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ABSTRACT: Supported lipid platforms are versatile cell membrane mimics whose
structural properties can be tailored to suit the application of interest. By identifying
parameters that control the self-assembly of these platforms, there is potential to
develop advanced biomimetic systems that overcome the surface specificity of lipid
vesicle interactions under physiological conditions. In this work, we investigated the
adsorption kinetics of vesicles onto silicon and titanium oxides as a function of pH.
On each substrate, a planar bilayer and a layer of intact vesicles could be self-
assembled in a pH-dependent manner, demonstrating the role of surface charge
density in the self-assembly process. Under acidic pH conditions where both
zwitterionic lipid vesicles and the oxide films possess near-neutral electric surface
charges, vesicle rupture could occur, demonstrating that the process is driven by
nonelectrostatic interactions. However, we observed that the initial rupturing process
is insufficient for propagating bilayer formation. The role of electrostatic interactions
for propagating bilayer formation differs for the two substrates; electrostatic
attraction between vesicles and the substrate is necessary for complete bilayer
formation on titanium oxide but is not necessary on silicon oxide. Conversely, in the
high pH regime, repulsive electrostatic interactions can result in the irreversible
adsorption of intact vesicles on silicon oxide and even a reversibly adsorbed vesicle layer on titanium oxide. Together, the results
show that pH is an effective tool to modulate vesicle-substrate interactions in order to create various self-assembled lipid platforms
on hydrophilic substrates.

’ INTRODUCTION

The design of new combinations of model membrane plat-
forms and substrates holds promise for a wide range of biotech-
nological and medical applications including (1) biochips for
medical diagnostics and drug screening, (2) high electrical resi-
stance films for biosensor design, (3) biomimetic photosynthesis
platforms, and (4) biocompatible, nonfouling surfaces.1-3

In order to realize such applications, which may depend critically
on the model membrane’s architecture, an improved under-
standing of the forces that guide the self-assembly of these
platforms is needed. Although biological membranes exhibit a
complex architecture of lipids, proteins, and sterols, among other
components, solid-supported model membranes derived solely
from phospholipids are an excellent mimic with comparable
physiochemical properties, including lateral phospholipid
diffusion and ion permeability.1,3 One particular advantage of
model membrane platforms is their self-assembling nature.4

The adsorption of lipid vesicles onto a solid substrate can result
in a wide range of platforms depending on controllable para-
meters that include lipid composition,5-7 vesicle concentra-
tion,8 temperature,9 osmotic pressure,10 vesicle size,11 and surface
chemistry.12

In this paper, we focus on understanding how the interactions of
lipid vesicles with two popular and industrially attractive hydrophilic
substrates, silicon and titanium oxides,13,14 can be modulated in
order to control the self-assembly of targeted model membrane
platforms. The electrical properties of silicon oxide have led to its
importance in electronic device manufacturing, while titanium
oxide’s biocompatibility makes it a popular choice for medical
implants.13 Furthermore, the high refractive index of titanium oxide
is ideal for optics-based sensing applications.13 For hydrophilic
substrates in general, there are two primary types of solid-supported
lipid platforms that can self-assemble depending on surface proper-
ties: a planar lipid bilayer4,8,10,12,14-18 (e.g., glass, mica, and silicon
oxide) or a layer of adsorbed intact vesicles (e.g., titanium and
aluminum oxides).9,11 Depending on the intended application, each
platform and substrate has its respective advantages. However, there
has been only limited success at developing methods to control the
self-assembly of different lipid platforms because of the difficulty in
overcoming surface-specific interactions.
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Past studies have shown that vesicles composed of phospha-
tidylcholine lipids, the most abundant component of the extra-
cellular leaflet of mammalian cell membranes and, thus, of
significant interest for model systems, adsorb and rupture to
form a bilayer on silicon oxide, whereas they adsorb and remain
intact on titanium oxide.11,12 Recent work has developed strate-
gies to form planar lipid bilayers on titanium oxide by using
positively or negatively charged vesicles, suggesting the impor-
tance of electrostatic interactions.5,7 On the basis of these
findings, we developed a new strategy to form a planar lipid
bilayer consisting of zwitterionic phosphatidylcholine lipids on
titanium oxide by using pH to modulate the electrostatic inter-
action between vesicles and the substrate, thereby promoting
vesicle rupture and spreading.19 Here, we extend beyond this one
fabrication example to provide a more comprehensive and
fundamental understanding of how solution pH can be used to
tune electrostatic interactions between oxide surfaces and lipid
vesicles and, as a result, promote the self-assembly of different
types of model membrane platforms.

Since Keller and Kasemo’s seminal work that identified the
surface-specific adsorption kinetics of lipid vesicles onto solid
supports,12 the quartz crystal microbalance dissipation (QCM-
D) has been a popular tool to probe the mass and viscoelastic
properties of supported lipid platforms. We used the QCM-D
technique to investigate how pH affects the interaction between
vesicles and silicon and titanium oxide substrates. In general,
acidic pHs promote formation of a planar lipid bilayer, whereas
basic pHs lead to the adsorption of unruptured vesicles.10 In the
case of planar lipid bilayer formation, the vesicle rupturing
kinetics varied as a function of pH, supporting previous findings
that surface charge density is important for controlling the
adsorption and fusion of zwitterionic lipid vesicles.10,15 Further-
more, the stability of intact vesicle layers varied as a function of
pH. These observations suggest that the self-assembly of lipid
platforms encompasses a spectrum of adsorption kinetics and
pathways rather than just the discrete possibilities of the forma-
tion of a planar bilayer or intact vesicles having uniform physical
properties.

We employed this spectrum of possible interactions between
vesicles and the solid support in order to form both a planar lipid
bilayer and a layer of intact vesicles on silicon and titanium
oxides, all at the near-physiological pH of 7.5. After first allowing
specific platforms to self-assemble in favorable pH ranges at
either low or high pH, gradual pH adjustments were made to
raise either the alkalinity or acidity of the solution until pH 7.5
was reached. From this work, we propose that pH can adjust the
interaction between vesicles and oxide films not only to promote
vesicle rupture and spreading but also to hinder such a self-
assembly process with adsorbed vesicles remaining unruptured.
By readjusting the solution pH after self-assembly, we demon-
strate that a wider range of model membrane platforms and
substrates can be matched to design the optimal combination at
the appropriate pH as well as the ability to use simple chemistry
to control the design of nanoscale macromolecular assemblies on
solid supports.

’MATERIALS AND METHODS

Lipid Vesicle Preparation. Extruded unilamellar lipid vesicles
(referred to as vesicles) composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) (Avanti Polar Lipids, Alabaster, AL) were
prepared by the extrusionmethod.20 Vesicle adsorption kinetics is highly

dependent on the experimental conditions. Therefore, in order to focus
solely on the effects of pH, we fixed the other key parameters, including
vesicle size, ionic strength, temperature, lipid phase, and lipid composi-
tion. POPC was selected because phosphocholine has a gel-fluid phase
transition temperature (∼-10 �C) well below the experimentally
convenient temperature of 24 �C, thereby permitting us to ignore lipid
phase transition effects.21 Further, throughout the study, we only varied
the pH (10 mMTris, 200 mMNaCl). First, lipid films were prepared by
drying the as-supplied lipids in chloroform under a gentle stream of
nitrogen gas. The dried lipid films were then stored in a vacuum
desiccator for at least 24 h to remove any residual chloroform. Afterward,
the lipid films were initially hydrated in a stock Tris buffer (10 mMTris,
150 mM NaCl, pH 7.5) at a nominal lipid concentration of 5 mg mL-1

before periodic vortexing for 3 min. The multilamellar vesicles formed
were subsequently passed through a 100 nm polycarbonate track-etched
membrane 27 times with a miniextruder (Avanti Polar Lipids), resulting
in a monodisperse vesicle population as confirmed by dynamic light
scattering measurements. The size distribution and polydispersity of the
vesicles were 110 ( 3.4 nm and 0.34 ( 0.12, respectively (data not
shown). Before experiment, the vesicles were diluted in the desired
titrated stock buffer to a fixed concentration of 0.125 mgmL-1 and used
within 1 day following extrusion. For preparation of the pH buffers used
in this study, the original stock buffer was titrated with either sodium
chloride or hydrochloric acid, and the solution pHs were measured
before and after experiment to verify their stability. All solutions were
prepared with 18.2 MΩ 3 cm Milli-Q water (Millpore, Billerica, MA).
Quartz Crystal Microbalance Dissipation. Adsorption ki-

netics and the properties of the adsorbed layer were monitored in situ
using a Q-Sense E4 (Q-Sense AB, Gothenburg, Sweden). AT-cut
crystals (Q-Sense AB) with 14 mm diameter and 50 nm thermally
evaporated silicon oxide or titanium oxide coats were used for all
experiments. Each crystal was treated with oxygen plasma using a Plasma
Prep 5 plasma cleaner (GaLa Instrumente GmbH, Bad Schwalbach,
Germany) at∼70 W for 2 min immediately before the experiment. The
changes in resonance frequency, Δfn, and energy dissipation, ΔDn, were
simultaneously recorded as a function of time at three different over-
tones (n = 3, 5, and 7). Data presented throughout the main text were
obtained at the third overtone. A peristaltic pump was used to flow
sample into the measurement chamber, and the temperature of each
flow cell was set at 25.0 �C and controlled by a Peltier element within a
0.02 �C range.
Viscoelastic Modeling. One of the advantages of the QCM-D

technique for probing thin films is its capability to detect an adsorbed
mass,Δm, in the nanogram range, using a linear relationship between the
added mass and the change in resonance frequency of the quartz crystal,
as described by Sauerbrey.22 With the assumption of a homogeneous
adlayer having a spatially uniform density, the Sauerbrey equation,
written to include harmonic resonances, is

Δm ¼ - CQCM
Δfn
n

ð1Þ

where Δm is the adsorbed mass on the surface, CQCM is the mass
sensitivity constant (17.7 ng cm-2 Hz-1 at f = 5 MHz), and Δfn is the
change in the resonance frequency at the nth harmonic. In this study, the
interpretation of physical properties of the adsorbed film is based on the
model presented by Voinova et al.23 in which the adsorbed film is
represented by a single Voigt element. Further, it is assumed in the Voigt
Voinova model that the thickness, tf, and the density, Ff, of the film are
uniform, that the viscoelastic properties of shear modulus and viscosity
are frequency-independent, and that there is no slip between the
adsorbed layer and the crystal during shearing (see ref 3 and references
therein). The adsorbed layer is described as a homogeneous film on the
sensor surface using four unknown parameters (Ff, tf, μf, ηf). Above the
adsorbed film is a semi-infinite bulk liquid (Fl, ηl). We employed the
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Voigt-Voinova model to evaluate the experimentally measuredΔfn and
ΔDn for the bound mass in order to gain insight into the structural
changes of the adsorbed film on the solid support. The adsorbed layer is
represented by a frequency-dependent complex shear modulus, which is
defined by

G ¼ G0 þ iG00 ¼ μf þ 2πifηf ¼ μf ð1þ 2πif τf Þ ð2Þ
where G0 describes energy storage, G00 describes energy dissipation, f is
the oscillation frequency, μf is the elastic shear (storage) modulus, ηf is
the shear viscosity (loss modulus), and τf = ηf/μf is the characteristic
relaxation time of the film.

’RESULTS

Intact Vesicles or Planar Bilayer on Hydrophilic Solid
Supports at Intermediate pH. To investigate how pH affects
the interactions between lipid vesicles and silicon and titanium
oxide substrates, we first measured the adsorption kinetics for
these interactions by QCM-D monitoring at the near-physiolo-
gical pH conditions of 7.5 and 8.0. As we expected, characteristic
two-step kinetics of vesicle adsorption onto silicon oxide were
observed with final frequency and dissipation shifts of-25.5 Hz
and 0.2� 10-6, respectively, which correspond to the formation
of a planar lipid bilayer,12 as shown in Figure 1A,C. The small pH
difference had no significant effect on the adsorption kinetics or
the resulting bilayer’s mass and viscoelastic properties. Likewise,
Figure 1B,D demonstrates typical exponential vesicle adsorption
kinetics on titanium oxide at both pHs.11 However, in this case,
there is a deviation between the final frequency and dissipation
shifts at pH 7.5 (Δfn = -215 Hz and ΔDn = 20 � 10-6) and
pH 8.0 (Δfn = -230 Hz and ΔDn = 23 � 10-6) for the layer
of adsorbed, intact vesicles, which had an average diameter of

110 ( 3.4 nm based on dynamic light scattering measurements.
Further, a more detailed investigation of vesicle diameter as a
function of pH across the range of 2-10 demonstrated that
vesicle diameter is largely independent of this parameter, with a
less than 3% size change across this range.
As a tool to probe this model membrane system, the QCM-D

acoustic wave sensor uniquely detects a resonance frequency
response related to the change in adsorbed mass of both lipids
and hydrodynamically coupled solvent, while its dissipation
response measures the change in the adlayer’s viscoelastic
properties.24 At pH 8.0 versus 7.5 on titanium oxide, there is a
6.8% decrease in the final frequency shift and a corresponding
13.0% decrease in the dissipation, which together demonstrate
that vesicle adsorption at the lower pH results in an adlayer with
less bound mass and a corresponding decrease in energy
dissipation (Figure S1). These physical property differences, in
particular, the decrease in film viscoelasticity, are likely due to less
coupled solvent. Moreover, given the nonlinear relationship
between mass and frequency response for adsorbates with high
energy dissipation,23 the mass difference between pHs 8.0 and
7.5 suggests increased vesicle flattening, likely a result of more
attractive vesicle-substrate interactions at lower pH. On the
basis of this trend of increased vesicle flattening (i.e., nonsphe-
rical shape due to interactions with the substrate18,25,26) at lower
pH, we sought to further evaluate how pH can be used to control
the physical properties of lipid assemblies on solid supports.
Evidence of More Attractive Vesicle-Substrate Interac-

tions at Lower pH. Our attention then shifted to lower pH
regimes to examine how the adsorption kinetics is affected.
Although the types of interactions varied between silicon and
titanium oxides, there was a consistent trend toward more
attractive interactions at lower pH. On silicon oxide, the

Figure 1. Vesicle adsorption kinetics at near-physiological pH. QCM-D was used to monitor vesicle adsorption kinetics as a function of time at pHs 7.5
and 8.0. After an initial stabilization period, vesicles were injected and the frequency response was recorded on (A) silicon oxide and (B) titanium oxide.
Corresponding energy dissipation responses are presented for (C) silicon oxide and (D) titanium oxide. After the frequency and dissipation responses
reached stable values, a buffer wash was performed, resulting in no significant changes in the platform’s mass or viscoelastic properties.
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adsorption of vesicles at pH 4.0 (Figure 2A) and pH 6.0
(Figure 2B) resulted in a planar lipid bilayer, as expected.
However, the adsorption kinetics approached one-step behavior.
Compared to the two-step kinetics observed at higher pH, the
observation of one-step kinetics suggests that there are more
attractive interactions at lower pH.27

Likewise, increasingly acidic pHs altered the adsorption
kinetics on titanium oxide. At pH 6.0, there was irreversible
adsorption of an intact vesicle layer (Figure 2C) with final
frequency and dissipation shifts of -180 Hz and 18.0 � 10-6,
respectively. Compared with similar measurements made at pH
7.5 and pH 8.0 (Figure 1B,D), the results suggest increased
vesicle flattening as a result of more attractive vesicle-substrate
interactions (Figure S1). As discussed below, the adsorption
kinetics at even lower pHs indicate that vesicle adsorption on
titanium oxide can result in the self-assembly of a planar lipid
bilayer.
At pH 4.0, an incomplete planar bilayer was formed

(Figure 2D). The adsorption kinetics at first appeared to
demonstrate typical two-step kinetics (Figure 2D), leading to
bilayer formation with a maximum frequency shift of -60 Hz
corresponding to the critical vesicle coverage (see Figure S2 for
magnified view). After reaching the point of critical vesicle
coverage, there was a 29.0% mass decrease based on the

QCM-D frequency response that corresponded to vesicle rup-
turing. However, there was then a continuous frequency decrease
corresponding to intact vesicle adsorption upon the presumed
bilayer patches. The monotonic frequency and dissipation ki-
netics of this latter adsorption behavior resembled the exponen-
tial kinetics of intact vesicle adsorption despite the presence of
bilayer patches.17 A buffer wash at 46 min affected the QCM-D
responses, demonstrating that the coexistence of bilayer patches
and adsorbed, intact vesicles on titanium oxide is not stable, as
evidenced by the removal of mass with buffer washing. This
mixture of kinetic behavior at pH 4.0 suggests that the vesicle-
substrate interactions are attractive enough to cause vesicle
rupture in isolated events but not to propagate this action and
form a complete planar bilayer. Interestingly, we have observed
similar complicated adsorption kinetics on silicon oxide at pH 9.0
(Figure S3), suggesting that while the two substrates have
different surface chemistries at any one pH value, their trends
across the pH scale are similar, likely due to their different surface
pKas.
On the basis of these results, we tested whether the strong

attractive forces generated by acidic pHs could promote vesicle
rupture and bilayer propagation in order to form a complete,
planar bilayer based on the QCM-D resonance frequency
and energy dissipation responses (Δf = -24.5 ( 1.5 Hz and

Figure 2. pH effects alter vesicle rupturing kinetics. QCM-D frequency and dissipation response kinetics vary depending on the pH. On silicon oxide,
vesicles rupture at (A) pH 4.0 and (B) pH 6.0 to form a planar lipid bilayer in one step, as opposed to the two-step kinetics seen at higher pHs. On
titanium oxide, vesicles rupture to form a bilayer in two steps at (C) pH 2.5. Vesicles also appear to rupture at (D) pH 4.0, but the process does not result
in a complete bilayer. Instead, vesicles continue to adsorb, as indicated by the subsequent frequency decrease and dissipation increase. Buffer washes
further affected the QCM-D responses, resulting in a frequency increase and dissipation decrease that suggest the adlayer is unstable and likely to be a
combination of intact vesicles and bilayer patches. At (E) pH 6.0, a stable layer of intact vesicles adsorbs.



3743 dx.doi.org/10.1021/la104348f |Langmuir 2011, 27, 3739–3748

Langmuir ARTICLE

ΔD < 2.0 � 10-6).14,28 Formation of a complete, planar bilayer
has previously been demonstrated from POPC vesicles with
45 nm diameter.19 Here, we investigated whether attractive
vesicle-substrate interactions could also promote complete
bilayer formation from the much larger 110 nm vesicles used in
this study. Whereas the smaller vesicles fused to form a complete
planar bilayer at pH 3.5, complete bilayer formation from the
larger vesicles required lower pH conditions. At pH 2.5
(Figure 2E), there was two-step vesicle adsorption kinetics
leading to bilayer formation, which resembled the typical two-
step bilayer formation signature on silicon oxide (Figure 1A,C),
as indicated by final frequency and dissipation shifts of -26 Hz
and 0.5� 10-6, respectively. This interplay of vesicle size and pH
conditions indicates that many factors are involved in the self-
assembly of lipid platforms on solid supports. Nonetheless, we
show that pH is an effective modulator of these self-assembly
processes.
Evidence of Increasing Electrostatic Repulsion at Higher

pH. On the basis of the observed effects of acidic pH, we next
investigated the effects of alkaline conditions on the vesicle
adsorption kinetics in order to understand how less attractive
vesicle-substrate interactions might hinder bilayer formation.
Surprisingly, at pH 10.0, a layer of intact vesicles adsorbed onto
silicon oxide (Figure 3A) with final frequency and dissipation
shifts of -207 Hz and 19 � 10-6, respectively. Subsequent
buffer washes did not affect the layer, demonstrating its irrever-
sible adsorption. Contrarily, reversible adsorption of an intact
vesicle layer was observed on titanium oxide (Figure 3B), albeit
with similar final frequency and dissipation shifts of-205Hz and
23 � 10-6, respectively. A series of buffer washes gradually
removed the adlayer with subsequent mass desorption after each
washing step (Figure S4). After a total of six washing steps, the
final frequency shift increased to-80Hz and the final dissipation
shift decreased to 13 � 10-6, corresponding to a 56.4% mass

loss. This result suggests that at pH 10.0 the titanium oxide
substrate has significantly weaker attractive forces than silicon
oxide. Further, the vesicle adlayer had a higher dissipation factor
(15.3% deviation) on titanium oxide versus silicon oxide despite
less mass, supporting the view that there is less electrostatic
attraction between vesicles and titanium oxide at pH 10.0, as
compared to the silicon oxide case.
pH as a SimpleModulator To Control the Self-Assembly of

Lipid Platforms. From experiments across the pH range of
2.5-10.0, we characterized the types of interactions that can
occur on each substrate. On silicon oxide, there are three possible
types of results: (1) bilayer formation in one step (pH < 6.0); (2)
bilayer formation in two steps (pH ∼ 7.5); and (3) irreversible
adsorption of an intact vesicle layer (pH g 10.0). On titanium
oxide, there are also three types of possible results: (1) bilayer
formation in two steps (pHe 2.5); (2) irreversible adsorption of
an intact vesicle layer (pH ∼ 7.5); and (3) reversible adsorption
of an intact vesicle layer (pH g 9.0). Taken together, four
different lipid platforms can be created by using pH to modulate
the self-assembly process. On the basis of these possibilities, we
employed these different self-assembly pathways to form differ-
ent model membrane platforms (a planar lipid bilayer or a layer
of intact vesicles) on the same substrate (silicon or titanium
oxide) at the same pH. Since there is growing interest in the
application of these platforms for investigating biomacromole-
cular interactions, we chose pH 7.5 to create the four different
possible platforms.
First, we show that a planar bilayer can be formed at pH 7.5 on

silicon oxide, as expected (Figure 4A). However, in order to form
an intact vesicle layer on silicon oxide, it was necessary to develop
a new strategy based on the initial adsorption of vesicles onto the
substrate at a higher pH. At pH 10.0, we again created an intact
vesicle layer (Figure 4B). Instead of washing the bilayer with
buffer at pH 10.0, however, we introduced a series of increasingly

Figure 3. Intact vesicle platforms on silicon and titanium oxides at pH 10. After the QCM-D responses stabilized in buffer at pH 10, vesicles were
injected. On silicon oxide, the (A) frequency and (B) energy dissipation responses indicate a stable adlayer that was unaffected by a series of washing
steps. By contrast, the (C) frequency and (D) energy dissipation responses on titanium oxide show that the adlayer is more weakly bound. Each
subsequent washing step resulted in a frequency increase and an energy dissipation decrease.
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acidic buffers (in 0.5 pH unit increments) over a period of
100 min. Strikingly, the adsorbed vesicles did not rupture as the
vesicle-substrate interactions became increasingly attractive
when the solution pH within the measurement chamber was
reduced to 7.5. However, the series of buffer washes did affect
the adlayer properties; the frequency shift increased from -215
to-180 Hz, and the dissipation shift decreased from 22� 10-6 to
16� 10-6. This 16.2%mass decrease and corresponding decrease
in film viscoelasticity are attributed to a structural rearrangement
of adsorbed vesicles. Repeated washing at one pH value did not
affect the adlayer’s properties, whereas the introduction of
solutions with increasingly lower pH values caused the afore-
mentioned property changes. Furthermore, the magnitudes of
the property changes were significantly smaller than those
previously observed for vesicle rupture within an adlayer of
intact vesicles.29 These observations suggest that the structural

rearrangement of the vesicle adlayer is due to morphological
changes as a result of increasingly attractive vesicle-substrate
interactions at lower pH.
On titanium oxide, a similar strategy based on pH adjustment

after platform self-assembly was employed to form a planar
bilayer at pH 7.5. At pH 2.5, the vesicle adsorption behavior
displayed two-step kinetics with final frequency and dissipation
shifts of -26 Hz and 0.2 � 10-6, respectively, indicating
formation of a complete, planar bilayer (Figure 4C). In order
to adjust the pH of the measurement chamber to 7.5, a series of
increasingly alkaline buffer solutions were introduced in 0.5 pH
unit increments over a period of 100min. These buffer exchanges
had no effect on the QCM-D responses, indicating that the
platform remained a complete, planar bilayer. Compared to
planar bilayer formation on titanium oxide at pH 7.5, a simpler
approach was taken to form a layer of intact vesicles. As seen in

Figure 4. Alternate pathways lead to two different model membrane platforms on both silicon and titanium oxides at pH 7.5. QCM-D frequency and
dissipation response kinetics for the self-assembly of four different platforms. After initial stabilization, vesicles were injected at 5 min. (A) On silicon
oxide, a planar lipid bilayer was formed in two steps at pH 7.5. (B) A layer of intact vesicles first adsorbed at pH 9.5 on silicon oxide. A series of
increasingly acidic buffer washes gradually lowered the pH to 7.5 (Figure S1). Note the structural rearrangement of the adsorbed vesicle layer is due to
pH adjustment, as indicated by the frequency and dissipation changes. (C) A planar lipid bilayer was formed on titanium oxide at pH 2.5 before raising
the pH to 7.5 as a result of a series of increasingly alkaline buffer washes. After the initial buffer wash, which removed weakly adsorbed species, the
subsequent wash steps had no effect on the bilayer’s mass or viscoelastic properties. (D) At pH 7.5, a layer of intact vesicles adsorbed on titanium oxide
and the subsequent buffer wash had no effect on the platform’s stability. Schematics of (E) a supported lipid bilayer and (F) a layer of adsorbed, intact
vesicles. Note that the red bars at the bottom of panels A-D correspond to pH adjustments (in 0.5 pH unit increments) made over the measurement
period. No change in the bar thickness indicates no pH adjustment. An increase in the bar thickness over time corresponds to a pH increase to the
specified value. Likewise, a decrease in the bar thickness over time corresponds to a pH decrease to the specified value.
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Figure 4D, vesicle adsorption kinetics at pH 7.5 displayed
monotonic behavior that resulted in the self-assembly of an
irreversibly adsorbed layer of intact vesicles with final frequency
and dissipation shifts of -230 Hz and 23 � 10-6, respectively.
Together, the results demonstrate that, while vesicle adsorption
kinetics are surface-specific, pH is an appropriate tool to mod-
ulate vesicle-substrate interactions in order to control the self-
assembly pathway.

’DISCUSSION

Macromolecular interactions with model membranes depend
critically on the architecture of the platform. Certain proteins and
peptides exhibit high binding affinity to a particular model
membrane platform, thereby making its use either requisite or
highly advantageous. Because of the previously identified surface
specificity of the lipid vesicle self-assembly pathway, only a
limited number of substrates can serve as the solid support for
a particular platform. For sensor applications, this substrate
limitation can also restrict the type of measurement techniques
that can be employed and consequently the physical properties of
the model membrane that can be probed. Therefore, a better
understanding of the parameters that guide the self-assembly
pathway of model membrane platforms on solid supports is
needed in order to control the fabrication of these structures.
We have demonstrated that solution pH is an effective tool
to guide the self-assembly of either a planar lipid bilayer or an
intact vesicle adlayer on silicon and titanium oxides. While pH is
indeed a modulator of oxide surface charge density, its role in
controlling these self-assembly pathways is complex, as we
discuss below. Nonetheless, the sum of these interactions can
be harnessed to yield an exciting array of new platforms, which
overcome intrinsic material properties and surface-specific
kinetics at physiological pH. As such, the approach pursued
in these studies is simple enough to become widely used for
applied studies and yet is also important from a fundamental
standpoint since it provides much-needed insight into the
spectrum of lipid structures that can result from vesicle-
substrate interactions.
LowpHMaximizes Adhesion Energy. As the surface charge

density decreased with lower pH, the bilayer formation kinetics
on silicon oxide approached nearly a single step starting at pH 6.0
(Figure 2A,B). Although observation of one-step kinetics does
not necessarily indicate individual vesicle rupture upon adsorp-
tion, it does demonstrate that a critical degree of vesicle-vesicle
interactions is not the limiting step for vesicle rupturing. It is
important to note that a wide range of experimental parameters
can also influence the adsorption kinetics. However, as pre-
viously discussed, all other parameters were fixed, demonstrating
that, under the given experimental conditions, the shift from two-
step to one-step kinetics is caused by pH effects. Vesicle-
substrate interactions and the corresponding edge effect of
bilayer patches are sufficient to promote vesicle rupturing, which
leads to bilayer formation. The change in adsorption kinetics
from two-step to one-step behavior is interesting because the zeta
potential of POPC lipid vesicles asymptotes near -2 mV
(effectively charge neutral) below pH 6.0,19 suggesting that
charge-dipole interactions make vesicle-substrate interactions
more attractive.15 Another factor that influences vesicle-
substrate interactions is the degree of ionization on the silicon
oxide substrate, which is reduced at lower pH.30 On the basis of
the combination of effectively charge-neutral vesicles and the

decreased surface charge density on the substrate, which has an
isoelectric point of ∼2,29 repulsive electrostatic interactions are
minimized with the possibility of attractive charge-dipole
interactions. Therefore, van der Waals attractive interactions as
well as hydration and steric forces predominate, strengthening
the adhesion energy.8,26

Strikingly, in contrast to the kinetics effects observed on silicon
oxide, the vesicle adsorption pathway on titanium oxide was
affected by lower pH. Below pH 3.0, there was a structural
transformation from a layer of intact vesicles to a planar bilayer
(Figure 2C). Interestingly, this occurred below the substrate’s
isoelectric point of ∼4-5,29 possibly a result of an increase in
crystallinity of the titanium oxide layer at low pH.31 Compared to
planar bilayer formation on silicon oxide where the combination
of van der Waals, steric, and hydration forces is sufficient to
promote bilayer formation, our data support that electrostatic
attraction is also required to induce vesicle rupture on titanium
oxide. Near the isoelectric point at pH 4, there was incomplete
bilayer formation, as indicated by QCM-D kinetics suggestive of
two-step vesicle rupturing kinetics, but with final mass and
dissipation values that did not correspond to a complete, planar
bilayer (Figure 2D). Thus, bilayer propagation must be influ-
enced by electrostatic interactions in addition to the hydrophobic
edge effect,8 at least in the case of titanium oxide. At pH 2.5,
complete, planar bilayer formation was observed (Figure 2C).
The substrate’s positive surface charge likely played a role in
promoting bilayer formation via attractive interactions between
positively charged oxide groups and the slightly negatively
charged vesicles. Together, the results suggest that minimizing
repulsive electrostatic interactions is insufficient for propagating
bilayer formation on titanium oxide. Electrostatic attraction is
also necessary to promote complete bilayer formation by in-
creasing the adhesion energy.26

We identified that electrostatic interactions, which are modu-
lated by changes in the solution pH, play a key role in controlling
the self-assembly process through two parameters: kinetics and
the overall pathway. On silicon oxide, minimizing repulsive
electrostatic interactions can shift the bilayer formation kinetics
from two-step to one-step. By contrast, pH adjustments can
make electrostatic interactions between vesicles and titanium
oxide shift from repulsive at higher pH to attractive at lower pH,
thereby promoting the formation of a planar bilayer in the lower
pH regime.32 Moreover, on silicon oxide, more alkaline environ-
ments can hinder the bilayer formation process, resulting in an
irreversibly adsorbed layer of intact vesicles.
Two Types of Vesicle Adsorption at High pH. At pH 10.0,

we observed two types of intact vesicle adlayers. On silicon oxide,
the layer of intact vesicles was irreversibly adsorbed, as demon-
strated by QCM-D frequency and dissipation values that were
unaffected by a series of buffer washes (Figure 3A,C). This
observation is in contrast to previous findings that zwitterionic
vesicle interactions with silicon oxide under ambient temperature
conditions result in either planar bilayer formation or no lipid
adsorption.10,12,27 While these interactions generally result in
planar bilayer formation under near-physiological conditions
(pH ∼ 7.5, I ∼ 150 mM), certain experimental conditions
(pH ∼12, I ∼ 50 mM) have been shown to result in no lipid
vesicle adsorption.10 At low temperatures, Reimhult et al. showed
that adsorbed vesicles can remain intact on the substrate,
demonstrating that the vesicle rupture process is thermally
activated.29 Here, we observed another activation barrier that is
related to the degree of electrostatic repulsion between vesicles
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and the substrate. At higher pH, both the vesicle zeta potential
(-17 mV at pH 10.0 vs -6 mV at pH 8.0) and the substrate’s
negative surface charge density are increased,21 leading to more
repulsive electrostatic interactions. Silicon oxide has a second
pKa value around pH 9;10 in this pH range, we have observed that
a planar bilayer, an intact vesicle layer, or a combination of the
two can form on the substrate (Figure S3). Cremer et al. also
identified phase instability in this pH range at intermediate ionic
strengths.10 Consequently, at pH values above this second pKa

value, where significant ionization of the substrate occurs, the
adhesion energy is too low to promote vesicle rupture and
spreading.30

Another consideration is hydration of the substrate. The
silicon oxide-buffer interface becomes more ordered with
increasing pH, which creates a poor lubricant layer that does
not facilitate bilayer formation.10 Nonetheless, the adhesion
energy is sufficient enough so that the layer of vesicles is
irreversibly adsorbed on silicon oxide at pH 10.0. By contrast,
a layer of intact vesicles on titanium oxide reversibly adsorbs at
pH 10.0 (Figure 3B,D). Subsequent washing affected the
adlayer’s properties, as observed by mass removal as well as a
decrease in energy dissipation. As is the case on silicon oxide, the
pH increase results in more electrostatic repulsion that lowers
the adhesion energy. Although the physical properties of the
adlayers differed, the intact vesicle platform on each substrate
displayed similar adsorption kinetics as well as initial mass and
viscoelastic properties upon self-assembly. However, the two
platforms showed different physical stabilities when washed with
buffer solution. Thus, while lipid vesicles followed the same self-
assembly process on both substrates at pH 10.0, the intact
vesicle layers’ properties were surface-specific. We sought to
further understand how lipid platform properties varied on the
two substrates by employing a viscoelastic model to better
capture the film properties.
Flattening of Adsorbed, Intact Vesicles on Silicon Oxide.

In Figure 5, the QCM-D frequency and dissipation responses
from Figure 4 were fit to the Sauerbrey and Voigt-Voinova
models, the latter of which captures the interaction of soft, intact
vesicles with the substrate, in order to better understand the
adlayers’ properties. The calculated thicknesses are in good
agreement for planar lipid bilayer formation on both substrates

(Figure 5A). While the two models provide comparable results
for the two bilayers, confirming that the planar bilayers formed
on both substrates have similar mass, thickness, and viscoelastic
properties in agreement with past results, there is a significant
deviation between the models for the more viscoelastic adlayer of
intact vesicles since only the Voigt model accounts for the
viscoelastic effects on the QCM-D responses. The calculated
thickness of the intact vesicle platform on titanium oxide at pH
7.5 varied between the two models (Figure 5B). The Sauerbrey
thickness was 33 nm, whereas the Voigt thickness was 84 nm for
the vesicle adlayer on titanium oxide. The initial thicknesses of
the intact vesicle platform on silicon oxide at pH 10.0 (prior to
pH adjustment) were in good agreement with these values; the
Sauerbrey thickness was 33 nm, whereas the Voigt thickness was
75 nm. The difference in Voigt thicknesses is likely due to
increased vesicle flattening (i.e., less coupled solvent per area) on
silicon oxide.
Strikingly, as the pH of the intact vesicle platform on silicon

oxide was adjusted from 10.0 to 7.5, the Voigt thickness
decreased by 12 nm, while the Sauerbrey thickness only de-
creased by 3 nm. While there was a 10.5% decrease in frequency,
there was only a 26.2% decrease in energy dissipation. However,
the shear modulus of the film only decreased from 9.1 to 8.9 kPa,
demonstrating that the adlayer retains its viscoelastic properties,
which change only slightly as a result of the structural rearrange-
ment process induced by pH changes. As the pH of the silicon
oxide substrate was lowered to 7.5, the surface charge density
decreased, resulting in more attractive electrostatic interactions
between vesicles and the substrate. This increased the adhesion
energy as well as the vesicle membrane tension.26 However, the
QCM-D kinetics demonstrates that the adhesion energy was not
strong enough to promote vesicle rupture. Rather, minor changes
in the QCM-D responses were observed during each pH adjust-
ment as the adlayer thickness decreased due to increased vesicle
flattening brought upon by more attractive vesicle-substrate
interactions.25 Steric forces may also play a role in this structural
rearrangement process.8 As vesicles become more flattened, it is
possible that some vesicles desorb from the substrate due to
packing constraints. Nonetheless, the vesicle adlayer maintains
its physical properties, and its stability permits its use as a sensing
platform.

Figure 5. Viscoelastic modeling of model membrane platforms. A Voigt element-based viscoelastic model was fit to the QCM-D data in order to
determine the thickness of the planar lipid bilayers and layers of intact vesicles at pH 7.5. (A) For bilayers on silicon oxide and titanium oxide, the Voigt-
Voinova viscoelastic model fit resulted in identical bilayer thicknesses on both substrates. Note that the Sauerbrey relationship underestimates the bilayer
thickness by 1 nm. (B) For layers of intact vesicles, the Sauerbrey relationship fails to properly capture the viscoelastic adlayer’s properties. The
viscoelastic model fit indicates that the layers have similar Voigt thicknesses after their initial self-assembly. While the layer on titanium oxide was formed
at pH 7.5, the layer on silicon oxide was formed at pH 10.0 (Figure 4B). Note that a series of buffer washes gradually lowered the pH of the vesicle adlayer
on silicon oxide, resulting in the adlayer’s structural rearrangement, as indicated by a 13 nm decrease in the calculated Voigt thickness.
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’CONCLUSION

The self-assembly of lipid platforms on solid supports is
governed by a wide range of parameters. Here, we focused on
the effects of pH on vesicle adsorption kinetics and the self-
assembly pathway. By modulating pH, the silicon and titanium
oxide substrates had varying surface charge densities, which
enabled the self-assembly of one of two platforms, a layer of
intact vesicles or a planar lipid bilayer, in a controlled fashion.
Depending on the substrate, we determined that the role of
electrostatic interactions varies for bilayer formation. Further-
more, repulsive electrostatic interactions led to the self-assembly
of intact vesicle adlayers on both substrates at alkaline pHs. After
self-assembly of the desired lipid platform at the appropriate pH,
we demonstrated that the pH could be adjusted to physiological
levels in order to use the platform for biological studies, while
maintaining the platform’s structural integrity. This study is the
first demonstration of the self-assembly of two lipid platforms
with significantly different viscoelastic properties on silicon and
titanium oxides under identical experimental conditions. We
foresee that the ability to tune surface-specific properties in order
to promote self-assembly of a desired lipid platform will lead to
the design of improved platforms for a wide range of biosensing
and biomaterial applications.
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