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ABSTRACT: The pathway of vesicle adsorption onto a solid support
depends on the material composition of the underlying support, and there
is significant interest in developing material-independent strategies to
modulate the spectrum of vesicle−substrate interactions on a particular
surface. Herein, using the quartz crystal microbalance-dissipation (QCM-
D) technique, we systematically investigated how solution pH and
membrane surface charge affect vesicle adsorption onto a silicon dioxide
surface. While vesicle adsorption and spontaneous rupture to form
complete supported lipid bilayer (SLBs) occurred in acidic conditions, it
was discovered that a wide range of adsorption pathways occurred in
alkaline conditions, including (i) vesicle adsorption and spontaneous
rupture to form complete SLBs, (ii) vesicle adsorption and spontaneous
rupture to form incomplete SLBs, (iii) irreversible adsorption of intact
vesicles, (iv) reversible adsorption of intact vesicles, and (v) negligible
adsorption. In general, SLB formation became more favorable with increasingly positive membrane surface charge although there
were certain conditions at which attractive electrostatic forces were insufficient to promote vesicle rupture. To rationalize these
findings, we discuss how solution pH and membrane surface charge affect interfacial forces involved in vesicle−substrate
interactions. Taken together, our findings present a comprehensive picture of how interfacial forces dictate the pathway of
phospholipid vesicle adsorption onto silicon dioxide surfaces and offer a broadly applicable framework to characterize the
interactions between phospholipid vesicles and inorganic material surfaces.

■ INTRODUCTION

Two-dimensional, conformal phospholipid bilayers on solid
supportstermed supported lipid bilayers (SLBs)have been
successfully utilized as biomimetic interfaces that mimic key
properties of cellular membranes such as lateral diffusion and
electrical insulation while facilitating a wide range of
applications, including biosensing and surface functionalization
among other possibilities.1−5 Depending on the particular
application, it is useful to form SLBs on different solid supports,
and a variety of fabrication strategies have been developed
accordingly.6,7 Common fabrication strategies are Langmuir-
type deposition processes and vesicle fusion, and other
approaches include solvent-assisted lipid bilayer (SALB)
formation,8,9 freeze−thawing,10 and bicelle adsorption and
rupture.11,12

At present, vesicle fusion is the most popular fabrication
method and involves the adsorption and spontaneous rupture
of lipid vesicles on a solid support.13 A variety of surface-
sensitive characterization tools along with theoretical and
simulation studies have been employed to understand the
vesicle fusion process, leading to mechanistic insights into SLB
formation.14,15 The interaction between contacting vesicles and
a solid support is governed by the balance of interfacial forces,
including van der Waals,16 electrostatic forces,17 and steric

hydration18,19 forces. When the net interaction is energetically
favorable, contacting vesicles will adsorb onto the solid support
and may deform depending on the strength of the vesicle−
substrate interaction and membrane bending energy.20 If the
extent of vesicle deformation is appreciable (i.e., particularly
strong vesicle−substrate interaction), adsorbed vesicles can
rupture via one or more possible pathways, including individual
vesicle rupture and/or collective rupture when the surface
density of adsorbed vesicles reaches a critical coverage.21−23

The latter pathway is triggered by a combination of vesicle−
substrate and vesicle−vesicle interactions.24 Upon vesicle
rupture, phospholipid molecules reassemble to form a two-
dimensional SLB on the solid support. In alternative scenarios,
adsorbed vesicles remain intact on the solid support and do not
rupture if the vesicle−substrate interaction strength is sufficient
to promote adhesion and the extent of vesicle deformation is
relatively small.25

While there is growing knowledge about the mechanisms
underpinning SLB formation, it remains a largely material-
selective process, and the formation process depends on
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numerous parameters.26,27 Empirically, it has been observed
that vesicle adsorption and spontaneous rupture leading to SLB
formation are favorable on silica-based materials,28−31 while
vesicles often adsorb but remain intact on other hydrophilic
surfaces such as gold,32,33 titanium dioxide,19,34,35 and
aluminum oxide.36 Within this scope, the interaction of
zwitterionic lipid vesicles with silica-based materials has become
a model system to examine how different environmental
conditions (e.g., solution pH,37 ionic strength,38 temperature39)
affect the SLB formation process, and it has become
increasingly evident that vesicle adsorption and spontaneous
rupture are controlled by not only the material composition of
the solid support but also numerous other factors, including the
aforementioned environmental parameters and vesicle proper-
ties such as lipid composition,40 membrane phase,41 osmotic
pressure,42 and vesicle size.43

In seminal work,44 Cremer and Boxer demonstrated how the
pathway of zwitterionic lipid vesicle adsorption onto silicon
dioxide surfaces strongly depends on solution pH and ionic
strength. Specifically, fluorescence microscopy experiments
were systematically conducted, demonstrating that with
increasing solution pH and decreasing ionic strength the
adsorption pathway transitioned from SLB formation to vesicle
adsorption to negligible adsorption. The experimental results
were explained by electrostatic force arguments that point to
vesicle−substrate interactions becoming weaker at higher pH
and lower ionic strength conditions. It was also noted that
vesicle adsorption is inhibited on silicon dioxide surfaces at
sufficiently high pH values under which ice-like hydration layers
form, thereby inducing a more repulsive steric-hydration
force.45,46 Similar trends in vesicle adsorption behavior have
been reported on titanium dioxide35,47 and aluminum oxide36

surfaces, including identification of acidic pH regimes where
SLB formation from zwitterionic lipid vesicles is possible. In
separate lines of investigation, it has also been identified that
varying the lipid composition, especially by including a fraction
of anionic or cationic phospholipids, can modulate the vesicle−
substrate interaction on silicon dioxide surfaces by changing
membrane surface charge and accordingly influence SLB
formation kinetics.48 From these studies, there is growing

evidence that solution pH plays an important role to influence
vesicle adsorption onto silicon dioxide surfaces, while the extent
to which vesicle properties, namely lipid composition, can
modulate the spectrum of vesicle−substrate interactions under
different pH conditions remains to be determined.
Herein, we systematically investigated how solution pH and

membrane surface charge affect the interaction between
phospholipid vesicles and a silicon dioxide surface. The quartz
crystal microbalance-dissipation (QCM-D) technique was
employed to characterize vesicle adsorption kinetics as well as
the mass and viscoelastic properties of resulting phospholipid
assemblies (Figure 1). The QCM-D is a label-free measurement
technique that is sensitive to the mass and viscoelastic
properties of an adsorbate on the surface by measuring changes
in the resonance frequency and energy dissipation of an
oscillating, piezoelectric quartz crystal sensor chip.49,50 This
measurement approach allowed us to distinguish between SLBs
and adsorbed vesicle layers, while clarifying trends in
adsorption kinetics with respect to solution pH and membrane
surface charge. The experimental results are discussed within
the context of different interfacial forces and provide insight
into how the balance of interfacial forces dictates the pathway
of phospholipid vesicle adsorption onto silicon dioxide surfaces.

■ MATERIALS AND METHODS
Vesicle Preparation. The following phospholipids, zwitterionic

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), anionic 1,2-dio-
leoyl-sn-glycero-3-phospho-L-serine (DOPS), and cationic 1,2-dioleo-
yl-sn-glycero-3-ethylphosphocholine (DOEPC), were obtained from
Avanti Polar Lipids (Alabaster, AL). Small unilamellar vesicles were
prepared by the vesicle extrusion method, as previously described.51

The as-supplied phospholipids in chloroform were mixed to the
appropriate molar ratio (5 mg total mass), and the chloroform solvent
was evaporated under nitrogen gas. The dried lipid films were then
stored overnight in a vacuum desiccator to remove any traces of
chloroform. The phospholipid films were hydrated at a nominal lipid
concentration of 5 mg mL−1 and vortexed for 5 min to promote vesicle
formation. The resulting vesicle suspensions were repeatedly passed
through track-etched polycarbonate membranes with 80 nm diameter
pores by using a Mini-Extruder (Avanti Polar Lipids) to generate small
unilamellar vesicles (mean diameter of ∼105 nm as determined by
dynamic light scattering). Before experiment, aqueous buffer solutions

Figure 1. QCM-D measurement principle for tracking vesicle adsorption. (A) The QCM-D technique is a label-free acoustic sensor that can monitor
adsorption processes in real time. When an electrical voltage is applied across a QCM-D sensor chip, it causes the piezoelectric quartz crystal to
oscillate at a fundamental resonance frequency ( f) and odd overtones thereof. When mass adsorbs onto the sensor surface, there is a decrease in the
resonance frequency (Δf). It is also possible to measure the energy dissipation shift (ΔD), which is sensitive to the adsorbed film’s viscoelastic
properties. The combination of Δf and ΔD signals provides two measurement signatures to characterize the vesicle adsorption process on silicon
dioxide-coated sensor chips, and hence QCM-D measurements can distinguish between SLBs and adsorbed vesicle layers. (B) A schematic of a
typical Δf and ΔD vs time plot indicating the time of vesicle addition and buffer wash.
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(10 mM Tris and 100 mM NaCl and titrated to the appropriate pH
value) were used to dilute the vesicle solutions to 0.1 mg mL−1. All
buffer solutions were prepared in 18.2 MΩ·cm Milli-Q-treated water
(Millipore, Billerica, MA).
Dynamic Light Scattering. A NanoBrook 90Plus PALS particle

size analyzer (Brookhaven Instruments, Holtsville, NY) was used to
measure the size distribution of vesicle populations after extrusion.
The wavelength of the monochromatic laser was 658 nm, and the
scattering angle was 90° so that light reflection was minimized. The
intensity correlations were recorded as a function of time and were
analyzed by digitial autocorrelator software in order to compute the
intensity-weighted size distribution.
Quartz Crystal Microbalance Dissipation. A Q-Sense E4

instrument (Biolin Scientific AB, Stockholm, Sweden) was employed
to monitor vesicle adsorption onto silicon oxide-coated sensor
surfaces. The piezoelectric QCM-D sensor chips had a fundamental
frequency of 5 MHz and a sputter-coated, 50 nm thick layer of silicon
dioxide (model no. QSX 303, Biolin Scientific AB). As part of the
cleaning protocol, the sensor surfaces were rinsed with ethanol, dried
with nitrogen gas, and subjected to oxygen plasma treatment for 1 min.
The sensor chips were then immediately transferred to the
measurement chambers, and an aqueous buffer solution was injected
to establish measurement baselines. During experiments, liquid sample
was injected under continuous flow conditions at 50 μL min−1 by
using a peristaltic pump (Reglo Digital, Ismatec, Glattbrugg,
Switzerland). The temperature in the measurement chamber was
maintained at 25.0 ± 0.5 °C. The Q-Soft software package (Biolin
Scientific AB) was used to control data recording, and measurement
signals were recorded at odd-numbered overtones ranging from the
3rd to 11th odd overtone. The presented data were obtained at the 5th
odd overtone. Data processing was conducted using the QTools
(Biolin Scientific AB) and OriginPro 8.5 (OriginLab, Northampton,
MA) software packages.

■ RESULTS AND DISCUSSION

Vesicle−Substrate Interaction Profiling. QCM-D meas-
urements were conducted across a range of pH conditions and
lipid compositions in order to identify trends in vesicle
adsorption behavior. The pH range was varied from 2 to 12
in 0.5 pH unit increments, and the pKa of hydroxyl groups on

the silicon dioxide surface is around 2 (see ref 52 and references
therein). Hence, with increasing pH across the tested range, the
surface becomes increasingly negatively charged. Lipid vesicles
with different membrane surface charges were prepared by
varying the fraction of charged phospholipids. Negatively
charged vesicles were prepared by mixing DOPC phospholipid
with 0−30 mol % DOPS phospholipid. Likewise, positively
charged vesicles were prepared by mixing DOPC phospholipid
with 0−30 mol % DOEPC phospholipid. Zwitterionic DOPC
lipid vesicles were also tested. In all cases, the average vesicle
size was around 105 nm diameter.
Figure 2 summarizes trends in the QCM-D measurement

data based on classifying the outcomes in vesicle adsorption
behavior, namely complete or incomplete SLB formation,
assembly of an irreversibly or reversibly adsorbed vesicle layer,
or negligible vesicle adsorption. For these experiments, a
measurement baseline was first established in aqueous buffer
solution at the appropriate pH condition before 0.1 mg mL−1

lipid vesicles were added in equivalent buffer solution. The
classification was defined based on the QCM-D Δf and ΔD
signals. At pH 6 and below, complete SLB formation occurred
for all tested lipid compositions, implying that vesicle−substrate
interactions were particularly favorable in all cases. Around pH
6.5−7.5, complete SLB formation occurred for most lipid
compositions, while irreversible adsorption without rupture
occurred for the 70/30 and 80/20 DOPC/DOPS lipid
compositions. These two lipid compositions have the largest
negative surface charges, indicating a critical boundary pH
condition at which repulsive electrostatic interactions begin to
hinder rupture of adsorbed vesicles. This effect is particularly
pronounced for the 70/30 DOPC/DOPS lipid composition as
reversible adsorption is observed between in the range of 8−10,
and negligible adsorption occurred at higher pH conditions.
With increasing positive membrane surface charge, a similar
trend in adsorption behaviors was observed at higher pH
conditions. These findings support that a delicate balance
between pH condition and membrane surface charge exists,

Figure 2. Profiling vesicle adsorption behavior on silicon dioxide surfaces. Systematic QCM-D experiments were conducted as a function of solution
pH and lipid composition. The color scheme corresponds to the final assembly state, as determined by the QCM-D measurement results.
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especially within the pH range of 6.5−11. For more detailed
scrutiny, selected trends in the QCM-D adsorption kinetics are
discussed below and highlight how subtle differences in
interfacial forces influence vesicle−substrate interactions.
pH-Dependent Trend in DOPC SLB Formation

Kinetics. As presented in Figure 3, varying solution pH
influence SLB formation kinetics and representative data are
shown for the DOPC lipid composition in the pH range of 4−
9. At higher pH conditions, two-step adsorption kinetics were
observed (pH 6 and above), indicating that a critical coverage
of adsorbed vesicles is necessary before vesicle rupture
commences. In all cases, the final Δf and ΔD signals were
around −25 ± 1 Hz and <0.3 × 10−6, respectively, which agree
well with the QCM-D measurement values for successful SLB
formation.35,50 Of particular interest, the Δf and ΔD shifts
corresponding to the critical coverage of adsorbed vesicles
(denoted by the inflection point in the measurement
responses) were largely proportional to the solution pH. At
pH 9, the critical Δf shift was −73 Hz while the equivalent
value was around −25 Hz at pH 6. This trend supports that
SLB formation is more favorable at lower pH conditions
because smaller critical Δf shifts are associated with greater
deformation of adsorbed vesicles and stronger vesicle−
substrate interactions. In part, this trend can be explained by
decreasing negative surface charge of the silicon dioxide surface
at lower pH conditions. As the repulsive electrostatic force
decreases in magnitude, the attractive van der Waals force
becomes dominant, and hence the net vesicle−substrate
interaction is stronger. At sufficiently low pH conditions (5
and below), the vesicle−substrate interactions becomes
sufficiently favorable that individual vesicles rupture upon

adsorption. In this case, vesicle−substrate interactions alone
can promote SLB formation, while a combination of vesicle−
substrate and vesicle−vesicle interactions is necessary at higher
pH conditions. Hence, these data support that subtle
differences in pH condition can strongly SLB formation
kinetics, offering insight into how electrostatic forces influence
vesicle adsorption behavior.

DOPC Lipid Vesicle Adsorption at High pH. Irreversible
Adsorption. At higher pH conditions, DOPC lipid vesicle
addition resulted in the formation of an irreversibly adsorbed
vesicle layer (Figure 4). The final Δf and ΔD shifts were around

Figure 3. QCM-D measurement responses for DOPC SLB formation. Δf (circles) and ΔD (squares) shifts were recorded as functions of time.
Vesicles were added at t = 5 min, and the measurement baseline was recorded in equivalent buffer solution.

Figure 4. QCM-D measurement responses for irreversible vesicle
adsorption. Δf (circles) and ΔD (squares) shifts were recorded as
functions of time. Vesicles were added at t = 5 min, and the
measurement baseline was recorded in equivalent buffer solution.
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−132 Hz and 10 × 10−6, respectively, for DOPC vesicle
adsorption at pH 9.5, and a buffer washing step had negligible
effect on the measurement responses. These values are in the
range of measurement responses for irreversibly adsorbed
vesicle layers on titanium dioxide19,35,47 and gold32,33 surfaces.
On the other hand, at pH 10, irreversible vesicle adsorption was
also observed; however, the final Δf and ΔD shifts were around
−79 Hz and 5 × 10−6, respectively. Interestingly, the saturation
kinetics were noticeably slower for the pH 10 case, indicating
that the vesicle−substrate interaction is weaker in this case,
likely due to increased electrostatic repulsion or some degree of
ordering of interfacial water molecules at the solid−liquid
interface.45 Indeed, while vesicle adsorption is diffusion-limited
in both cases,22 the slower apparent kinetics suggest that not all
contacting vesicles remain attached to the sensor surface at pH
10. Hence, this pH condition represents a boundary transition
from irreversible to reversible adsorption.
Reversible Adsorption. At slightly higher pH conditions,

reversible vesicle adsorption was observed, further supporting
that there is a pH-dependent transition from irreversible to
reversible adsorption in this pH range (Figure 5). At pH 10.5,

the final Δf and ΔD shifts reached −80 Hz and 11 × 10−6,
respectively, for a saturated vesicle adlayer, while a buffer
washing step led to vesicle desorption. After washing, the final
Δf and ΔD shifts returned to −2 Hz and 2 × 10−6, respectively.
Similar results were obtained at pH 11, and the increased
energy dissipation shift across the pH range of 10−11 supports
that the adsorbed vesicles are less deformed at higher pH
conditions. As a result, there is a larger amount of hydro-
dynamically coupled solvent, and hence the adsorbed vesicle
layer has a greater viscoelastic contribution that is reflected in
larger energy dissipation shifts.
Negligible Adsorption. By contrast, at higher pH conditions

(11.5 and 12), there was negligible DOPC lipid vesicle
adsorption, indicating unfavorable vesicle−substrate interac-
tions (Figure 6). Of note, similar results were obtained with
both negatively and positively charged vesicles. While it would
be expected that negatively charged vesicles would also have
weak interactions with the solid support due to high
electrostatic repulsion between the negatively charged silicon
dioxide surface and contacting vesicles, the result obtained with
positively charged vesicles is noteworthy because there is high

electrostatic attraction in this case. Considering that the van der
Waals force between vesicles and the substrate is attractive and
the double-layer electrostatic force is also attractive in the latter
case, the result supports that another interfacial force is
inhibiting the adsorption of positively charged vesicles.
Importantly, this finding supports that negligible adsorption
does not coincide with repulsive electrostatic interactions alone
and suggests the importance of steric hydration forces53

inhibiting vesicle adsorption in the high pH regime. Indeed,
as described in the Introduction, it has been previously
reported37 that interfacial water molecules form an ice-like
layer on silicon dioxide in the high pH regime, and this
structured hydration layer can inhibit the adsorption of
zwitterionic phospholipid vesicles. The demonstration that
adsorption of positively charged vesicles is inhibited as well
further supports that steric hydration force is the dominant
factor in this case.

Spectrum of Vesicle−Substrate Interactions at Fixed
pH. The aforementioned results establish that varying solution
pH with a single lipid composition can lead to a wide range of
vesicle adsorption behaviors depending on the vesicle−
substrate interaction strength. To extend this concept across
another experimental parameter, we also scrutinized how
varying membrane surface charge, i.e., lipid composition,
influences vesicle adsorption behavior at a fixed pH value of
9 (Figure 7). In this condition, the 70/30 DOPC/DOPS lipid
vesicles adsorbed onto the silicon dioxide surface and remained
intact, with final Δf and ΔD shifts around −140 Hz and 11 ×
10−6, respectively. A subsequent buffer washing step caused
nearly complete desorption of the attached vesicles, indicating
reversible adsorption. Other DOPC/DOPS lipid vesicle
compositions also adsorbed, and the final Δf and ΔD shifts
were around −82 Hz and 10 × 10−6, respectively, for the 80/20
DOPC/DOPS lipid vesicles. The corresponding final Δf and
ΔD shifts were around −58 Hz and 6 × 10−6, respectively, for
the 90/10 DOPC/DOPS lipid vesicles. Hence, as the DOPS
fraction shifted from 30 to 10 mol %, there was a higher degree
of irreversible adsorption. With increasing DOPS fraction, the
vesicles are more negatively charged, and hence the findings
support that the extent of irreversible adsorption was increased
as the vesicle−substrate interaction became more favorable due
to more favorable electrostatic forces54−56 (lower DOPS
fraction → less electrostatic repulsion → stronger net
vesicle−substrate interaction).

Figure 5. QCM-D measurement responses for reversible vesicle
adsorption. Δf (circles) and ΔD (squares) shifts were recorded as
functions of time. Vesicles were added at t = 5 min, and the
measurement baseline was recorded in equivalent buffer solution. A
buffer washing step was performed around t = 25 min.

Figure 6. QCM-D measurement responses for negligible vesicle
adsorption. Δf (circles) and ΔD (squares) shifts were recorded as
functions of time. Vesicles were added at t = 5 min, and the
measurement baseline was recorded in equivalent buffer solution.
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On the other hand, zwitterionic DOPC lipid vesicles
ruptured after a critical surface coverage of adsorbed vesicles
was reached. The final Δf and ΔD shifts were around −25 Hz
and <0.3 × 10−6, respectively, indicating SLB formation. Similar
SLB formation kinetics were observed with positively charged
DOPC/DOEPC lipid vesicles. Hence, the results support that
three types of vesicle adsorption can occur at pH 9: reversible
adsorption, irreversible adsorption, and vesicle adsorption and
spontaneous rupture after reaching a critical coverage.
Importantly, there was again a correlation between the
vesicle−substrate interaction strength (interpreted on the
basis of membrane surface charge) and the vesicle adsorption
behavior as reversible adsorption indicates the weakest
interaction strength in this regime, irreversible adsorption
signifies a moderate interaction strength, and spontaneous
rupture after reaching a critical coverage requires the strongest
interaction strength. It should be emphasized that the effect of
varying membrane surface charge was particularly prominent in
the intermediate pH range while its effect was reduced in the
low and high pH regimes, reflecting the importance of taking
into account the steric hydration force as well.

■ CONCLUSIONS

In this work, we have conducted QCM-D measurements to
systematically investigate how solution pH and membrane
surface charge affect vesicle adsorption behaviors on silicon
dioxide surfaces. By varying solution pH, vesicle adsorption was
observed to follow multiple pathways, including (i) vesicle
adsorption and spontaneous rupture to form complete SLBs,

(ii) vesicle adsorption and spontaneous rupture to form
incomplete SLBs, (iii) irreversible adsorption of intact vesicles,
(iv) reversible adsorption of intact vesicles, and (v) no
adsorption. Importantly, the trend in adsorption behaviors
correlated with the vesicle−substrate interaction strength. As
solution pH is known to influence both double-layer electro-
static and steric hydration forces, the membrane surface charge
of lipid vesicles was also varied by tuning the lipid composition
and therefore providing a focused approach to investigate how
electrostatic forces affect vesicle adsorption behavior at fixed
pH conditions. In this scenario, it was observed that membrane
surface charge could influence the SLB formation kinetics
under acidic pH conditions and also shifted adsorption
behaviors from irreversible adsorption to reversible adsorption
to SLB formation under weakly alkaline pH conditions in a
manner that correlated with the vesicle−substrate interaction
strength. Interestingly, however, under highly alkaline pH
conditions, vesicle adsorption was largely inhibited across all
tested lipid compositions. Considering that the silicon dioxide
surface was highly negatively charged under such conditions,
this finding is particularly significant because vesicle adsorption
was inhibited even when the membrane surface charge was
highly positive, and hence a strong electrostatic attraction
would be expected. As such, the results points to the
importance of steric hydration forces as a governing factor to
influence vesicle−substrate interactions on silicon dioxide
surfaces, and these findings fit within the emerging picture of
how steric hydration forcesrelated to the ordering of
interfacial water molecules on oxide surfacesinfluence vesicle
adsorption behavior on titanium oxide and aluminum oxide

Figure 7. Spectrum of vesicle−substrate interaction profiles at pH 9. Δf (circles) and ΔD (squares) shifts were recorded as functions of time.
Vesicles were added at t = 5 min, and the measurement baseline was recorded in equivalent buffer solution. A buffer washing step was performed
around t = 30 min for panels B−D.
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surfaces as well. Collectively, the insights obtained in this study
present a comprehensive picture of how interfacial forces
dictate the pathway of phospholipid vesicle adsorption onto
silicon dioxide surfaces and offer a broadly applicable
framework to characterize the interactions between phospho-
lipid bilayers and inorganic material surfaces. Looking forward,
the insights obtained in this work may be further explored for
other membrane compositions as well, including phospholi-
pid−cholesterol vesicles and cholesterol-enriched biological
vesicles, in which cases the strong vesicle−substrate interactions
promoted under acidic conditions may aid the rupture of
surface-adsorbed vesicles with high membrane bending
energies.
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