SLB platform. Steps (i, ii) were conducted at
pH 7.5 and the solution pH was then exchanged to the appropriate
pH value before conducting step (iii).
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rates at 0.5 mol % fraction in the pH 4.5 case already reached
the maximum rate, i.e., the multivalent binding energy in that
condition was already sufficient to maximally deform attached
vesicles. In marked contrast, the measured rates at 0.5 mol %
fraction in the other pH cases were appreciably smaller than
the maximum rates that occurred at 1 mol % fraction (P <
0.05, one-way ANOVA). Together, these findings demonstrate
that attached vesicles in pH 4.5 are more sensitive to
multivalency-induced shape deformation at a relatively lower
ligand density and lead us to further quantify the pH-related
variations in shape deformation effects.
Structural Analysis of Vesicle Deformation. In our

analytical modeling approach (Figure 4A, and Sections 1 and 2
in the Supporting Information), an attached vesicle is viewed

as a truncated sphere of radius Rv (in the nondeformed state,
the radius is designated to be R) with contact radius, r, contact
area, A = πr2, and height, h. In this framework, the contribution
of a vesicle to the LSPR signal depends on the extent of
multivalency-induced vesicle deformation (whereby greater
deformation induces the lipid mass in an attached vesicle to lie
closer to the sensor surface) and mathematically is propor-
tional to 2aRv + r2, where a = 14 nm is the LSPR-related
penetration depth.17 More specifically, the LSPR signal can be
represented as

G aR r C(2 )max v
2

a= + (1)

where G is a constant that depends on the sensor sensitivity,
optical properties of lipids and the bulk solution, and lipid

Figure 2. LSPR tracking of biotinylated lipid vesicle addition to streptavidin-coated SLB platforms in different pH conditions. (A−C) Time-
resolved LSPR Δλmax shift responses for the vesicle attachment step in different pH conditions as a function of biotinylated lipid fraction in the
vesicles. The baseline values correspond to a fabricated streptavidin-bound SLB platform in the appropriate pH conditions. Vesicle addition started
from t = 5 min and a buffer washing step commenced from t = 65 min. (D) Summary of the corresponding final Δλmax shifts for vesicle attachment
at saturation across all tested pH conditions. For panel (D), the measurement values are presented as the mean ± standard deviation from n = 3
experiments.

Figure 3. Effect of solution pH on the initial rate of LSPR-tracked vesicle attachment to SLB platform. (A−C) Rates of change in the time-resolved
Δλmax signals corresponding to the initial vesicle attachment stage in the pH 7.5, 6, and 4.5 conditions. Using linear regression analysis, the values
were extracted from the LSPR measurement data in Figure 2. All measurement values are presented as the mean ± standard deviation from n = 3
experiments.
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bilayer thickness, and Ca is the surface concentration of
attached vesicles.
Since G can be calculated, eq 1 can be used to quantify the

vesicle geometry (Rv and r) provided Ca is known, or Ca
provided the geometry is known. During the initial (linear)
phase of the attachment kinetics, as already noticed, the vesicle
uptake is controlled by diffusion, Ca can be calculated [see eq 7
in the Supporting Information of ref 17], and accordingly, we
can quantify the vesicle geometry.
Figure 4B presents the radius of the vesicle region that

contacts the SLB surface in different pH conditions as a
function of biotinylated lipid fraction in the vesicles. At pH 7.5,
the contact radius of 0.25 mol % biotinylated lipid vesicles was
28.1 ± 1.2 nm, and the value increased to 31.4 ± 1.1 and 36.3
± 0.9 nm for 0.5 and 1 mol % biotinylated lipid vesicles,
respectively. This trend corresponds to around ∼12 and ∼29%
increases in contact radius at 0.5 and 1 mol % biotin fractions,
respectively, compared to the 0.25 mol % fraction. At pH 6, the
contact radius was 32.5 ± 1.4 and 33.3 ± 1.6 nm for 0.25 and
0.5 mol % biotinylated lipid vesicles, respectively, while the
corresponding value increased to 38.5 ± 1.9 nm for vesicles
with 1 mol % biotinylated lipid fraction. This trend
corresponds to around ∼2 and ∼18% increases in contact
radius at 0.5 and 1 mol % biotin fractions, respectively,
compared to the 0.25 mol % fraction. On the other hand, at
pH 4.5, the contact radius was 31.3 ± 2.8, 36.8 ± 0.9, and 35.0
± 2.2 nm for vesicles with 0.25, 0.5, and 1 mol % biotinylated
lipid fractions, respectively. This trend corresponds to around
∼18 and ∼12% increases in contact radius at 0.5 and 1 mol %
biotin fractions, respectively, compared to the 0.25 mol %
fraction. Hence, a general tendency for attached vesicles to
undergo greater extensive shape deformation at higher biotin
fractions occurred for all tested pH conditions, while the onset

of peak deformation was already reached at 0.5 mol % biotin
fraction for the pH 4.5 case and peak deformation levels did
not occur until 1 mol % biotin fraction for the pH 6 and 7.5
cases.
Taking into account the relationship between the radius, Rv,

and basement radius, r, of a deformed vesicle, we also
calculated the height of attached vesicles on the SLB surface
(Figure 4C). At pH 7.5, the height was 63.6 ± 1.1 nm in the
case of 0.25 mol % biotinylated lipid vesicle, and decreased to
around 60.4 ± 1.1 for 0.5 mol % biotinylated lipid vesicles and
54.7 ± 1.2 nm for 1 mol % biotinylated lipid vesicles. At pH 6,
the height of the 0.25 and 0.5 mol % biotinylated lipid vesicles
was almost similar at around 59.2 ± 1.5 and 58.3 ± 1.8 nm,
respectively, while the height appreciably decreased to 51.5 ±
2.8 nm when the biotin ligand density was increased to 1 mol
%. In contrast, at pH 4.5, the height decreased appreciably
from 60.4 ± 3.0 to 54.1 ± 1.2 nm as the biotin fraction in the
vesicle became higher from 0.25 to 0.5 mol % in line with the
other trends discussed above, while the vesicles with 1 mol %
biotin fraction retained a similar deformation extent, as
indicated by a vesicle height around 56.2 ± 2.7 nm.
Based on the calculated basement radius values, we further

estimated the area that contacts the SLB surface, A = πr2, in
different pH conditions as a function of biotinylated lipid
fraction in the vesicles (Figure 4D). For the vesicle adlayer
formed at pH 7.5, the contact area increased from 2478 ± 213
to 3099 ± 209 nm2 when the molar fraction of biotinylated
lipid ligand in the vesicles increased from 0.25 to 0.5 mol %,
while the contact area became greater at 1 mol % biotin
fraction, with a value of 4138 ± 200 nm2. On the other hand,
the contact area modestly increased at pH 6 to be 3321 ± 281,
3486 ± 340, and 4657 ± 458 nm2 for 0.25, 0.5, and 1 mol %
biotinylated lipid vesicles, respectively. Accordingly, for the

Figure 4. Structural analysis of attached vesicle deformation from LSPR measurement responses. (A) Vesicle model in the deformed state, as a
truncated sphere with contact radius, r, contact area, A = πr2, and height, h. (B) Truncation radius, r, characterizing the contacts with streptavidin-
functionalized SLB surface, as a function of mol % of biotin ligands in the vesicles for each pH condition. (C) Height of a vesicle in the deformed
state, h, and (D) the corresponding area of vesicle−SLB contact region, A, as a function of mol % of biotin ligands in the vesicles under the various
pH conditions. All measurement values are represented as mean ± standard deviation from n = 3 experiments.
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vesicle adlayer at pH 4.5, the corresponding contact area
appreciably increased from 3094 ± 566 to 4245 ± 198 nm2 in
the range of 0.25−0.5 mol % biotin fraction in the vesicles and
decreased to 3865 ± 481 nm2 for the 1 mol % biotin fraction
case. Collectively, the analytical calculation results further
support that multivalency-induced vesicle shape deformation
became more appreciable at lower ligand densities in pH 4.5
conditions than in pH 6 or 7.5 conditions.
Since the binding strength of the biotin−streptavidin

interaction is similarly high across the tested range of pH
conditions, the effects of solution pH on multivalency-induced
vesicle shape deformation are related to pH-related changes in
the membrane properties of vesicles rather than due to changes
in the multivalent binding energy per biotin−streptavidin
pair.41,42 Indeed, past results indicate that the biotin−
streptavidin binding interaction is mainly mediated by the
van der Waals force along with extensive hydrogen bonding
rather than by electrostatic forces42,43 (see also Table S1 for
typical pKa values of amino acid side chains involved in the
hydrogen bonds). It should also be noted that the effect of
solution pH itself on the absolute extent of vesicle deformation
is somewhat modest, which is consistent with the tendency for
flat PC lipid bilayers to have similar levels of membrane
bending rigidity scale-wise in various pH conditions.27 It
should be emphasized that the main observed pH-dependent
effect relates to the extent to which the membrane bending
energy counterposes the multivalent binding energy, which is
the physical basis for driving vesicle shape deformation and
was highly sensitive to the specific pH condition.
Quantification of Vesicle Surface Coverage. Using

expression (1) for the LSPR signal, we also further
characterized the vesicle adlayer properties near saturation
(or, more specifically, at t = 65 min in Figure 2A−C), which
allows us to obtain the surface concentration and the
corresponding surface coverage of attached vesicles in different
pH conditions and under varying degrees of multivalent
binding interactions. This is possible provided the vesicle
geometrical dimensions, Rv and r, are known. In this context,
one should bear in mind that in general the vesicle−SLB
contact area, πr2, depends on the number of the ligand−
receptor bonds there and can decrease with increasing vesicle
surface concentration due to exhaustion of free receptors in the
SLB. In addition, the vesicle geometry can change with
increasing this concentration due to vesicle deformation
related to vesicle−vesicle interactions. Our estimates indicate
that in our case both of these factors are negligible (Section 2
in the Supporting Information), and accordingly we can use
the Rv and r values obtained in the low-coverage limit to also
describe the situation at saturation.
Figure 5 presents a summary of the calculation results, which

display the surface concentration of attached vesicles, Ca, and
the corresponding surface coverage, θ, that relate to how much
of the SLB surface is covered by attached vesicles. The vesicle
surface concentration at pH 7.5 were around 58 ± 2, 65 ± 2,
and 56 ± 1 μm−2 for the vesicles with 0.25, 0.5, and 1 mol %
biotinylated lipid, respectively. At pH 6, the corresponding
surface concentration was determined to be around 52 ± 4, 61
± 3, and 53 ± 2 μm−2 when the mol % of biotin ligand in the
vesicles increased from 0.25 to 1 mol %, while the
corresponding values were around 57 ± 5, 57 ± 2, and 60 ±
4 μm−2 at pH 4.5. While the differences in the surface
concentration of attached vesicles are rather small in terms of
ligand density and solution pH, we may add a few remarks

regarding tendencies. In the pH 7.5 case, the surface
concentration values significantly increased from 0.25 to 0.5
mol % fractions and then significantly decreased again at 1 mol
% fraction (P < 0.05, one-way ANOVA). This result supports
that initially increasing the ligand density from 0.25 to 0.5 mol
% modestly enhances shape deformation of attached vesicles to
increase the total surface concentration (i.e., greater surface
coverage per vesicle) while further increasing the ligand density
to 1 mol % causes appreciable vesicle shape deformation to
assume nonspherical geometries that affect vesicle−vesicle
packing interactions and vesicle surface concentration at
saturation accordingly. Similar results were also obtained at
pH 6. By contrast, appreciable vesicle shape deformation in the
pH 4.5 case already occurred at 0.5 mol % fraction so the
surface concentration of attached vesicles remained similar
across the tested ligand densities in that case.
The corresponding surface coverage of vesicles on the SLB

surface, θ, was also calculated by πRv
2Ca. For the vesicle

adlayers at pH 7.5, the surface coverage at saturation was
determined to be around 0.26 ± 0.01 when the biotinylated
lipid fraction in the vesicles was 0.25 mol %, while the value
increased to around 0.30 ± 0.01 and ∼0.28 for 0.5 and 1 mol
% biotinylated lipid vesicles, respectively. Similarly, the
corresponding surface coverage of the vesicle adlayers at pH
6 was 0.24 ± 0.02 for 0.25 mol % biotinylated lipid vesicle and
0.29 ± 0.01 and ∼0.27 for 0.5 and 1 mol % biotinylated lipid
vesicles, respectively, and those at pH 4.5 were 0.26 ± 0.02,
0.28 ± 0.01, and 0.29 ± 0.01 when the biotinylated lipid
fractions in the vesicles were 0.25, 0.5, and 1 mol %,
respectively. Compared to the jamming limit of nondeformed,
spherical vesicles (determined to be ∼0.54 based on the
random sequential adsorption model44), these values indicate
that multivalency-induced vesicle shape deformation translates
into smaller jamming limits that arise from the nonspherical
geometry of the attached vesicles. Indeed, when attached
vesicles undergo greater shape deformation, they adopt a more
ellipsoidal-like shape, and thus, the vesicles are less efficiently
packed on the SLB surface while the absolute effect magnitude-
wise is relatively minor.

■ CONCLUSIONS
Using the LSPR sensing technique, we monitored the
multivalent binding interactions of ligand-modified lipid
vesicles with a receptor-modified SLB platform across a

Figure 5. Molecular quantification of vesicle packing at saturation on
the SLB surface. Surface concentration and the corresponding surface
coverage (blue circles with lines for visualization) of attached vesicles
on the SLB platform as a function of biotinylated lipid ligand fraction
in the vesicles at each pH condition. All measurement values are
presented as the mean ± standard deviation from n = 3 experiments.
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range of biologically relevant pH conditions. Our experimental
approach focused on varying the magnitude of the multivalent
binding energy by adjusting the ligand density in the vesicles,
and we observed that the solution pH affected sensitivity to
multivalency-induced shape deformation of attached vesicles,
with greater sensitivity at pH 4.5 than at pH 6 and 7.5.
Specifically, appreciable vesicle deformation occurs when the
multivalent binding energy (varied according to the ligand
density) becomes appreciably larger than the opposing
membrane bending energy and the corresponding transition
point was around 0.5 mol % ligand fraction (weaker
multivalency) at pH 4.5 and around 1 mol % ligand fraction
(stronger multivalency) at pH 6 and 7.5. Hence, while high-
curvature lipid membranes are known to generally have high
membrane bending energy in all cases, these results reveal the
subtle yet significant pH-related differences in the sensitivity to
which ligand-modified lipid vesicles undergo shape deforma-
tion in response to multivalent binding interactions at lipid
membrane interfaces.
Our experiments were conducted with zwitterionic PC lipids

as the main vesicle component because they are widely utilized
in liposomal nanomedicine compositions and as helper lipids
in LNP formulations,45 while the bioanalytical measurement
capabilities in this study can be further extended to study
various lipid classes, especially ionizable lipids that exhibit pH-
dependent behavior.12 At present, lipid engineering develop-
ment platforms have mainly focused on biological or
biological-mimicking assays46,47 and a stronger emphasis on
membrane biophysics may enhance scientific knowledge while
also laying the groundwork to design functional lipids with
tailored biophysical properties. In addition to liposomal drug
delivery systems and other LNP technologies, these measure-
ment capabilities have broad potential to be applied to study
various biological nanoparticle systems such as membrane-
enveloped virus particles and cancer exosomes, especially in
contexts related to multivalent ligand−receptor interactions at
lipid membrane interfaces.
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