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Introduction

Investigating how vesicle size influences vesicle
adsorption on titanium oxide: a competition
between steric packing and shape deformationt

Abdul Rahim Ferhan,® Joshua A. Jackman?® and Nam-Joon Cho*?°

Understanding the adsorption behavior of lipid vesicles at solid-liquid interfaces is important for
obtaining fundamental insights into soft matter adsorbates as well as for practical applications such as
supported lipid bilayer (SLB) fabrication. While the process of SLB formation has been highly scrutinized, less
understood are the details of vesicle adsorption without rupture, especially at high surface coverages. Herein,
we tackle this problem by employing simultaneous quartz crystal microbalance-dissipation (QCM-D) and
localized surface plasmon resonance (LSPR) measurements in order to investigate the effect of vesicle
size (84-211 nm diameter) on vesicle adsorption onto a titanium oxide surface. Owing to fundamental
differences in the measurement principles of the two techniques as well as a mismatch in probing
volumes, it was possible to determine both the lipid mass adsorbed near the sensor surface as well as the
total mass of adsorbed lipid and hydrodynamically coupled solvent in the adsorbed vesicle layer as a
whole. With increasing vesicle size, the QCM-D frequency signal exhibited monotonic behavior reaching
an asymptotic value, whereas the QCM-D energy dissipation signal continued to increase according to the
vesicle size. In marked contrast, the LSPR-tracked lipid mass near the sensor surface followed a parabolic
trend, with the greatest corresponding measurement response occurring for intermediate-size vesicles.
The findings reveal that the maximum extent of adsorbed vesicles contacting a solid surface occurs at
an intermediate vesicle size due to the competing influences of vesicle deformation and steric packing.
Looking forward, such information can be applied to control the molecular self-assembly of phospholipid
assemblies as well as provide the basis for investigating deformable, soft matter adsorbates.

can promote the spontaneous rupture of adsorbed vesicles via
one or more pathways leading to supported lipid bilayer (SLB)

Understanding the physicochemical factors which influence
biomacromolecular adsorption at solid-liquid interfaces is
important for obtaining insight into the fundamental properties
of biomacromolecules as well as enabling control over molecular
self-assembly pathways."™ A classic example is the adsorption
and rupture of phospholipid vesicles on solid supports such as
gold and metal oxides.”® Depending on the experimental con-
ditions, vesicle properties, and solid support, vesicles can adsorb
onto the surface and might experience shape deformation due to
the vesicle-substrate interaction.”™* If vesicle deformation is
modest, then the adsorbed vesicles will continue to adsorb until
reaching saturation, 7.e., a maximum degree of close-packing.'*™**
On the other hand, if vesicle deformation is significant, then it
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formation."™*® While the process of SLB formation has been
highly scrutinized, less understood are the details of vesicle
adsorption without rupture as it is challenging to dissect the
competing factors of vesicle packing and shape deformation at
high surface coverages.

To investigate vesicle adsorption alone as well as within the
context of SLB formation, a wide variety of surface-sensitive
measurement techniques have been utilized, including acoustic
sensors such as the quartz crystal microbalance-dissipation
(QCM-D)'*?° sensors as well as optical sensors such as surface
plasmon resonance,”*' ™ reflectometry,”*>° and ellipsometry
sensors.”*?” QCM-D is sensitive to both adsorbed lipid mass
as well as hydrodynamically coupled solvent, which enables a
detailed investigation of the mass (lipid plus solvent) and
viscoelastic properties of an adsorbed vesicle layer.>*® At the
same time, QCM-D data interpretation is generally challenging
due to model assumptions (e.g., uniform film properties) and
hydrodynamic coupling effects,”®>' and the measurement
response is not directly proportional to the surface coverage
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of adsorbed particles."* By contrast, the aforementioned optical
sensors are sensitive to lipid mass only,>*** and therefore they
are better suited for determining the total number of adsorbed
vesicles, while less suited for probing structural configurations.
As each measurement technique has its own particular
strengths, there has also been interest in conducting simulta-
neous measurements using QCM-D and an accompanying
optical technique in order to obtain more detailed insight into
the corresponding structural and hydration properties of
adsorbed vesicle layers.'****” Of note, the existing vesicle
adsorption studies that utilize combined measurement systems
have involved the pairing of QCM-D with optical sensor techniques
that have similar or longer probing volumes, with penetration
depths on the order of a few hundred nanometers which exceed
the length scale of adsorbed vesicles. As a result, the existing
combined measurement approaches have had relatively low
sensitivity to the shape deformation of adsorbed vesicles and
other related aspects.

One emerging option to study vesicle adsorption and deforma-
tion is nanoplasmonic biosensing, typically based on localized
surface plasmon resonance (LSPR),'*?**?® which is another
surface-sensitive, optical sensor technique with a much shorter
penetration depth in the range of 5 to 20 nm.*”*® Using the LSPR
technique, it has been possible to monitor quantitative aspects of
vesicle adsorption as a function of lipid concentration and vesicle
size,”® as well as the effect of temperature on the deformation of
fluid-phase and gel-phase lipid vesicles.** Importantly, these
measurement capabilities have enabled a comparison of the
extent of vesicle deformation on different substrates.** Moreover,
the high surface sensitivity of nanoplasmonic biosensing has also
been utilized to detect vesicle rupture based on the observation
that adsorbed lipids in an SLB are, on average, closer to the sensor
surface than lipids in adsorbed vesicles.***® While LSPR has
the merits of studying vesicle deformation within the broader
context of understanding more about vesicle adsorption at high
coverages, it is difficult to unravel signal responses arising from
the total number of adsorbed vesicles versus the deformation
state of adsorbed vesicles by a single measurement technique
alone. In a few cases, simultaneous QCM-D and nanoplasmonic
biosensing experiments have been conducted on silica substrates
in order to study SLB formation.*'™** However, to date, combined
measurement approaches to investigate vesicle adsorption with-
out rupture have not been explored.

Herein, we investigated the adsorption of zwitterionic
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid vesicles
onto a titanium oxide surface by performing simultaneous
QCM-D and LSPR measurements. The titanium oxide surface
was chosen because zwitterionic lipid vesicles do not rupture
on this substrate.®'* Particular focus was placed on the role of
vesicle size, which is known to influence many relevant factors,
including the adsorption rate, the extent of deformation, and the
packing of adsorbed vesicles due to steric considerations.®?'3>3%44
With increasing vesicle size, the QCM-D responses became less
sensitive to vesicle size whereas the LSPR response showed a
maximum signal, corresponding to the greatest extent of lipid mass
in contact with the sensor surface, for intermediate-size vesicles.
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Importantly, these findings reveal an interplay between vesicle
deformation and vesicle packing that is strongly influenced
by the vesicle size and support the suggestion that there is
an optimal vesicle size for coating the sensor surface with
adsorbed vesicle layers.

Experimental section
Lipid vesicles

Vesicles composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) (Avanti Polar Lipids, Alabaster, AL) were prepared by the
extrusion method.*> The DOPC lipid has a gel-to-fluid phase
transition temperature of —17 °C, and therefore the resulting
vesicles are in the fluid-phase state at room temperature.*®
Briefly, lipids dissolved in chloroform were treated with a stream
of nitrogen gas to form a dried lipid film. The film was
rehydrated in aqueous buffer solution (10 mM Tris [pH 7.5] with
150 mM NaCl) at a nominal lipid concentration of 5 mg mL ™",
followed by vortexing. Extrusion was then performed using an
Avanti Mini-Extruder with track-etched polycarbonate membranes
with diameters of 50, 80, 100, or 200 nm to produce vesicles
with different average sizes. Vesicles were diluted in buffer
solution immediately before experiment and used within 24 h
of preparation. All aqueous solutions and buffers were prepared
with Milli-Q-treated water with a minimum resistivity of
18.2 MQ cm (Millipore, Billerica, MA).

Dynamic light scattering

Dynamic light scattering (DLS) was performed on a 90Plus
particle size analyzer, and the results were analyzed using digital
autocorrelator software (Brookhaven Instruments Corporation,
New York, USA). All measurements were taken at a scattering
angle of 90° where the reflection effect is minimized, and vesicle
sizes are reported as the average diameter.

Measurement setup

The combined QCM-D and LSPR setup is comprised of the
Q-Sense E1 system (Biolin Scientific, Stockholm, Sweden) together
with the Insplorion Acoulyte (Insplorion AB, Gothenburg,
Sweden), which provides an optical connection between the
QCM-D measurement chamber and the Insplorion X-Nano
optics unit (Insplorion AB, Gothenburg, Sweden). Measure-
ments were performed on the Acoulyte quartz crystal sensor,
which is a modified version of the regular Q-Sense quartz
crystal sensor whereby the top electrode is coated with a silicon
dioxide spacer layer on which randomly distributed gold nano-
disks (height and diameter of ~20 and ~ 100 nm, respectively)
were fabricated by hole-mask colloidal lithography*” and sputter-
coated with a thin layer of titanium oxide (thickness ~10 nm).
Prior to use, the sensor was soaked in a 1% v/v sodium dodecyl
sulfate (SDS) solution for 30 min, and then rinsed with water and
ethanol, respectively. After drying with a stream of nitrogen gas,
the sensor was cleaned using an oxygen plasma cleaner for
at least 30 s, before immediately fixing the treated sensor chip
in the Q-Sense QWM401 window module, which was then
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mounted in the E1 chamber. The solution outlet was connected
to a Reglo Digital peristaltic pump (Ismatec, Glattbrugg,
Switzerland) in order to control the introduction of fluid samples.
Samples were introduced under continuous flow at a flow rate of
100 pL min . The window module provides optical access to the
sensor via the branched fiber probe of the Acoulyte adaptor,
which is comprised of connectors to the lamp and the spectro-
meter (both contained within the Insplorion X-Nano optics unit),
which join to form the probe end of the fiber.

Data analysis

QCM-D data analysis was performed using the Voigt-Voinova
model available in the Q-Tools software package (Biolin Scientific).
For the model fitting, the thickness and effective acoustic mass of
the adsorbed vesicle layer were calculated by assuming the film
density to be 1000 kg m > and the viscosity of the bulk aqueous
solution to be 0.001 Pa s '.>* The LSPR data analysis was
performed using the Insplorer software package (Insplorion AB).
The time resolution was 1 Hz. The spectral resolution of the
plasmon resonance was determined by high-order polynomial
fitting, and the centroid position, which is denoted as the LSPR
peak position in this work, was calculated from the fit.*®

Results and discussion
Measurement scheme

Our experimental strategy involves simultaneous QCM-D and
LSPR measurements on the same titanium oxide-coated sub-
strate in order to monitor vesicle adsorption. A schematic
illustration of the detection scheme is presented in Fig. 1A. As
the LSPR penetration depth of LSPR (~5-10 nm) is around an
order of magnitude shorter than the QCM-D penetration depth
(~60-250 nm), the two measurement techniques provide com-
plementary information about the vesicle adsorption process.
The sensor substrate is a conventional QCM-D quartz crystal
sensor chip upon which a layer of gold nanodisks was fabri-
cated by hole-mask colloidal lithography, followed by titanium
oxide coating. The AT-cut quartz crystal is a piezoelectric
material and, when an alternating current is applied between
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the top and bottom electrodes, a standing acoustic shear wave
is generated with a resonance frequency of oscillation.**° When
biomacromolecules adsorb onto the sensor surface, the QCM-D
responses detect a negative change in the resonance frequency,
which is related to the acoustic mass of the adsorbate (biomacro-
molecule and hydrodynamically coupled solvent), as well as a
typically positive change in energy dissipation that is related to the
viscoelastic properties of the adsorbate.?**°

Concurrently, the LSPR measurement signal also tracks the
adsorption process, and this optical response originates from
the interaction of light with the gold nanodisks, which leads to
a resonant oscillation of conducting electrons that are locally
confined to the surface.” Specifically, there is light extinction
over a wavelength range, as characterized by the extinction
spectra, with maximum extinction occurring at the resonant
wavelength, Am.x. The measurement response, including the
wavelength at which the maximum extinction occurs, is sensi-
tive to the refractive index in the near-vicinity of the gold
nanodisk surface.” When a vesicle adsorbs onto the nanodisk
surface, there is an increase in the local refractive index because
biomacromolecules have a larger refractive index than aqueous
solvent, and as a result there is a red-shift in the extinction
spectra that corresponds to Adpay. In our measurement configu-
ration, the LSPR signal is obtained in reflection mode, and
therefore light passes through the nanoplasmonic sensing layer
twice before reaching the spectrometer, which results in higher
peak extinction and sensitivity.””>>® Representative LSPR spectra
before and after adsorption of lipid vesicles are shown in Fig. 1B,
indicating the red-shift as expected.

Effect of vesicle size

Using this platform, we next investigated the effect of vesicle
size on the vesicle adsorption process. Dynamic light scattering
measurements indicated that the average, intensity-weighted
effective diameters of the different vesicle populations were 84,
136, 166 and 211 nm, respectively (Fig. S1, ESIt). The QCM-D and
LSPR measurement signals, which were collectively obtained
in simultaneous measurements, are individually presented in
Fig. 2A-C. In all cases, the initial rates of change in the signals
decrease with increasing vesicle size, which is expected because
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Fig. 1 (A) Schematic illustration of vesicle adsorption onto titanium oxide sensor surfaces, with representative length scales of the penetration depths
(Dp) of the QCM-D and LSPR measurement techniques. (B) LSPR extinction spectra before (black) and after (red) the adsorption of DOPC lipid vesicles

onto a titanium oxide-coated surface.
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the rate of vesicle adsorption is limited by the diffusion
of vesicles in bulk solution and larger vesicles diffuse more
slowly. However, the final asymptotic values of each signal
exhibited different trends with respect to vesicle size. For
the QCM-D frequency shifts, the asymptotic values increased
sharply from —140 to —200 HZ when the vesicle diameter
increased from 84 to 136 nm but remained largely unchanged
for larger vesicle sizes (Fig. 2A). By contrast, with increasing
vesicle size, the QCM energy dissipation signal also increased
from 14 to 37 x 10 ° (Fig. 2B). In the case of 84 nm diameter
vesicles only, overshoot behavior was observed in the QCM-D
signals, which can be attributed to vesicles adsorbing on top
of the nanodisk surfaces and having higher spatial freedom to
rock.*® Of note, this is the only case where the vesicle size was
smaller than the nanodisk diameter (~100 nm), and no over-
shoot behavior was observed for larger vesicles. Voigt-Voinova
model analysis of the QCM-D measurement responses indi-
cated that the effective adlayer thickness only increased subtly
with greater vesicle size, supporting that larger vesicles deform
to a greater extent™ (Fig. S2, ESI¥).

Interestingly, the final asymptotic values of the LSPR signal
indicate that, among the tested vesicle sizes, intermediate-size
vesicles induced larger peak shifts than smaller or larger
vesicles. The 84 and 211 nm diameter vesicles induced peak
shifts of 2.6 nm, whereas 136 and 166 nm diameter vesicles led
to peak shifts of around 3.0 nm (Fig. 2C). Upon a closer look,
this trend in fact agrees well with observations made in our
previous work with transmission-mode LSPR measurements for
vesicles in this size range.*” While scaling laws for the adsorption
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of spherical vesicles predict that, at saturation, smaller vesicles
would lead to a larger peak shift,®® it appears that there is a
deviation of >100 nm diameters, likely due to two factors,
deformation of adsorbed vesicles and the influence of vesicle
size on packing coverage.

As such, the QCM-D and LSPR measurement signals reveal
different trends with increasing vesicle size, and the final
saturation values for different signals are plotted as a function
of vesicle size in Fig. 2D. These different trends underscore the
benefits of combining multiple measurement techniques with
different surface sensitivities in order to reveal new information
about how vesicle size influences vesicle adsorption. Based on
the experimental results, it appears that intermediate-size
vesicles have the greatest contact with the sensor surface and
this is likely due to an optimal balance of high packing and
shape deformation.

Vesicle adsorption kinetics

We next investigated the kinetics of vesicle adsorption, and
note that both the QCM-D and LSPR responses took longer to
stabilize with increasing vesicle size, which is expected due
to diffusion-limited adsorption.’"*>** In order to compare the
different measurement responses, we directly evaluated the
rate of acoustic (QCM-D) and optical (LSPR) mass uptake based
on normalized curves (Fig. 3A-D). In all cases, the initial linear
rate of increase in the frequency shift agreed well with the rate
of increase in the LSPR peak shift, before the two signals
started to deviate and eventually reached saturation at different
time points. For 84 nm diameter vesicles, overshooting in the
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Fig. 2 Temporal variation of QCM-D (A) frequency and (B) dissipation shifts as well as (C) LSPR peak shifts obtained simultaneously during the adsorption
of vesicles of different sizes. (D) Plot of final changes in the frequency, dissipation and peak shift values as a function of vesicle size. Measurement data
have been normalized such that the highest observed shift detected by each technique is equal to 1. The horizontal dashed line serves as a guide to the

eye to the highest observed shifts.
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frequency shift occurred around 5 min before the LSPR peak
shift stabilized (Fig. 3A). Viewed collectively, the overshooting
indicates a decrease in the hydrodynamically coupled solvent as
additional vesicles adsorb onto the surface and displace a
portion of solvent between adsorbed vesicles.

By contrast, for 136 nm diameter vesicles, the kinetics of the
frequency shift closely match those of the LSPR peak shift
almost throughout the entire process, suggesting that the rates
of acoustic and optical mass uptake are similar (Fig. 3B).
However, with increasing vesicle size, for 166 nm diameter
vesicles, the frequency shift again stabilized earlier than the
LSPR peak shift (Fig. 3C). A similar trend was also observed for
211 nm diameter vesicles, and the difference in the time scale
between stabilization of the two signals was even more appreci-
able, suggesting an increased role of coupled solvent and steric
effects for large vesicles (Fig. 3D). The combination of simulta-
neous QCM-D and LSPR measurements allows the vesicle adsorp-
tion process to be temporally separated into three measurement
stages characterized by when the rate of change in the QCM-D
frequency shift matches that of the LSPR peak shift (stage 1), there
is a deviation between the two signals before stabilization of the
QCM-D frequency shift is reached (stage 2), and subsequent
progression until stabilization of the LSPR peak shift is reached
(stage 3). As such, stage 3 represents vesicle adsorption at very
high surface coverages, a regime which cannot be detected
by QCM-D measurement alone due to hydrodynamic coupling
between neighboring vesicles and associated steric effects.
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Time-independent vesicle adsorption behavior

In order to evaluate the relative contribution of steric effects as
the adsorption process continues at higher surface coverages, we
examined the structural properties of the adlayer as a function
of vesicle size through time-independent QCM-D frequency
versus dissipation (f~D) curves.>*' The f-D curves show steeper
gradients with increasing size, which generally implies a higher
increase in energy dissipation per adsorbing vesicle (Fig. 4A).
This can be further attributed to a higher amount of solvent
coupled to larger vesicles as evidenced by the curves of the
QCM-D frequency shift versus LSPR peak shift (1—f curves),
which gradually become steeper and progressively overlap with
increasing size (Fig. 4B). The increase in coupled solvent
contribution to the acoustic mass becomes gradually diminished
with increasing optical mass, leading to no further change in the
gradient of the A—f curve at some point. In addition, larger

2331 and are less

vesicles are prone to greater deformation
efficiently packed, resulting in greater viscoelastic contribution
per adsorbing vesicle, as reflected in the energy dissipation
response described above. This is further evidenced by plots of
the QCM-D energy dissipation response versus the LSPR peak
shift (A-D curves) (Fig. 4C), which also become steeper with
increasing vesicle size but without overlapping, suggesting that
unlike frequency shifts, the dissipation shifts are mainly deter-
mined by the packing arrangement of the vesicles instead of a

hydrodynamically coupled solvent.
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Time (min)

Fig. 3 Normalized QCM-D frequency shifts (black traces) superimposed against normalized LSPR peak shifts (grey traces) obtained simultaneously
during the adsorption of DOPC vesicles with (A) 84 nm, (B) 136 nm, (C) 166 nm and (D) 211 nm diameter. A Gaussian function is applied to fit the LSPR
peak shifts (red traces, R? > 0.99 in all cases). The adsorption process can be separated into 3 stages as denoted by the vertical dashed lines and
characterized by (1) variations in the QCM-D frequency shift that matches the LSPR peak shift, (2) deviation in the two signals before a stabilized QCM-D
frequency shift is reached and (3) subsequent progression before a stabilized LSPR peak shift is reached, (S) before both signals eventually stabilize.
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Fig. 4 (A) The time-independent QCM-D frequency—dissipation curves
(f-D curves), particularly highlighting the increasing contribution of larger
vesicles to adlayer viscoelasticity. (B) The correlation between wet and dry
mass changes is inferred from the plot of QCM-D frequency shift versus
LSPR peak shift (1—f curves) characterized by a change in gradient from (1)
to (2) and a further peak shift after the frequency shift has stabilized (3).
(C) Structural transformations observable through the time-independent
plot of QCM-D dissipation shifts versus LSPR peak shift (1-D curves).

The A—f curve also showed a subtle increase in the gradient
at a peak shift of ~1 nm for all vesicle sizes, suggesting an
increase in the amount of coupled solvent per adsorbing
vesicle. This occurs because the number of adsorbed vesicles
reaches a sufficiently high coverage at which there is an overlap
of the coupled solvent between vesicles leading to a complete-
spanning, adsorbed layer of vesicles and coupled solvent across
the surface. The increase in the gradient of the A—f curve is
followed by a small increase in the LSPR peak shift while the
frequency signal remains stable. Similarly, the A—D curves also
show a brief increase in the LSPR peak shift while the energy
dissipation signal remains stable. These trends arise from the
fact that the QCM-D responses saturate before the maximum
effective surface coverage is achieved, which agrees well with
previous findings by Reviakine et al.'* Here, we observe that the
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LSPR signal and its probing of lipid mass accumulation near
the sensor surface continues even after the acoustic mass
response has stabilized, allowing greater scrutiny into the final
stage of intact vesicle adsorption up to maximum surface
coverage. In particular, the A—f and A—D plots show that this
stage gradually becomes more pronounced for larger vesicles,
suggesting its important role in determining the overall kinetics
of the adsorption process as vesicle size increases.

Stage-wise description of the vesicle adsorption process

Based on the comparison of temporal variations in the QCM-D
frequency shifts and LSPR peak shifts as well as observations
from the A—fand /—D curves, the competition between steric
packing and vesicle deformation during the adsorption of
intact vesicles on titanium oxide is explained by describing
the process in three stages, as seen in the schematic illustration
of Fig. 5. The first stage involves vesicle adsorption at a relatively
low surface coverage and minimal coupled solvent between
adsorbed vesicles. The second stage involves continued addition
of adsorbed vesicles, and hydrodynamic coupling between
vesicles becomes more pronounced at higher surface coverages.
With increasing size, steric effects also become more prominent
at this stage, due to greater deformation as well as lower packing
efficiency (“steric effect”). The third stage involves the displace-
ment of the coupled solvent by additional vesicles, which is
detected by the LSPR technique only, while the QCM-D responses
maintain constant responses. At this stage, steric effects are
particularly pronounced due to the relatively poor packing effi-
ciency of larger vesicles.

Since the effect of steric packing is most prominent at high
surface coverages, we pay particular attention to the third stage
that is undetectable using the QCM-D technique. By comparing
the times at which the QCM-D frequency and LSPR peak shift
stabilize, it was determined that the length of time of the third
stage was around 3, 8 and 17 minutes for 136, 166 and 211 nm
diameter vesicles, respectively (Fig. S3, ESIt). Hence, it is more
difficult to form close-packed vesicle adlayers on titanium oxide
with larger vesicles due to greater deformation and lower packing
efficiency. These findings are reminiscent of our previous findings
that steric hindrance hinders SLB formation on silicon oxide.*
Along these lines, it is noteworthy that our earlier discussions on
steric effects have been limited to the context of vesicle rupture
leading to SLB formation on silicon dioxide surfaces and have
been largely inferred from QCM-D measurements.>*>> As such,
these previous efforts concentrated on steric effects at appreciably
lower surface coverages. By contrast, the present work presents
the first detailed characterization of the steric effect contribution,
presenting direct evidence that is consistent with the observa-
tions, and supports the claims, of our previous results, while
extending the applicability of the “steric effect” concept to
adsorbed vesicles that remain intact and at much higher surface
coverages up to saturation.

A summary of how vesicle size affects vesicle adsorption
in terms of packing considerations and shape deformation
is illustrated in Fig. 6. With an initial increase in vesicle
size (i.e., from 84 to 136 nm diameter), greater deformability
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Fig. 5 Schematic illustration of how vesicle size influences vesicle adsorption. The three stages in the adsorption of different-size intact vesicles on
titanium oxide, superimposed against the penetration depths of QCM-D (light blue region) and LSPR (green region below the dashed line);
hydrodynamically-coupled solvent is included in the schematic drawing (dark blue shade). Stages 1 & 2 correspond to linear correlations between
the frequency and the LSPR peak shift that show slightly different gradients (in A-f plot), while stage 3 is reflected by frequency- and dissipation-
independent LSPR peak shifts (in A—f and 2-D plots). Stage 3 corresponds to further vesicle adsorption while the acoustic mass remains unchanged, and
this effect is more pronounced for larger vesicles.
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Fig. 6 Simplified schematic of the final configuration of adsorbed vesicles with increasing size superimposed against the penetration depths of
QCM-D (light blue region) and LSPR (green region below the dashed line). With increasing size, the vesicles deform to a greater extent. At the same
time, the amount of coupled solvent (dark blue region) contribution to the resulting continuous film increases to a certain extent before
it saturates, consequently reducing the steric packing on the substrate. This results in AFgnai, ADfina, and Aldmaxsinal Varying with different trends, with
increasing vesicle size.
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promotes vesicle flattening so that lipids are, on average, nearer to
the sensor surface, resulting in higher saturation values of the
LSPR signal. At the same time, with increasing vesicle size, there is
again a drop in the maximum LSPR peak shift because the
maximum packing coverage of adsorbed vesicles becomes lower
due to steric effects. By contrast, the QCM-D frequency shift is
largely insensitive to the size of adsorbed vesicles while the QCM-D
energy dissipation signal increases with greater vesicle size. Based
on the different measurement responses, we have identified
that vesicle size influences vesicle adsorption via two competing
factors, vesicle deformation and steric effects on packing.
Moreover, our measurement results indicate that an optimal balance
of these two factors is achieved for intermediate-size vesicles.

Conclusion

The effect of vesicle size (84-211 nm diameter) on vesicle adsorption
onto a titanium oxide surface was investigated by simultaneous
QCM-D and LSPR measurements. By tracking the total mass of
adsorbed lipid and hydrodynamically coupled solvent in the
adsorbed vesicle layer as well as lipid mass adsorbed near the sensor
surface, we were able to characterize vesicle adsorption without
rupture even after the QCM-D signals have saturated, revealing
continued vesicle adsorption behavior up to higher surface
coverages. In this regime, vesicle adsorption is predominantly
governed by steric packing, which competes with vesicle deforma-
tion in determining the effect of vesicle size on the overall degree of
vesicle contact with the adsorbing surface. With increasing vesicle
size, although higher deformability leads to higher surface contact
by individual vesicles, steric effects reduce their packing efficiency,
resulting in lower overall contact at saturation. The maximum extent
of adsorbed vesicles contacting a solid surface therefore occurs at an
intermediate vesicle size. This is manifested by QCM-D frequency
signals that increased monotonically reaching saturation, QCM-D
dissipation signals that increased almost linearly and, in contrast,
LSPR peak shifts that followed a parabolic trend, with the greatest
value occurring for intermediate-sized vesicles (136 nm diameter in
our experiments). As seen in this work, the characterization of vesicle
adsorption in the high surface coverage regime provides the basis
for a deeper understanding of how steric effects contribute to the
molecular self-assembly of phospholipid assemblies as well as play a
role in the behavior of soft-matter adsorbates in general.
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