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ABSTRACT: We have investigated the effect of freeze−thaw (FT)
pretreatment on the adhesion and rupture of extruded vesicles over a
wide range of vesicle sizes. To characterize the size distributions of
vesicles obtained with and without FT pretreatment, dynamic light
scattering (DLS) experiments were performed. The interaction between
extruded vesicles and a silicon oxide substrate was investigated by quartz
crystal microbalance with dissipation (QCM-D) monitoring, with a
focus on comparative analysis of similar-sized vesicles with and without
FT pretreatment. Under this condition, there was a smaller mass load at
the critical coverage associated with untreated vesicles, as compared to
vesicles which had been subjected to FT pretreatment. In addition, the
rupture of treated vesicles generally resulted in formation of a complete
planar bilayer, while the adlayer was more heterogeneous when
employing untreated vesicles. Combined with kinetic analysis and extended-DLVO model calculations, the experimental
evidence suggests that the differences arising from FT pretreatment are due to characteristics of the vesicle size distribution and
also multilamellarity of an appreciable fraction of untreated vesicles. Taken together, our findings clarify the influence of FT
pretreatment on model membrane fabrication on solid supports.

■ INTRODUCTION

Phospholipid bilayers on solid supports provide a model system
to mimic biological membranes and can be studied with
surface-sensitive measurement techniques.1 Fabrication can
occur via deposition methods such as the Langmuir−Blodgett
transfer process2 or more commonly vesicle fusion.3 On
hydrophilic supports, the fate of an adsorbed vesicle depends
on several factors, including the balance between vesicle−
substrate interactions and vesicle bending energy,4 as well as
the line tension associated with the rupture of an adsorbed
vesicle.5−7 Based on the combination of these thermodynamic
factors, theory predicts that vesicles above a certain critical size
will rupture immediately upon adsorption, whereas smaller
vesicles will either adsorb and remain intact or simply not
adsorb.8−10

While experimental findings support these arguments in
some cases,7,11 theory is still far from complete, and there are
deviations between experimental findings and theoretical
predictions. Substrate-specific adsorption kinetics of vesicles
are experimentally observed largely independent of vesicle size,
with various possible channels of vesicle rupture and a
dependence on vesicle−substrate, vesicle−vesicle, and vesicle

rupture product interactions.6,12−16 On certain substrates such
as silicon oxide3 and mica,17 vesicle rupture can occur either
spontaneously13 or after reaching a critical surface coverage.19

On other substrates such as gold,3 vesicles can adsorb and
remain intact because vesicle rupture is kinetically unfavorable.
Hence, there are several channels by which vesicles can adsorb
and rupture on solid supports, the rupture process can be
controlled energetically, and a wide range of parameters can
influence the formation of planar bilayers on solid supports.
Kinetically, the rate of rupture of adsorbed vesicles depends

on their deformation. The extent of deformation depends in
turn on the dimensionless parameter defined as w ≡ WR2/κ,
where W is the contact energy per unit area, κ is the membrane
bending rigidity, and R is the vesicle radius. Besides vesicle
properties (e.g., size,15 lipid composition,13 vesicle aging18) and
substrate properties, the contact energy and corresponding
deformation depend on experimental conditions such as
temperature,19 solution pH,20 ionic strength,21 ion type,22 and
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osmotic pressure.23 These conditions can modulate the
vesicle−substrate interaction (e.g., via double-layer electrostatic
forces) and may therefore influence the state of adsorbed
vesicles, including the propensity to rupture. In particular, the
deformation of a vesicle is nearly negligible; i.e., its shape is
spherical at w ≤ 2, and with increasing w up to 10, a vesicle
becomes boule-shaped with the height approximately 2 times
smaller, as compared to the diameter (see, e.g., Figure 1a in ref
8). Physically, vesicle rupture is expected to be faster with
increasing w. This is the case if one increases W. With
increasing R, the maximum vesicle deformation is, however,
nearly independent of R (see, e.g., Monte Carlo simulations24),
and accordingly, the role of R does not seem to be crucial.
Recent simulations25 based on dissipative particle dynamics
indicate that small vesicles are in fact more inclined to rupture.
In all of the experiments quoted above, the conditions used

in vesicle preparation were chosen aiming to obtain unilamellar
vesicles. However, when dried phospholipids are hydrated in
aqueous salt solutions, bi- and multilamellar vesicles (collec-
tively referred to as MLVs) self-assemble spontaneously with a
broad size distribution.26 Several techniques have been
developed to control the vesicle size distribution, including
sonication27 and extrusion.28 Sonication induces an ultrasonic
energy wave to form predominately small unilamellar vesicles
(SUVs) but has drawbacks, including metal contamination,
lipid degradation, and generally produces small vesicles
only.27,29,30 Mechanical extrusion is an alternative technique
that can control vesicle size over a wider range. It operates by
forcing the passage of MLVs through pores of defined size.28

MLVs can rupture at the pore entrance31 and reassemble into
smaller, generally unilamellar vesicles with an average size that
is reflective of the filter pore size, particularly for small pore
sizes.32 If the pore size is 100 nm or smaller, extrusion will
typically produce unilamellar vesicles.33 By contrast, extrusion
through larger pores will generate a more heterogeneous
mixture of uni-, bi-, and multilamellar vesicles, as defined by the
number of concentric bilayers in a vesicle.34,35

To promote unilamellar character among large vesicles,
Mayer et al.36 have subjected vesicles to freeze−thaw (FT)
pretreatment before extrusion. During FT pretreatment,
vesicles are frozen quickly before being thawed in warm
water at a temperature above the gel−liquid crystalline phase
transition of the phospholipids. In aqueous salt solutions, this
procedure induces bilayer fragmentation of vesicles through an
osmotic effect.37 After five or more cycles, all of the lamellae
will have separated in principle, and the MLVs can become
predominately unilamellar, even before extrusion.38 As such,
the combination of extrusion and FT pretreatment is able to
control both the size and lamellarity of vesicles. Although there
are many characterization studies on different types of vesicles
in solution, there are no studies focused on the identification of
differences in the adsorption and rupture of vesicles obtained
with and without FT pretreatment. Furthermore, experimental
data concerning how lamellarity affects the adhesion of vesicles
onto solid supports are now scarce.39−41 The corresponding
findings generally provide only anecdotal clues that point to the
importance of lamellarity to control the adhesion and rupture
processes without describing the effects on mechanism.
Herein, using a combination of FT pretreatment and

extrusion, we prepared vesicles across a wide size range. Within
equivalent size regimes, the adsorption kinetics of vesicles with
and without FT pretreatment onto hydrophilic silicon oxide
were comparatively studied. Dynamic light scattering (DLS)

experiments measured the size distribution of vesicle
populations. Quartz crystal microbalance with dissipation
(QCM-D) monitoring experiments were performed to monitor
the adsorption kinetics of vesicles onto silicon oxide. Taken
together with theoretical analysis, the goal of the work was to
investigate how the interplay of vesicle lamellarity and size
distribution influences the kinetics under consideration.

■ MATERIALS AND METHODS
Lipid Vesicle Preparation. Vesicles composed of egg phospha-

tidylcholine (PC) (Avanti Polar Lipids, Alabaster, AL) were prepared
at a nominal lipid concentration of ∼5 mg mL−1 and then diluted
before experiment. Depending on the experiment, vesicles were
prepared with either predominately unilamellar or a mixture of
unilamellar and multilamellar character by using a previously described
methodology based on FT pretreatment and then extrusion.36 Dried
lipid films were hydrated with 10 mM Tris [pH 7.5] buffer solution
with 150 mM NaCl, and the sample was then vortexed periodically for
5 min. To produce predominately unilamellar vesicles, FT pretreat-
ment was performed on the newly hydrated lipid films. Specifically, in
each treatment cycle, the vesicle suspension was quickly frozen in
liquid nitrogen for 30 s, before thawing the suspension in an 80 °C
water bath for 90 s, and then finally vortexing to complete each cycle.
Typically, seven cycles of FT pretreatment were performed unless
otherwise noted. In order to control the size distribution, vesicles were
then extruded by repeatedly passing the suspension through a
membrane filter with well-defined pore sizes. Vesicles were sized by
a miniextruder (Avanti Polar Lipids) through either 1000, 400, 200,
100, or 30 nm polycarbonate membrane pores, depending on the
sample. To produce vesicle suspensions with a mixture of uni- and
multilamellar character in equivalent size regimes, an identical
procedure was performed except there was no FT pretreatment. In
this case, after hydration in aqueous salt solution, vesicles were
extruded immediately thorough the preferred pore size. All aqueous
solutions and buffers were prepared in Milli-Q water with a minimum
resistivity of 18.2 MΩ·cm (Millipore, Billerica, MA).

Dynamic Light Scattering. The technique was employed in order
to determine the vesicle size distribution based on measuring temporal
correlations in the intensity of light scattering by extruded vesicles.42

The observed intensity is a superposition of the intensities related to
individual vesicles. The latter intensity is proportional to the square of
the vesicle mass and to the factor depending on the ratio of the vesicle
size and wavelength. Temporal changes in the intensity of light
scattering by a vesicle are related to diffusion and can be expressed via
the diffusion coefficient which, according to hydrodynamics, is
inversely proportional to the vesicle radius. In our experiments, a
90Plus particle size analyzer (Brookhaven Instruments, Holtsville, NY)
with a 658.0 nm monochromatic laser was employed. In order to
minimize the reflection effect, all measurements were taken at the
scattering angle of 90°, and the intensity autocorrelation function was
measured, which can be fit directly in order to yield the intensity-
weighted size distribution of vesicles in solution, as previously
described.42 The autocorrelation function was deconvoluted by using
the method of cumulants or the non-negative least squares (NNLS)
method. The former method was used to calculate the intensity-
weighted Gaussian profile of the vesicle size distribution (including
average effective diameter and polydispersity). The latter method was
used to calculate the intensity-weighted histogram of the vesicle size
distribution. To convert such diagrams into the number-weighted
vesicle size distribution, the dependence of the vesicle mass on its size
must be known. This dependence is well-known for unilamellar
vesicles but often unknown in situations when vesicles are partly or
predominantly multilamellar, and their lamellarity is not exactly
characterized. For this reason, we present only original intensity-
weighted histograms. Concerning this aspect, we note that the
contribution of vesicles to such histograms rapidly increases with
increasing vesicle size, and accordingly the relative fraction of large
vesicles is much smaller than their contribution to an intensity-
weighted histogram.
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Quartz Crystal Microbalance with Dissipation Monitoring.
The adsorption kinetics of vesicles onto silicon oxide were
characterized by using the quartz crystal microbalance with dissipation
(QCM-D) measurement technique with the Q-Sense D300 instru-
ment (Q-Sense AB, Gothenburg, Sweden) which allows for
simultaneous measurement of changes in resonance frequency and
energy dissipation as functions of time, as previously described.43 AT-
cut crystals (Q-Sense) of 14 mm diameter with 50 nm thermally
evaporated silicon oxide coats were used for all QCM-D experiments.
QCM-D crystals were treated with oxygen plasma by using a Plasma
Prep 5 plasma cleaner (GaLa Instrumente GmbH, Bad Schwalbach,
Germany) at ∼70 W for ∼4 min prior to measurement. Flow cell
temperature was maintained at 25.0 °C and controlled by a Peltier
element with fluctuations smaller than ±0.02 °C.

■ RESULTS

Effects of Freeze−Thaw Pretreatment on Vesicle
Extrusion Process. Vesicles were prepared with or without
FT treatment in order to generate either predominately
unilamellar or mixed uni- and multilamellar vesicles,
respectively. In order to distinguish between the two cases,
where applicable, we refer below to different vesicle
suspensions as treated (prepared with FT pretreatment) or
untreated (prepared without FT pretreatment). Vesicles were
then extruded through different pore sizes (between 30 and
1000 nm diameter) in order to control the vesicle size
distribution. Dynamic light scattering experiments were
performed in order to determine the effects of FT pretreatment
on the size distribution of extruded vesicles (Figure 1).
Small vesicles extruded through 30 nm diameter pores

showed minimal effects of FT pretreatment (Figure 1A). The
intensity-weighted average diameter was 58 or 60 nm for
treated and untreated vesicles, respectively, and there was low
polydispersity in both cases. The vesicle sizes are in agreement
with past DLS results.32,34 Moreover, the measurements are
consistent with past NMR and freeze-fracture electron
microscopy experiments which indicate that extruded vesicles
in this size regime are predominately unilamellar.34 Indeed, due
to lipid packing constraints in small vesicles, vesicles in this size

regime are intrinsically unilamellar28 and hence extrusion, in
this case, reduces lamellarity independent of FT pretreatment.
When vesicles were extruded through 100 nm pores, FT

pretreatment had a more appreciable effect, as noted by
intensity-weighted average diameters of 123 and 187 nm for
vesicles with and without FT pretreatment, respectively (Figure
1B). In both cases, histogram analysis indicated that there was
one subpopulation of vesicles around 85−90 nm diameter and
another subpopulation of vesicles with appreciably larger size.
For untreated and treated vesicles, the size of the second
subpopulation was either around 240 or 165 nm diameter,
respectively. The decrease in size of this second subpopulation
as the result of FT pretreatment suggests that the vesicles in
this larger subpopulation probably have multilamellar character,
and FT pretreatment reduces the number of lamellae, as
reflected by the size decrease.35 NMR and freeze-fracture
electron microscopy experiments33,34 have indicated that
vesicles extruded through 100 nm pores are predominately
unilamellar vesicles. Previous results46 also support that there is
a second, albeit small, subpopulation of larger-size vesicles, as
well as the corresponding effect of FT pretreatment. Hence, FT
pretreatment improves the generation of vesicles with
unilamellar character in this size regime.
Compared to small vesicles (those extruded through 200 nm

pores or smaller), FT pretreatment had a more significant effect
on the size distribution of large vesicles. When vesicles were
extruded through 400 nm pores, the intensity-weighted average
diameter was 249 and 478 nm vesicles with and without FT
pretreatment, respectively (Figure 1C). The average size for
treated vesicles is in agreement with similarly prepared vesicles
that were reported in previous work.34 For both treated and
untreated vesicles, there was a bimodal distribution in the
intensity-weighted mode. Based on histogram analysis, FT
pretreatment affected both subpopulations. Among untreated
vesicles, there was one subpopulation around 190 nm diameter
and another larger subpopulation around 1511 nm diameter. By
contrast, for treated vesicles, the smaller subpopulation had
decreased to 151 nm, and the larger subpopulation also

Figure 1. Effects of freeze−thaw pretreatment on DLS intensity-weighted vesicle size distribution. 0 FT (red) and 7 FT (blue) indicate no FT
pretreatment or seven cycles of FT pretreatment, respectively. Vesicles were extruded through (A) 30, (B) 100, (C) 400, or (D) 1000 nm pores.
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decreased to 660 nm. The observed changes in vesicle size
distribution suggest that the initial mixture of uni- and
multilamellar vesicles have increasingly unilamellar character
as the result of FT pretreatment.
There are also previous reports34,35 that seek to determine

whether vesicles extruded through 400 nm pores are
predominately unilamellar or multilamellar. NMR experiments
have estimated that at least 20% of vesicles in this size range are
unilamellar if it is conservatively assumed that the multilamellar
vesicles are exclusively bilamellar.34 Jousma et al.35 have
analyzed vesicles extruded through 400 nm pores and
determined that there is a large fraction of unilamellar vesicles
and a small fraction of multilamellar vesicles with a significant
number of lamellae. In addition, it is instructive to consider the
physical effects of FT pretreatment. FT pretreatment causes a
major structural rearrangement of the vesicle structure with a
significant increase in interlamellar spacing and no longer tight
packing between bilayers.36 Indeed, a structural rearrangement
has been observed for vesicles extruded through 400 nm
pores.30 Therefore, it must be considered that FT pretreatment
affects the vesicle’s physical structure as well as the vesicle size
distribution.
We also examined the effects of FT pretreatment on

appreciably larger vesicles that were extruded through 1000
nm pores (Figure 1D). With FT pretreatment, the intensity-
weighted average effective diameter of vesicles decreased from
2005 to 890 nm, which is in agreement with past results.28

Without FT pretreatment, three subpopulations were identified
in the intensity-weighted histogram analysis, corresponding to
peak diameters of 171, 495, and 5883 nm. With FT
pretreatment, two subpopulations were identified, correspond-
ing to peak diameters of 432 and 2375 nm, respectively. In
addition to the change in vesicle size distribution, FT
pretreatment also presumably induces a structural arrangement
of the lamellae in the vesicles such that the lamellae are no
longer tightly packed.
We also performed more detailed studies on how the number

of FT cycles affects the properties of extruded vesicles. Vesicles
were extruded through 400 nm pores following 0, 1, 3, 5, or 7
cycles of FT pretreatment (Figure S1). The range of intensity-
weighted, average diameters ranged from 478 nm without FT
pretreatment to 249 nm after seven cycles of FT pretreatment.
In all cases, there was a bimodal distribution observed, and both
subpopulations decreased in peak size as a function of the cycle
number. This trend is consistent with the effects of FT
pretreatment, namely that the degree of lamellarity is reduced
over a number of cycles.36 Taken together, the findings support
that FT pretreatment generates vesicles with predominately

unilamellar character, as defined by the structural rearrange-
ment which increases interlamellar spacing.
In line with the DLS measurement results described above,

we consider that unimodal size distributions consist principally
of unilamellar vesicles and that multimodal distributions
contain appreciable amounts of both uni- and multilamellar
vesicles. These findings are in agreement with previous reports
on the bimodal size distribution of mildly sonicated vesicles27,44

and further substantiated by the broad heterogeneity in vesicle
size observed in early reports on extruded vesicles.28

Adsorption Kinetics of Extruded Vesicles onto Silicon
Oxide. We next investigated the effects of FT pretreatment on
the adsorption kinetics of vesicles onto silicon oxide. Under the
experimental conditions, vesicle adsorption onto silicon oxide
typically results in the formation of a planar bilayer which
occurs when adsorbed vesicles reach a critical surface coverage
and then begin to rupture.3,45,46 To track the vesicle adsorption
process, we employed the QCM-D monitoring technique
which measures the change in bound acoustic mass.3,5,43 The
QCM-D experiments were performed over a wide range of
vesicle sizes, using the same vesicle populations as mentioned in
the previous section. The experimental results are presented in
Figures 2−5 and further described below.
For vesicles extruded through 30 nm pores, there was only a

minor effect of FT pretreatment on the adsorption kinetics.
With or without FT pretreatment, a critical coverage of
adsorbed vesicles on the substrate was reached within 3 min
when rupture commenced and the formation of a planar bilayer
was observed (Figure 2).
This similarity was expected because the DLS experiments

showed that the vesicle populations have nearly identical size
distributions irrespective of FT treatment. However, there were
also differences in the physical properties of the bilayer that are
noteworthy. For untreated vesicles, the final changes in
resonance frequency and energy dissipation were −28 Hz
and 0.2 × 10−6, respectively. By contrast, for treated vesicles,
the final changes in resonance frequency and energy dissipation
were −26 Hz and 0.0 × 10−6, respectively. Hence, FT
pretreatment appears to promote the formation of a complete
bilayer, and the untreated vesicle population may have a small
fraction of vesicles with multilamellar character that do not
rupture completely on the substrate. The presence of a small
fraction of multilamellar vesicles in this size regime has been
previously suggested,34 and the QCM-D measurements are in
line with this conjecture. Therefore, FT pretreatment improves
bilayer quality even in the small-size vesicle regime.
Vesicles extruded through 100 nm pores also showed similar

adsorption kinetics with or without FT pretreatment, albeit
with more significant differences than vesicles in the smallest

Figure 2. Adhesion of small unilamellar vesicles onto silicon oxide. QCM-D monitoring tracked the change in (A) resonance frequency and (B)
energy dissipation as a function of time for treated and untreated vesicles extruded through 30 nm pores.

Langmuir Article

dx.doi.org/10.1021/la404582n | Langmuir 2014, 30, 2152−21602155



size regime tested (Figure 3A,B). Although adsorption behavior
related to the critical coverage was similar, there were
deviations in the final changes in resonance frequency and
energy dissipation. The rupture of untreated vesicles resulted in
final changes in resonance frequency and energy dissipation of
−32 Hz and 1 × 10−6, respectively. By contrast, the rupture of
treated vesicles resulted in final changes in resonance frequency
and energy dissipation of −28 Hz and 0.5 × 10−6, respectively.
The former corresponds to a planar bilayer with a significant
number of unruptured vesicles present while the latter is more
representative of a completely formed bilayer, albeit still with
some unruptured vesicles likely present. Therefore, adhesion
and rupture by treated vesicles is preferred to form bilayers.

A similar trend in bilayer formation was also observed for
vesicles extruded through 200 nm pores, although differences
between the vesicle populations with and without FT treatment
were more significant and FT pretreatment also influenced the
critical coverage more appreciably (Figure 3C,D). Untreated
vesicles reached a critical coverage that corresponded to
changes in resonance frequency and energy dissipation of
−45 Hz and 7 × 10−6, respectively, versus changes in resonance
frequency and energy dissipation of −58 Hz and 9 × 10−6,
respectively, for treated vesicles. Again, as with vesicles extruded
through 100 nm pores, treated vesicles formed a more
complete bilayer than untreated vesicles. The final changes in
resonance frequency and energy dissipation were −30 Hz and 2

Figure 3. Freeze−thaw pretreatment affects adhesion of intermediate size vesicles. QCM-D monitoring tracked the change in (A) resonance
frequency and (B) energy dissipation as a function of time for treated and untreated vesicles extruded through 100 nm pores. Panels (C) and (D)
show similar results for vesicles extruded through 200 nm pores.

Figure 4. Effects of lamellarity and size distribution on the adhesion of large vesicles onto silicon oxide. QCM-D monitoring tracked the change in
(A) resonance frequency and (B) energy dissipation as a function of time for vesicles extruded through 400 nm pores. Panels (C) and (D) exhibit
similar results for vesicles extruded through 1000 nm pores.
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× 10−6, respectively, for untreated vesicles, and −28 Hz and 1 ×
10−6, respectively, for treated vesicles. As such, FT pretreatment
clearly improves the quality of formed bilayers on the basis of
the QCM-D measurement values.
We also tested the adsorption kinetics of larger vesicles

extruded through 400 or 1000 nm pores (Figure 4). These
larger size vesicles also showed the same trends in adsorption
kinetics as smaller vesicles, albeit with more pronounced effects
of FT pretreatment. For vesicles extruded through 400 nm
pores, treated vesicles reached a critical coverage that
corresponded to changes in resonance frequency and energy
dissipation of −60 Hz and 10 × 10−6, respectively, versus
changes in resonance frequency and energy dissipation of −43
Hz and 8 × 10−6, respectively, for untreated vesicles (Figure
4A,B). The final changes in resonance frequency and energy
dissipation were −36 Hz and 4.5 × 10−6, respectively, for
untreated vesicles and −28 Hz and 0.7 × 10−6, respectively, for
treated vesicles. Hence, for larger vesicle sizes, the effects of FT
pretreatment on vesicle rupture were more significant.
To further examine the effects of vesicle size dependence, we

also investigated vesicles extruded through 1000 nm pores
(Figure 4C,D). Treated vesicles reached a critical coverage that
corresponded to changes in resonance frequency and energy
dissipation of −72 Hz and 19 × 10−6, respectively, versus
changes in resonance frequency and energy dissipation of −44
Hz and 6 × 10−6, respectively, for untreated vesicles. The final
changes in resonance frequency and energy dissipation were
−36 Hz and 3 × 10−6, respectively, for untreated vesicles and
−28 Hz and 3 × 10−6, respectively, for treated vesicles. In this
limiting size regime, it appears that additional factors such as
vesicle sterics also play a significant role to influence the degree
of bilayer formation.
In addition to measuring the effects of FT pretreatment on

the adsorption kinetics of vesicles, we also examined the effect
of the number of FT pretreatment cycles (Figure 5). Using
vesicles extruded through 400 nm pores, we tested how the
number of FT pretreatment cycles affects the adsorption
kinetics of vesicles onto silicon oxide. Without FT pretreat-
ment, the interaction of lipid vesicles with silicon oxide results
in vesicle rupture and the formation of an incomplete bilayer
with final changes in resonance frequency and energy
dissipation of −37 Hz and 4.3 × 10−6, respectively. For vesicles
subjected to three FT pretreatment cycles, vesicle rupture led
to final changes in resonance frequency and energy dissipation
of −31 Hz and 1.2 × 10−6, respectively. As the physical
properties of the vesicle adlayer at the critical coverage were
similar, the differences in the final mass values following
adhesion and rupture are likely due to variations in the rupture
mechanism. In contrast to these two cases, vesicles subjected to

seven FT pretreatment cycles had a significantly greater mass
load at the critical coverage, and vesicle rupture resulted in the
formation of a relatively complete bilayer with final changes in
resonance frequency and energy dissipation of −28 Hz and 0.9
× 10−6, respectively.

■ DISCUSSION

Our experiments have specified how FT pretreatment
influences vesicle properties and their interactions with solid
supports. For vesicles with single populations, the effect of FT
pretreatment was limited, presumably because these vesicles are
typically small and predominately unilamellar. However, for
vesicles with multiple subpopulations, FT pretreatment
influenced vesicle size characteristics, including the average
vesicle size in each subpopulation along with the relative
variance between the two subpopulations. Accordingly, FT
pretreatment affected the adsorption kinetics of vesicles onto
silicon oxide. Untreated vesicles had generally smaller mass
loads at the critical coverage and did not form complete planar
bilayers. By contrast, treated vesicles had greater mass loads at
the critical coverage but ruptured to form more complete
planar bilayers. We discuss these findings in relation to two
factors, adsorption kinetics and rupture mechanism, and focus
attention on the role of vesicle lamellarity.
There was a difference in the adsorption kinetics of untreated

and treated vesicles, which was particularly evident at the
critical coverage. To analyze the vesicle−substrate interaction at
the critical coverage, we focused on the contact area between
vesicles and the substrate. Within this scope, the vesicle can be
represented as a planar bilayer on the substrate and the total
interaction energy between the bilayer and substrate may be
estimated.47 Extended-DLVO models have been applied to
reasonably approximate this case based on three interfacial
forces, namely the van der Waals, double-layer electrostatic, and
hydration forces.48−50 As described in the Supporting
Information, we employed herein a modified approach50,51

that accounts for multiple bilayers on a substrate as would be
expected for a multilamellar vesicle.
In our context, we may note that the vesicles and substrate

used are negatively charged.47 Although the surface charge
concentration is relatively low in both cases, the contribution of
the double-layer electrostatic force to the interaction of the
external leaflet of a vesicle with the substrate is not fully
negligible. Comparing e.g. uni- and bilamellar vesicles, we may
add that the electrostatic interaction of the additional internal
bilayer of a bilamellar vesicle with the substrate is repulsive,
albeit marginally small. Accordingly, this interaction cannot
explain why the mass load at the critical coverage is lower with
increasing multilamellarity (i.e., for vesicles with fewer FT

Figure 5. Relative degree of lamellarity influences vesicle adsorption kinetics. QCM-D monitoring tracked the change in (A) resonance frequency
and (B) energy dissipation as a function of time for vesicles extruded through 400 nm pores after 0, 3, or 7 FT pretreatment cycles.
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pretreatment cycles). By contrast, the van der Waals interaction
of the additional internal bilayer of a bilamellar vesicle with the
substrate is attractive. This interaction, however, rapidly
decreases with increasing distance between the bilayer and
substrate. For this reason, the total van der Waals energy (per
unit area) will increase only slightly. All of these arguments
have been confirmed by our extended-DLVO model calcu-
lations of the total interaction energy between individual
bilayers within a multilamellar vesicle (up to n = 4 bilayers
where n = 1 is the bilayer closest to the substrate) and the
corresponding silicon oxide substrate (Figure 6).

Based on the model calculations, the interaction between the
outermost bilayer and the substrate has a total interaction
energy of −31 μJ/m2. By contrast, the total interaction energy
of inner bilayers is always −58 μJ/m2, which is appreciably
larger than the oxide−bilayer interaction of the outermost
bilayer. The consistency of this value for all inner bilayers
supports that the interaction between inner bilayers and the
substrate is largely negligible as is the interaction between
bilayers beyond the nearest-neighboring bilayer (Table 1). The

key contribution to the total interaction energy of inner bilayers
is the bilayer−bilayer interaction. Therefore, it appears that the
presence of additional bilayers inside a multilamellar vesicle
does not increase the vesicle−substrate interaction.
It must also be considered that the bending rigidity of a

bilamellar vesicle is about 2 times larger than that of a
unilamellar vesicle52 (provided that the sizes of the bilayers in a
bilamellar vesicle are comparable, which we assume is the case
without FT pretreatment). As previously noted in the
Introduction, the extent of vesicle deformation increases with
increasing w ≡ WR2/κ. Accordingly, for bilamellar or
multilamellar vesicles, the increase in W is fully compensated

by the increase in κ. Thus, bilamellar or multilamellar vesicles
are expected to be less deformed, and accordingly, the increase
in total interaction energy also cannot explain why the mass
load at the critical coverage is lower with increasing lamellarity.
To explain why the mass load at the critical coverage is lower

in the case of untreated vesicles (i.e., those with greater
multilamellarity), we note an additional characteristic of these
vesicles is that they generally consist of two subpopulations
with an appreciable difference in the average size corresponding
to each subpopulation. The concentration of vesicles belonging
to the small-size subpopulation is much larger and they diffuse
toward the surface much faster. For this reason, the adlayer
primarily contains vesicles from the small-size subpopulation.
The vesicles belonging to the large-size subpopulation also
arrive at the surface although at a much lower rate. With
increasing surface concentration of small-size vesicles, the steric
constraints for adsorption of large-size vesicles may become
appreciable already at a relatively small surface concentration of
the former vesicles. The thermodynamic driving force for
adsorption of large-size vesicles is, however, high due to their
large membrane surface area. Under such circumstances, the
steric constraints may initiate rupture of large-size vesicles, and
the latter may in turn induce rupture of small-size vesicles, e.g.,
at the boundaries of lipid islands (this mechanism of rupture is
discussed in detail in ref 12 and observed recently in ref 53). In
this case, the reason why the mass load at the critical coverage is
lower for untreated vesicles is because the vesicles have a
bimodal size distribution, and there is a large difference in
vesicle size between the two subpopulations. Vesicle lamellarity
may nevertheless play an important role because it may
influence the state of the adlayer after reaching the critical
coverage and vesicles rupture. Indeed, it must be considered
that this model is only valid to explain the observed mass loads
corresponding to the critical coverage and does not describe in
detail subsequent events. Hence, additional factors must be
involved to explain the outcome of the vesicle rupture process.
Concerning our observations that untreated vesicles do not

form a complete bilayer whereas treated vesicles generally form
a complete bilayer, we note that previous studies of related
systems have shown that multilamellar vesicles, which are more
predominant among untreated vesicles, have a broad rupture
profile, as evidenced by a large scattering in rupture
kinetics.39−41 While these studies have suggested that
heterogeneity of multilamellar vesicles is a key issue, the
rupture process of multilamellar vesicles is also intrinsically
more complex than that of unilamellar vesicles because there
are multiple lamellae. The rupture of the outermost lamella is a
competition between the energetics of the lipid−substrate
interaction versus the collective energetics of the interlamella
interaction (assuming the bilayers are tightly packed in the
multilamellar vesicle). Therefore, a ruptured, multilamellar
vesicle may remain largely intact on the substrate and
contribute a viscoelastic element to the adlayer properties. An
additional effect would be that a high coverage of multilamellar
vesicles may act as a steric barrier to prevent the rupture of
nearby vesicles.28 Taken together, there are multiple pathways
by which multilamellarity may hinder the formation of a
complete bilayer, thereby underscoring the general utility of FT
pretreatment to promote unilamellar character and improve
planar bilayer formation.

Figure 6. Extended-DLVO model of a multilamellar vesicle on silicon
oxide. Total interaction energy of the nth lipid bilayer with the
substrate and underlying bilayers is plotted as a function of the
bilayer−substrate separation distance for n ≤ 4.

Table 1. Summary of Values of Extended-DLVO Model
Calculations for Multilamellar Vesicles on Silicon Oxidea

extended-DLVO model
parameter

bilayer
(n = 1)

bilayer
(n = 2)

bilayer
(n = 3)

bilayer
(n = 4)

equilib distance (nm) 1.03 6.64 12.25 17.86
equilib energy (μJ/m2) −30.69 −58.01 −57.94 −57.93
contribution to oxide−bilayer
interaction energy (μJ/m2)

−30.69 −0.88 −0.17 −0.06

aValues are based on graph presented in Figure 6.
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■ CONCLUSION
In this work, we have investigated the effects of FT
pretreatment on vesicle size properties and adsorption kinetics
of extruded vesicles onto silicon oxide. Through comparative
analysis of treated and untreated vesicles in equivalent size
regimes, we identified several factors which are influenced by
FT pretreatment. Treated vesicles generally had smaller size
than untreated vesicles. For large-size vesicles with multiple
subpopulations, including one or more subpopulations
containing multilamellar vesicles, FT pretreatment generally
led to a decrease in the average vesicle size in each
subpopulation along with a decrease in the relative variance
between the subpopulations. As a result, the critical coverage
corresponding to untreated vesicles had a lower mass load
because there appears to be a greater thermodynamic driving
force for the rupture of large-size vesicles in the presence of
predominantly small-size vesicles on the surface. However, an
increased propensity to rupture did not always lead to
formation of a complete bilayer. Treated vesicles were preferred
to form complete bilayers in all size regimes, including among
small vesicles. Hence, to summarize, promoting unilamellar
character by way of FT pretreatment can improve the
formation of planar bilayers on silicon oxide in a manner
which is independent of vesicle size. All of these details clarify
the influence of FT pretreatment on vesicle preparation and its
corresponding utility for model membrane fabrication.
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