Downloaded by NANYANG TECHNOLOGICAL UNIV at 02:06:57:926 on July 02, 2019
from https://pubs.acs.org/doi/10.1021/acs.|angmuir.9b00570.

I—/ \ N G M U | | 2 & Cite This: Langmuir 2019, 35, 8436—8444

pubs.acs.org/Langmuir

Understanding How Membrane Surface Charge Influences Lipid
Bicelle Adsorption onto Oxide Surfaces

Tun Naw Sut,” Joshua A. Jackman,"® and Nam-Joon Cho*"

¥School of Materials Science and Engineering, Nanyang Technological University, 50 Nanyang Avenue 639798, Singapore

*School of Chemical Engineering, Sungkyunkwan University, Suwon 16419, Republic of Korea

$School of Chemical and Biomedical Engineering, Nanyang Technological University, 62 Nanyang Drive 637459, Singapore

ABSTRACT: The adsorption of two-dimensional bicellar disks onto solid supports is an emerging fabrication technique to
form supported lipid bilayers (SLBs) that is efficient and requires minimal sample preparation. To date, nearly all relevant
studies have focused on zwitterionic lipid compositions and silica-based surfaces, and extending the scope of investigation to
other lipid compositions and surfaces would improve our understanding of application possibilities and underpinning formation
processes. Herein, using the quartz crystal microbalance-dissipation technique, we systematically investigated the adsorption of
charged lipid bicelles onto silicon dioxide, titanium oxide, and aluminum oxide surfaces. Depending on the lipid composition
and substrate, we observed different adsorption pathways, including (i) SLB formation via one- or two-step adsorption kinetics,
(ii) monotonic adsorption without SLB formation, and (iii) negligible adsorption. On each substrate, SLB formation could be
achieved with particular lipid compositions, whereas the trend in adsorption pathways varied according to the substrate and
could be controlled by adjusting the bicelle—substrate interaction strength. To rationalize these findings, we discuss how
electrostatic and hydration forces affect bicelle—substrate interactions on different oxide surfaces. Collectively, our findings
demonstrate the broad utility of lipid bicelles for SLB formation while revealing physicochemical insights into the role of

interfacial forces in controlling bicelle adsorption pathways.

B INTRODUCTION

Achieving control over the self-assembly pathways by which
phospholipid molecules adsorb onto a solid support is an
important goal of nanoarchitectonic-based fabrication strat-
egies”” and can lead to improved biomimetic membrane
platforms for various scientific and biotechnology applica-
tions.” > In this respect, lipid bicelles are one of the most
fascinating biomacromolecular assemblies, classically viewed as
a two-dimensional disk-like lipid nanostructure that is
composed of long-chain and short-chain phospholipids.®”
The precise structural organization of a bicelle in solution
depends on numerous factors such as the total lipid
concentration, ratio of long-chain to short-chain phospholipids
(“g-ratio”), and environmental conditions, while preparation
steps are straightforward and entail lipid hydration followed by
a few rounds of freeze—thaw-vortexing.*'" Solution-phase
bicelles first gained attention as a suitable lipid environment for
reconstituting and studying transmembrane proteins in the
structural biology field,"*"* and recent findings have pointed to
the practical utility of depositing bicellar mixtures on solid
surfaces to fabricate supported lipid bilayers (SLBs).'*"®
Zeineldin et al. first demonstrated that zwitterionic lipid
bicelles can be employed to fabricate SLBs on flat and
nanotextured, oxidized silicon surfaces.'® Tabaei et al. also
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showed that bicelles could form fluidic SLBs on silicon dioxide
surfaces, and introduced nucleic acid—based tethers to form
stacks of multiple bicelle layers.'” In that study, the inclusion of
a positively charged detergent in the bicellar mixture was noted
to significantly enhance bicelle adsorption. To shed light on
the underlying mechanisms of bicelle-mediated SLB formation,
Morigaki et al. conducted a systematic investigation examining
how the g-ratio affects SLB formation on silicon dioxide
surfaces, identifying the short-chain phospholipids can act as
detergents that not only catalyze SLB formation but also
disrupt the structure of fabricated SLBs.'® Hence, it was
suggested to select experimental conditions whereby the short-
chain phospholipid concentration is below its critical micelle
concentration.

Building on these studies, Kolahdouzan et al. further
investigated how the interplay of total lipid concentration
and q-ratio along with processing conditions affect bicelle-
mediated SLB formation on silicon dioxide surfaces.'” The
findings revealed that bicelle-mediated SLB formation quality
is optimal when using low lipid concentrations (~0.02 mg/mL
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Figure 1. Overview of experimental framework. Zwitterionic lipid bicelles were composed of long-chain DOPC lipids and short-chain DHPC lipids.
Charged lipid bicelles were prepared by mixing long-chain zwitterionic DOPC lipids with varying amounts (0—7S mol %, in 25 mol % increments)
of long-chain, positively charged DOEPC lipids or negatively charged DOPS lipids, whereas the DHPC lipid fraction was kept constant. The total
lipid concentration was fixed in all experiments. Lipid bicelle adsorption was tracked by QCM-D measurements. The illustrations are not drawn to

scale.

or lower long-chain phospholipid concentration), which are far
below the lipid concentrations reported in previous bicelle
studies (typically ~0.2 mg/mL or greater long-chain
phospholipid concentration). Important similarities and differ-
ences between bicelle-mediated and conventional vesicle-
mediated SLB formation were also noted. While both types
of lipid nanostructures rupture after a critical surface coverage
of adsorbed bicelles or vesicles is reached to form silicon
dioxide-supported SLBs, adsorbed bicelles undergo greater
deformation than adsorbed vesicles, efficiently form SLBs at
lower total lipid concentrations, and require a simpler
preparation protocol. There are also mechanistic differences
because the area of an SLB patch that is formed by the rupture
of an adsorbed vesicle is larger than the vesicle—substrate
contact area,”’ whereas the patch area that is formed by the
rupture of an adsorbed bicelle is expected to be similar to the
bicelle—substrate contact area. For all these reasons, there is
broad potential for exploring bicelle-mediated SLB formation
as a robust fabrication strategy and successful SLB formation
based on covalent tethering of oxyamine-functionalized bicelles
to polymeric surfaces has also been reported.”’ At the same
time, due consideration of various experimental factors is
warranted, and Yamada et al. recently showed that adsorbed
bicelles align parallel in a stable configuration on a silicon
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dioxide surface, whereas amine-functionalized silicon dioxide
surfaces were not conducive to supporting stable assemblies of
adsorbed bicelles.” In light of these findings, it is important to
systematically investigate how factors such as membrane
surface charge and substrate type affect bicelle adsorption
and SLB formation efficiency on different solid supports.
Herein, the objective of this study was to investigate how
bicelle surface charge influences the bicelle adsorption process
and subsequent SLB formation efficiency on three different
oxide surfaces: silicon dioxide, titanium oxide, and aluminum
oxide (Figure 1). While previous bicelle-mediated SLB
formation studies focused on silica-based surfaces, there is
broad interest in developing strategies to form SLBs on
titanium oxide and aluminum oxide surfaces, especially due to
the challenges of using the vesicle-based SLB formation
method on these surfaces and the distinct material properties
of the three surfaces [see recent examples of alternative
techniques such as the solvent-assisted lipid bilayer (SALB)
method”** as well]. Likewise, the previous studies mainly
dealt with zwitterionic lipid compositions and controlling
bicelle surface charge—in our case by adjusting the molar
fractions of zwitterionic 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) and 1,2-dioleoyl-sn-glycero-3-ethylphosphocho-
line (DOEPC) or 1,2-dioleoyl-sn-glycero-3-phospho-L-serine

DOI: 10.1021/acs.langmuir.9b00570
Langmuir 2019, 35, 8436—8444


http://dx.doi.org/10.1021/acs.langmuir.9b00570

Langmuir

(03]

0_

N N
< =
= .15 =
>
e s
g s
o -30- 2
S a

45 <

0 10 20 30
Time (min)

—o—Si02
—o—TiO9g
—2— Al203

Time (min)

Figure 2. Zwitterionic lipid bicelle adsorption onto various oxide surfaces. Changes in the QCM-D (A) frequency and (B) energy dissipation
signals were recorded as a function of time for bicelle adsorption onto silicon dioxide, titanium oxide, and aluminum oxide surfaces. Bicelles were
added at t = S min. The dotted lines represent typical QCM-D measurement values for an SLB. (C) Schematic illustrations of the experimental

results. The illustrations are not drawn to scale.

(DOPS) among the long-chain phospholipids used in the
bicelle preparation process along with a fixed amount of 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC) short-chain
phospholipid—opens the door to modulating bicelle—substrate
interactions and gaining fundamental insights into dynamic
bicelle adsorption, fusion, and rupture processes. Quartz crystal
microbalance-dissipation (QCM-D) measurements were con-
ducted in order to track the corresponding adsorption kinetics
and evaluate SLB formation quality. Our findings provide
insight into the general utility of the bicelle-mediated SLB
formation method on various oxide surfaces while revealing
how the presence of charged lipids affects bicelle—substrate
interactions and hence influences adsorption pathways. Such
information can also help researchers select optimal conditions
and lipid compositions for conducting the bicelle-mediated
SLB formation method on different surfaces.

B MATERIALS AND METHODS

Reagents. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (chloride salt)
(DOEPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)
(DOPS), and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC)
lipids dispersed in chloroform were obtained from Avanti Polar Lipids
(Alabaster, AL). Aqueous buffer solutions were prepared using Milli-
Q:-treated water (>18 MQ-cm) (MilliporeSigma, Burlington, MA).

Bicelle Preparation. Bicellar aggregates were prepared by lipid
hydration followed by freeze—thaw-vortexing, as previously de-
scribed.'” The as-supplied chloroform solutions of long-chain
phospholipids (DOPC, DOEPC, and DOPS) were mixed in a glass
vial to achieve the desired molar ratio and then the chloroform solvent
was evaporated by air-blowing with nitrogen gas, resulting in a dry
lipid film on the walls of a glass vial. The lipid film was then stored
overnight in a vacuum desiccator to remove trace residues of
chloroform, followed by subsequent hydration in a DHPC-containing
aqueous buffer solution comprising 10 mM Tris (pH 7.5) and 150
mM NaCl. The resulting lipid suspension had a long-chain
phospholipid concentration of 1 mM and a g-ratio of 0.25. The
lipid suspensions were next treated with five cycles of freeze—thaw-
vortex cycling that involved the following steps: submersion in liquid
nitrogen for 1 min, thawing in a 60 °C water bath for S min, and
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vortexing for 30 s. The resulting suspensions were visually clear at
room temperature. Immediately before experiment, an aliquot of the
stock lipid suspension was diluted ~32-fold by using the buffer
solution so that the final long-chain phospholipid concentration was
0.031 mM.

Quartz Crystal Microbalance-Dissipation (QCM-D). Bicelle
adsorption experiments were conducted using a Q-Sense E4
instrument (Biolin Scientific AB, Stockholm, Sweden). The quartz
crystal sensor chips had a fundamental frequency of 5 MHz and the
sensor surface had a 50 nm-thick sputter-coated oxide layer, which
was comprised of either silicon dioxide, titanium oxide, or aluminum
oxide depending on the experiment. For cleaning purposes, the sensor
chips were repeatedly washed with ethanol and water, followed by
nitrogen gas drying and then treatment in an oxygen plasma chamber
(PDC-002, Harrick Plasma, Ithaca, NY) for 1 min. After chamber
assembly, a baseline signal in aqueous buffer solution (10 mM Tris
[pH 7.5] and 150 mM NaCl) was first established before the bicelle
sample in equivalent buffer solution was added. All solutions were
added under continuous flow conditions using a peristaltic pump
(Reglo Digital, Ismatec, Glattbrugg, Switzerland) and the flow rate
was set at 50 uL/min. Measurement data was collected at multiple
odd overtones by the Q-Soft software package (Biolin Scientific AB).
The reported data were collected at the fifth overtone and normalized
according to the overtone number. Data processing was completed
using the Q-Tools (Biolin Scientific AB) and OriginPro (OriginLab,
Northampton, MA) software programs.

B RESULTS

Zwitterionic Lipid Bicelle Adsorption. We employed the
quartz crystal microbalance-dissipation (QCM-D) technique in
order to study bicelle adsorption onto silicon dioxide, titanium
oxide, and aluminum oxide surfaces. The QCM-D technique
tracks changes in the resonance frequency (Af) and energy
dissipation (AD) of an oscillating, oxide film-coated quartz
crystal as a function of time, and the Af and AD shifts relate to
the mass and viscoelastic properties of the adsorbed bicelle
layer, respectively.”” In the experiments, a baseline signal in
aqueous buffer solution was first acquired before bicelles were
added under continuous flow conditions until the measure-
ment signals stabilized. Then, a buffer washing step was
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Figure 3. Charged lipid bicelle adsorption onto silicon dioxide surfaces. Changes in the QCM-D (A) frequency and (B) energy dissipation signals
were recorded as a function of time for charged lipid bicelle adsorption onto silicon dioxide surfaces. Bicelles were added at t = S min. The dotted
lines represent typical QCM-D measurement values for an SLB. (C) Schematic illustrations of the experimental results depending on the lipid

composition. The illustrations are not drawn to scale.

performed and the final Af and AD shifts were recorded for
each measurement run (n 3 runs per condition). As
mentioned above, the long-chain phospholipids used for bicelle
preparation were DOPC, DOPS, and DOEPC lipids, and the
short-chain phospholipid was DHPC lipid. All three long-chain
phospholipids have a dioleoyl chain structure, which is suitable
for bicelle preparation.”®*” Based on the optimal conditions
identified in our previous study involving zwitterionic DOPC/
DHPC lipid bicelle adsorption onto silicon dioxide surfaces,"
we defined the following bicelle parameters: g-ratio of 0.25 and
long-chain phospholipid concentration of 0.031 mM. The
buffer conditions were 10 mM Tris [pH 7.5] and 150 mM
NaCl. Silicon dioxide and titanium oxide surfaces have
isoelectric points around pH 3.9 + 0.5 and 29 + 0.,
respectively, and are thus negatively charged under these
conditions, whereas aluminum oxide has an isoelectric point
around pH 8.7 + 0.4 and is positively charged.”®

As a first step, we investigated the adsorption of zwitterionic
DOPC/DHPC bicelles onto three oxide surfaces (Figure 2).
While PC lipid headgroups are zwitterionic, they are not
electrically neutral and instead have a slightly negative surface
potential.”” On silicon dioxide, two-step adsorption kinetics
were observed and the final Af and AD shifts were around
—25.3 + 09 Hz and 0.1 + 0.1 X 10_6, respectively. As
expected, these values are consistent with SLB formation and
the adsorption kinetics are indicative of reaching a critical
surface coverage of adsorbed bicelles before SLB formation
commences.’’ In marked contrast, bicelle adsorption onto
titanium oxide was nearly negligible, with final Af and AD
shifts of around —3.2 + 0.7 Hz and 03 + 0.1 X 10_6,
respectively. While zwitterionic lipid vesicles do not rupture on
titanium oxide under these solution conditions, they typically
adsorb to form a close-packed layer’® and the present results
support that adsorbing zwitterionic lipid bicelles have less
favorable lipid—substrate interactions with titanium oxide
surfaces than zwitterionic lipid vesicles. This distinction
might arise from the larger contact surface area of an adsorbing
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bicelle disk as compared to a spherical lipid vesicle of
equivalent diameter.”’ On the other hand, on aluminum
oxide, bicelles exhibited monotonic adsorption, reaching final
Af and AD shifts of around —21.4 + 0.8 Hz and 2.4 + 0.0 X
1079, respectively. These values are indicative of bicelle
adsorption without SLB formation. As such, the results show
that zwitterionic lipid bicelles adsorb and form an SLB on
silicon dioxide, do not adsorb on titanium oxide, and adsorb
but do not form an SLB on aluminum oxide.

Charged Lipid Bicelle Adsorption. Based on these
findings, we next investigated the adsorption of charged lipid
bicelles onto the three oxide surfaces. To control membrane
surface charge, the long-chain phospholipid composition was
composed of positively charged DOEPC/DOPC mixtures or
negatively charged DOPS/DOPC mixtures. All bicelle
parameters and solution conditions were kept constant as
described in the preceding experiments and the QCM-D
measurement responses for charged lipid bicelle adsorption on
each oxide surface are reported below. The results are
discussed in terms of the long-chain phospholipid composition
and reported from the most positively charged composition
(75/25 mol % DOEPC/DOPC) to the most negatively
charged one (75/25 mol % DOPS/DOPC).

Silicon Dioxide. As presented in Figure 3, the adsorption of
75/25 mol % DOEPC/DOPC bicelles led to SLB formation
with one-step adsorption kinetics indicating that bicelles
ruptured immediately upon adsorption. In this case, the final
Af and AD values were around —24.7 + 0.8 Hz and 0.3 + 0.2
X 107, respectively. Similarly, one-step SLB formation kinetics
was observed with 50/50 mol % DOEPC/DOPC bicelles and
the final Af and AD values were —25.8 + 1.0 Hz and 0.3 + 0.2
X 107% respectively. For 25/75 mol % DOEPC/DOPC
bicelles, SLB formation still occurred, however, two-step
adsorption kinetics indicate that a critical surface coverage of
adsorbed bicelles was necessary for SLB formation to occur.
The final Af and AD values were around —24.8 + 0.5 Hz and
0.1 + 02 X 107% respectively. As such, highly positively
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were recorded as a function of time for charged lipid bicelle adsorption onto titanium oxide surfaces. Bicelles were added at t = S min. The dotted
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charged lipid bicelles rupture immediately upon adsorption,
whereas moderately positively charged lipid bicelles behave
more like zwitterionic lipid bicelles. Recalling that the silicon
dioxide surface is negatively charged under the experimental
conditions, these findings point to the importance of
electrostatic forces in modulating the strength of bicelle—
substrate interactions.

We continued examining the effect of membrane surface
charge by investigating the adsorption of negatively charged
DOPS/DOPC bicelles. While negative membrane surface
charge contributes to electrostatic repulsion between adsorbing
bicelles and the silicon dioxide surface, this repulsion is
countered by an attractive van der Waals force, and hence, the
total interaction energy can be either attractive or repulsive
depending on the particular system. The addition of 25/75
mol % DOPS/DOPC bicelles resulted in monotonic
adsorption kinetics, with final Af and AD values around
—63.1 + 1.1 Hz and 2.5 + 0.3 X 107 respectively. These
values are significantly larger than typical cases for zwitterionic
lipid bicelle adsorption, suggesting that a multilayer structure
or other type of bicellar aggregate might be contributing to the
measurement response in this case. For 50/50 mol % DOPS/
DOPC bicelles, monotonic adsorption was also observed
although the measurement responses were smaller, with final
Af and AD values around —26.5 + 2.8 Hz and 2.5 + 0.2 X
1075, respectively. By contrast, there was only negligible
adsorption of 75/25 mol % DOPS/DOPC bicelles, with final
Af and AD values of around —2.4 &+ 0.4 Hz and 0.1 + 0.1 X
107, respectively. As such, negatively charged lipid bicelles can
adsorb onto silicon dioxide surfaces unless the magnitude of
electrostatic repulsion is too significant. It should also be
pointed out that bicelles, like vesicles and other classes of
biological macromolecules, are expected to obey diffusion-
limited adsorption kinetics®> and thus differences in the initial
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uptake rates are likely related to lipid composition-dependent
sizes of the bicellar aggregates in suspension.”

Titanium Oxide. As presented in Figure 4, two-step
adsorption kinetics and SLB formation occurred with positively
charged DOEPC/DOPC lipid bicelles on titanium oxide
surfaces. The final Af and AD values were around —29 to —32
Hz and 0.2 to 0.8 X 1079, respectively, which are consistent
with SLB formation on titanium oxide surfaces.”* While these
values are slightly higher than typical values for SLBs on silica-
based surfaces, the difference can be attributed to additional
hydrodynamically coupled solvent within the hydration layer
separating the SLB from direct contact with the titanium oxide
surface.”” Indeed, it should be noted that the hydration layer
on titanium oxide is thicker than that on silicon dioxide due to
a stronger van der Waals force.”>*°

On the other hand, negatively charged bicelles adsorbed
onto the titanium oxide surface but did not form SLBs. For 25/
75 mol % DOPS/DOPC bicelles, monotonic adsorption
occurred with final Af and AD values around —9.3 + 1.6 Hz
and 1.0 + 0.1 X 1075, respectively.

Interestingly, the measurement responses became progres-
sively larger with increasing DOPS lipid fraction. For 50/50
mol % DOPS/DOPC bicelles, monotonic adsorption occurred
with final Af and AD values around —27.3 + 0.3 Hz and 2.2 +
0.1 x 1075, respectively. Likewise, for 75/25 mol % DOPS/
DOPC bicelles, monotonic adsorption occurred with final Af
and AD values around —52.4 + 1.5 Hz and 2.2 + 0.2 X 107¢,
respectively. Taking into account that zwitterionic lipid bicelle
adsorption onto titanium oxide is nearly negligible as reported
above, the overall trend supports that, with increasing negative
membrane surface charge, negatively charged lipid bicelles
exhibit more significant adsorption onto titanium oxide
surfaces. Since the titanium oxide surface is also negatively
charged under the experimental conditions, this result is
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particularly intriguing because it suggests that the electrostatic
force is not the dominant factor influencing the adsorption of
negatively charged bicelles onto titanium oxide. Rather, it has
been proposed that the hydration force is a key factor,® and
one possibility in this case is that negatively charged lipid
molecules within the adsorbing bicelles affect the ordering of
interfacial water molecules within the hydration layer to
dissipate the repulsive hydration force. Altogether, the results
indicate that positively charged bicelles adsorb and form SLBs
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on titanium oxide, whereas negatively charged bicelles adsorb
but do not form SLBs.

Aluminum Oxide. As presented in Figure 5, there was
monotonic adsorption of 75/25 mol % DOEPC/DOPC
bicelles onto aluminum oxide surfaces and the final Af and
AD values were around —70.2 + 1.1 Hz and 4.4 + 0.8 X 107,
respectively. Similar adsorption kinetics occurred with 50/50
mol % DOEPC/DOPC bicelles and the measurement
responses were slightly smaller, with final Af and AD values
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around —60.7 + 0.9 Hz and 3.4 + 0.1 X 1075, respectively. For
25/75 mol % DOEPC/DOPC bicelles, monotonic adsorption
also occurred and the measurement responses were appreci-
ably smaller, with final Af and AD values around —29.1 + 1.3
Hz and 3.0 + 0.1 X 107°, respectively. Altogether, the trend
supports that, with increasing positive membrane surface
charge, positively charged lipid bicelles exhibit more significant
adsorption onto aluminum oxide surfaces. Since the aluminum
oxide surface is positively charged under the experimental
conditions, this finding bears a striking resemblance to the case
of negatively charged lipid bicelles on negatively charged
titanium oxide surfaces. Like titanium oxide, there is a strong
hydration force on aluminum oxide surfaces” and it is possible
in this case that positively charged lipid molecules within the
adsorbing bicelles affect the ordering of interfacial water
molecules within the hydration layer of the aluminum oxide
surface, thereby dissipating the magnitude of the repulsive
hydration force and facilitating bicelle adsorption.

By contrast, we identified that negatively charged lipid
bicelles exhibited two-step adsorption kinetics, leading to SLB
formation on aluminum oxide surfaces. For 25/75 mol %
DOPS/DOPC bicelles, the final Af and AD values were
around —26.6 + 1.2 Hz and 0.0 X 107%, respectively. Similar
responses were recorded for 50/50 mol % DOPS/DOPC
bicelles, with final Af and AD values around —25.6 + 1.6 Hz
and 0.1 + 0.1 X 1075, respectively. SLB formation also
occurred with 75/25 mol % DOPS/DOPC bicelles, and the
final Af and AD values were around —29.1 + 1.1 Hz and 0.2 +
0.2 X 1079, respectively. In summary, the results indicate that
positively charged bicelles adsorb but do not form SLBs on
aluminum oxide, whereas negatively charged bicelles adsorb
and form SLBs.

B DISCUSSION

Figure 6 summarizes the bicelle adsorption data that were
collected on different oxide surfaces, revealing interesting
trends on each substrate. Before proceeding to discuss the case
of each substrate, we recall that there are principally three
interfacial forces that influence lipid—substrate interac-
tions.”*™** The van der Waals force is an attractive force
that is related to material polarizability, whereas the hydration
force is a repulsive force that arises from the ordering of
interfacial water molecules at a solid—liquid interface. The
double-layer electrostatic force can be either attractive or
repulsive depending on the surface charges of the two
contacting bodies, in our case lipid bicelles and an oxide
surface. It has been previously shown that there are particularly
strong hydration forces on titanium oxide and aluminum oxide
surfaces under the experimental pH conditions,”**® which
weaken lipid—substrate interactions on these two substrates
and help to explain why adsorbed vesicles—another type of
lipid nanostructure with high membrane tension—typically do
not rupture on them. On the other hand, the magnitude of the
hydration force on silicon dioxide surfaces is comparatively low
under the experimental pH conditions and hence there are
typically stronger lipid—substrate interactions that permit
adsorbed vesicles to rupture, whereas other interfacial forces
appear to play a more influential role in controlling adsorption
pathways on silicon dioxide.

With these points in mind, we turn our attention to the
silicon dioxide data. One-step SLB formation was observed for
highly positively charged lipid bicelles, whereas two-step SLB
formation occurred for moderately positively charged lipid
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bicelles and zwitterionic lipid bicelles. On the other hand,
negatively charged lipid bicelles exhibited monotonic adsorp-
tion, and the adsorption uptake decreased with increasingly
negative membrane surface charge. Greater electrostatic
attraction led to stronger bicelle—substrate interactions,
whereas greater electrostatic repulsion contributed to weaker
bicelle—substrate interactions. All of these findings are
consistent with electrostatic forces playing a key role in
modulating lipid adsorption pathways on silicon dioxide
surfaces.””””

The titanium oxide and aluminum oxide data sets reveal
trends in adsorption pathways that are distinct from the silicon
dioxide case and warrant closer attention. On titanium oxide,
SLB formation occurs for positively charged lipid bicelles,
which is consistent with strong electrostatic attraction with the
negatively charged titanium oxide surface. However, negligible
adsorption is observed for zwitterionic lipid bicelles and
negatively charged lipid bicelles adsorb but do not rupture.
One particularly interesting aspect is that, with greater negative
membrane surface charge, there is more adsorption uptake
onto the negatively charged titanium oxide surface. At first
glance, the latter observation is seemingly counterintuitive.
How can greater bicelle adsorption occur as electrostatic
repulsion increases? The exact same pattern in adsorption
pathways is observed on aluminum oxide, although the trend is
reversed because the aluminum oxide surface is positively
charged. Negatively charged lipid bicelles form SLBs on
aluminum oxide, while zwitterionic lipid bicelles adsorb to the
lowest extent and the adsorption uptake of positively charged
lipid bicelles increases with greater positive membrane surface
charge.

To explain the trends involving negatively charged lipid
bicelles on negatively charged titanium oxide and positively
charged lipid bicelles on positively charged aluminum oxide,
we recall that there is a relatively thick hydration layer of
interfacial water molecules on these two oxide surfaces. On
both substrates, the interfacial water molecules experience a
strong ordering effect due to the negative or positive surface
charge of the oxide surface.””*" This ordering is what gives rise
to steric-hydration repulsion,” and disrupting this ordering
would consequently decrease the magnitude of the hydration
force.” ™" As such, when a charged lipid bicelle with
equivalent charge type adsorbs onto the surface, the ordered
water molecules may become disoriented due to the competing
influences of the surface potentials of the bicelle and oxide
substrate. For example, water molecules are aligned accordin$
to the negative surface charge of a titanium oxide surface,”
however, the presence of negatively charged lipid headgroups
in close proximity would likely cause the water molecules to
attempt to “flip-flop” in order to align themselves with the lipid
molecules. Such competing factors could attenuate the
magnitude of the hydration force and this picture is consistent
with the experimental data, as well as with past experimental
reports on protein adsorption.*> It is also revealing that such
trends are observed on both titanium oxide and aluminum
oxide—two substrates that are known to have strong hydration
forces—but not on silicon dioxide, which is known to have a
relatively weaker hydration force under the experimental
conditions. As such, the experimental trends are consistent
with electrostatic forces playing a key role to promote SLB
formation and dictate bicelle adsorption pathways on silicon
dioxide, whereas hydration forces help to explain the
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interesting trends observed for intact bicelle adsorption on
titanium oxide and aluminum oxide surfaces.

B CONCLUSION

In summary, our findings demonstrate that lipid bicelles exhibit
distinct adsorption behaviors on silicon dioxide, titanium
oxide, and aluminum oxide surfaces. The adsorption pathways
can be classified into three categories: (i) SLB formation via
one- or two-step adsorption kinetics, (ii) monotonic
adsorption without SLB formation, and (iii) negligible
adsorption. Interestingly, on all three substrates, it was possible
to fabricate SLBs; however, the specific lipid compositions
varied in each case. On silicon dioxide, positively charged and
zwitterionic lipid bicelles formed SLBs. On titanium oxide,
positively charged lipid bicelles formed SLBs, whereas
negatively charged lipid bicelles formed SLBs on aluminum
oxide. The experimental data indicate that electrostatic
attraction between the oxide surface and adsorbing bicelles is
necessary for successful SLB formation. In the case of bicelle
adsorption alone, the results also show that there are clear
differences between oxide surfaces with low surface hydration
(ie, silicon dioxide) and oxide surfaces with high surface
hydration (i.e., titanium oxide and aluminum oxide). These
trends can be understood in terms of the relative contributions
of different interfacial forces, namely double-layer electrostatic
and hydration forces, to modulating bicelle—substrate
interactions. Altogether, the findings in this work establish a
roadmap to utilize bicellar mixtures to form SLBs on
hydrophilic surfaces with different material properties, and
also provide insight into the physicochemical factors that
influence bicelle—substrate interactions.
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