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Sub-100 nm vesicles composed of inverse-phosphocholine (CP) lipids are versatile building blocks for interfacing
with inorganic material surfaces and demonstrate unique chemical functionalities due to outward-facing phos-
phate groups. Compared to typical phospholipids, the surface presentation of CP lipids has enabled new covalent
possibilities like click chemistry for drug delivery and imaging applications while utilizing this phosphate
chemistry in noncovalent self-assembly contexts remains unexplored. Herein, we report that the presence of
phosphate-binding divalent cations such as Ca* and Mg?" can dramatically shift the self-assembly behavior of
CP lipid vesicles on TiO3 and SiOj surfaces, inhibiting spontaneous supported lipid bilayer (SLB) formation on
TiO4 in cases where it typically occurs and promoting SLB formation on SiO; in cases where lipid adsorption is
otherwise negligible. Quartz crystal microbalance-dissipation (QCM-D) measurements were performed to track
the corresponding adsorption kinetics and self-assembly outcomes. Importantly, an optimal combination of CP
lipid fraction in vesicles and specific divalent cation type was also identified, which enabled SLB formation on
both TiO, and SiO2 surfaces under equivalent conditions. SLB fluidity on SiO, surfaces was additionally
confirmed by fluorescence recovery after photobleaching (FRAP) experiments. We rationalize these molecular-
level phenomena in terms of vesicle stability and lipid-surface interactions, demonstrating a versatile
approach to control CP lipid self-assembly with divalent cations.

1. Introduction

Inverse-phosphocholine (CP) lipids are a relatively new, emerging
class of synthetic phospholipid with broad utility across biotechnology
and materials science applications [1-10]. Compared to zwitterionic
phosphocholine (PC) lipids that are a major component of cellular
membranes, the headgroup of CP lipids has the phosphate and choline
groups reversed whereby the phosphate group is presented outwards
and imparts CP lipids with anionic character. Perttu et al. first described
the synthesis of CP lipids and reported that CP lipids maintained a
negative surface potential across a wide pH range and aggregated in the
presence of Ca®* ions [1]. The charge flipping in CP lipids has enabled
new possibilities for controlling covalent interactions with nano-
materials [2,3,6] and for drug delivery applications [4,5,7,9]. From a
material science perspective, one promising application is the fabrica-
tion of CP-based supported lipid bilayers (SLBs) that are durable coat-
ings and can enable antifouling properties along with orthogonal
chemistry possibilities for surface functionalization [11,12].

* Corresponding authors.

In the course of studying SLB coating formation on oxide nano-
particles, it was discovered that 2-((2,3-bis(oleoyloxy)propyl)dimethy-
lammonio)ethyl hydrogen phosphate (DOCP) lipid vesicles readily form
SLBs on TiO5 nanoparticles by fusion whereas there is no vesicle fusion
with SiO3 nanoparticles owing to strong charge repulsion [3]. In addi-
tion, it was shown that SLBs formed on TiO, nanoparticles are more
stable than those formed by noncovalently attached, zwitterionic 1,
2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids on SiO5 nano-
particles. To rationalize these distinct stabilities, it has been discussed
how the phosphoryl oxygen atom of the exposed phosphate group is
responsible for covalent binding of DOCP lipids to metal oxide surfaces
[13]. More specifically, DOCP lipids directly bind to TiOg via P-O-Ti
bond formation whereas steric hindrance caused by the choline group of
PC lipids inhibits direct phosphate group binding to SiO,. DOCP SLBs
can also be formed on other types of oxide nanoparticles such as Fe3Oy,
Zr0y, Y503, ITO, Iny03 and Mny03 [2]. Recently, we demonstrated that
DOCP lipid vesicles can also form SLBs on flat, macroscopic TiOg sur-
faces in pH 7.5 conditions and described a two-step mechanism in which
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noncovalent interfacial forces mediate initial adsorption followed by
covalent bonding that drives vesicle fusion and subsequent lipid
re-assembly [14]. Notably, DOCP lipid vesicles did not adsorb onto SiO,
surfaces in the same conditions and thus it was not possible to form
DOCP SLBs on SiO,. More recent work has revealed that noncovalently
attached DOCP SLBs can be formed on SiO» surfaces in a specific set of
low pH and high salt conditions while DOCP lipid vesicle adsorption can
be repelled on TiO; surfaces in high pH conditions, demonstrating that
modulation of different vesicle-surface interaction types is an important
determinant of CP lipid self-assembly outcomes [15].

These findings motivate deeper investigation of how DOCP lipid self-
assembly can be modulated on oxide surfaces, especially considering
that the exposed phosphate group possesses noncovalent functionali-
zation possibilities such as divalent cation binding. Indeed, in various
lipid systems, the type and concentration of ions in the bulk solution has
been shown to control vesicle adsorption and SLB formation processes
[16-19]. Pioneering work on negatively charged 1,2-dio-
leoyl-sn-glycero-3-phospho-L-serine (DOPS) lipid vesicles demonstrated
that divalent cations can promote SLB formation on TiOy by forming
ionic bridges between the carboxylic acid headgroups of lipid molecules
and hydroxyl groups on the surface [18]. It has also been demonstrated
that divalent cations can increase vesicle-surface interactions and cause
greater deformation of adsorbed DOPC lipid vesicles on TiO, and SiO5
surface [20]. In addition to affecting vesicle-surface interactions, diva-
lent cations can influence vesicle-vesicle interactions [16,20]. Anionic
lipid vesicles tend to aggregate and/or fuse in the presence of divalent
cations because the outer leaflet of vesicles are joined together by ion
bridging [21,22]. In the context of CP lipids, it has been reported that
metal ions such as calcium [1], cadmium [23], zinc [24] and copper
[25] can trigger DOCP lipid vesicle aggregation, however, the extent to
which divalent cations can control DOCP lipid self-assembly on oxide
surfaces remains unexplored.

In this study, our objective was to investigate how divalent cations
affect DOCP lipid vesicle interactions with TiO, and SiO, surfaces in
order to rationally control lipid self-assembly processes on the two
surfaces. Quartz crystal microbalance-dissipation (QCM-D) measure-
ments were conducted to track lipid vesicle adsorption kinetics while
fluorescence recovery after photobleaching (FRAP) experiments were
employed to characterize lipid attachment in select cases. We tested two
types of divalent cations (Ca®* and Mg?") and three different DOCP lipid
fractions in order to identify conditions in which lipid adsorption was
inhibited along with conditions where SLB formation was simulta-
neously possible on both surfaces. In some cases, the self-assembly
behavior depended on the ion type while other cases were more
generalizable. While covalent and noncovalent chemistries have been
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previously identified as key factors in driving DOCP lipid vesicle
adsorption and rupture to form SLBs, our findings demonstrate how a
third type of chemical interaction, i.e., ionic bridging interactions
mediated by divalent cations, can play a critical and deterministic role in
modulating self-assembly behavior on oxide surfaces.

2. Materials and methods
2.1. Reagents

DOCP, DOPC and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Liss Rhod PE)
lipids dissolved in chloroform were obtained from Avanti Polar Lipids,
Inc. (Alabaster, AL). The molecular structures of DOCP and DOPC lipids
are presented in Fig. 1. Ethylenediaminetetraacetic acid (EDTA) and
other reagents were purchased from Sigma-Aldrich (St Louis, MO). Milli-
Q-treated water (>18 MQ-cm) (MilliporeSigma, Billerica, MA) was used
to prepare all buffer solutions.

2.2. Vesicle preparation

Vesicles were prepared by the extrusion method, as previously
described [26]. Lipids mixed to the desired molar ratio in a glass vial
were dried with nitrogen gas to form a dried lipid film, and then stored
in a vacuum desiccator overnight to remove residual chloroform. Af-
terwards, the dried lipid film was hydrated in aqueous buffer (10 mM
Tris, 150 mM NaCl, pH 7.5) to a 5 mg/mL stock concentration and
vortexed for 3 min to form multilamellar vesicles. Then, a Mini-Extruder
(Avanti Polar Lipids) was used to extrude vesicles by passing them
through a polycarbonate membrane with 50 nm-diameter pores for a
total of 31 times, which yielded unilamellar vesicles. Before each
experiment, the stock vesicles were diluted in the appropriate buffer to
0.1 mg/mL.

2.3. Quartz crystal microbalance-dissipation (QCM-D)

Vesicle adsorption kinetics were monitored with a Q-Sense E4 in-
strument (Biolin Scientific AB, Gothenburg, Sweden). Before each
measurement, the sensor chip surfaces were rinsed with water and
ethanol, dried with nitrogen gas, and treated with oxygen plasma for 1
min (SiO3) or 3 min (TiO3) in an Expanded Plasma Cleaner (PDC-002,
Harrick Plasma, Ithaca, NY). Sample solutions were added continuously
into the measurement chamber using a peristaltic pump (Reglo Digital
MS-4/6, Ismatec, Glattbrugg, Switzerland) at a nominal rate of 50 uL/
min. Each measurement chamber was maintained at the temperature of
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Fig. 1. Molecular structures of DOCP and DOPC lipids. Note the difference in headgroup chemistry while the chains are equivalent.
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25.0 + 0.5 °C. The shifts in resonance frequency (Af) and energy dissi-
pation (AD) of the sensor chips were recorded as a function of time at
odd overtones. The presented data are from the 5™ overtone and were
normalized according to the overtone number. Data processing was
completed using the Q-Tools (Biolin Scientific AB) and OriginPro (Ori-
ginLab, Northampton, MA) software programs.

2.4. Dynamic light scattering (DLS)

The DLS technique was employed to measure the size distribution of
suspended lipid vesicles, as previously described [27]. A 90Plus particle
size analyzer instrument (Brookhaven Instruments Corporation, Holts-
ville, NY) with a 658.0 nm monochromatic laser was used and the
scattered light at 90° was measured. The mean hydrodynamic diameter
and standard deviation of the vesicles were obtained from five mea-
surements. For each DLS experiment, the stock vesicles were diluted to
0.1 mg/mL and vesicle stability was assessed by measuring vesicle size
as a function of incubation time in the appropriate buffer solution. The
time at which the vesicles were diluted is indicated as t = 0 min.

2.5. Fluorescence recovery after photobleaching (FRAP)

Lateral lipid diffusivity in SLBs was measured using the fluorescence
recovery after photobleaching (FRAP) technique, as previously
described [28]. For FRAP experiments, 0.5 mol% fluorescent lipid (Liss
Rhod PE) was included in the precursor lipid vesicles and experiments
were conducted in a flow-through microfluidic chamber. Liquid sample
introduction was fixed at a flow rate of 50 uL/min by a peristaltic pump
(Reglo Digital MS-4/6). Upon SLB formation, a 20 um diameter circular
spot in the SLB was photobleached for 5 s with a 532 nm, 100 mW laser
(Coherent Inc., Santa Clara, CA). Time-lapse image snapshots were then
collected from minus 1 s (before bleaching) to 120 s at 2 s intervals to
monitor recovery of the fluorescence signal. The diffusion coefficient of
lateral lipid mobility was calculated by the Hankel transform method
[29]. The mean and standard deviation of diffusion coefficient values
were obtained from at least five different SLB regions per condition. All
measurements were conducted at room temperature (~25 °C).

3. Results and discussion
3.1. Experimental design

Experiments were performed in 10 mM Tris buffer (pH 7.5) con-
taining 150 mM NaCl without or with 5 mM MgCl, or CaCls. The tested
lipid compositions were inspired by our past study [14] and chosen to
include cases where SLB formation, intact vesicle adlayer formation, or
no adsorption occurred in divalent cation-free conditions. In particular,
we previously demonstrated that, for vesicles composed of a mixture of
DOCP and DOPC lipids, an intact vesicle adlayer was formed on TiO; for
vesicles containing 25 mol% DOCP, while SLB formation occurred on
TiOs for vesicles containing > 50 mol% DOCP. On the other hand, SLB
formation occurred on SiO; for vesicles containing < 25 mol% DOCP
whereas no adsorption occurred on SiO; for vesicles containing > 50
mol% DOCP. Thus, we selected 100 mol% DOCP lipid vesicles along
with 25/75 mol% DOCP/DOPC and 12.5/87.5 mol% DOCP/DOPC as
three representative compositions to test the effects of divalent cations
on modulating vesicle adsorption behavior.

3.2. Vesicle stability measurements

We initially characterized the effects of divalent cations on DOCP
lipid vesicle properties in solution by dynamic light scattering (DLS)
measurements. As mentioned above, it has been previously observed
that Ca®"ions induce aggregation of 100 mol% DOCP lipid vesicles by
forming ion bridges between DOCP lipid headgroups [1]. To expand on
this observation, we investigated the size stability of the three tested
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vesicle compositions in the presence of Mg?* or Ca%* ions. Control ex-
periments and the initial preparation of the stock vesicle samples were
performed in equivalent buffer solution without divalent cations. Before
each measurement series, an aliquot of the stock vesicle sample was
diluted in the appropriate buffer. Upon dilution, DLS measurements
were conducted periodically over a 120-min timespan.

Fig. 2A presents the results of DLS measurements using 100 mol%
DOCP lipid vesicles in different buffer conditions. No vesicle aggregation
was observed in the control case, as indicated by a consistent vesicle
diameter of ~70 nm across the entire timespan. In the Mg?*case, the
vesicle size increased immediately after dilution (¢t = 0 min) from ~70
nm to ~1200 nm, indicating vesicle fusion/aggregation due to the
presence of Mg2Tions. A continual increase in vesicle size was observed
and, after 120 min of incubation, the mean diameter was around ~2000
nm. In the Ca®*case, a similar trend of increasing vesicle size and ag-
gregation was observed, changing from ~70 nm to ~1260 nm imme-
diately upon dilution and reaching ~2175 nm by the end of the 120-min
incubation period. Thus, both types of divalent cations rapidly promoted
aggregation of 100 mol% DOCP lipid vesicles in solution.

By contrast, Mg?*and Ca?* did not cause appreciable vesicle fusion/
aggregation of 25/75 mol% DOCP/DOPC lipid vesicles (Fig. 2B). The
size of the vesicles remained stable at ~70 nm over the whole incubation
period in the control case, indicating no aggregation. Immediately after
dilution in Mg?*-containing buffer, the vesicle size increased slightly
from ~70 nm to ~83 nm, and remained consistent at ~108 nm from 30
min onwards. In the Ca®*case, the initial size increase was comparable
to that in the Mg>*case and a stable size around ~92 nm was achieved
after 15 min. Since the vesicles had 75 mol% zwitterionic DOPC lipids,
the negative surface charge of the lipid vesicles along with the exposed
phosphate group density was insufficient for the divalent cations to
induce bridging-related vesicle aggregation.

In addition, for 12.5/87.5 mol% DOCP/DOPC lipid vesicles, the
measurement results showed no size increase in all cases (Fig. 2C). The
average vesicle size was ~70 nm over the entire incubation period,
indicating that the bridging effect of the divalent cations is negligible at
12.5 mol% DOCP. Altogether, the DLS results support that the bridging
effect of divalent cations on DOCP lipid vesicles in solution is reduced
with decreasing DOCP molar fraction: while 100 mol% DOCP lipid
vesicles aggregated in bulk solution, the 25/75 mol% DOCP/DOPC lipid
vesicles experienced only minor size changes and 12.5/87.5 mol%
DOCP/DOPC lipid vesicles negligible size changes.

In addition to bridging-related vesicle aggregation effects, it is
noteworthy that divalent cations can influence the mechanical proper-
ties of solution-phase, individual lipid vesicles. Indeed, it has been re-
ported that divalent cations tend to increase membrane rigidity and
phase transition temperature while also inducing membrane phase
separation in some cases [30-32]. For negatively charged lipid vesicles,
electrostatic interactions are mainly responsible for the binding of
divalent cations to anionic lipid headgroups, which can contribute to an
increase in membrane rigidity [33,34]. By contrast, for zwitterionic lipid
vesicles, divalent cations enhance membrane rigidity at high concen-
trations exceeding 1 M but typically exhibit negligible effects at lower
concentrations [35,36]. In the context of our experimental conditions,
we can infer from these previously reported trends that individual 100
mol% DOCP lipid vesicles would possibly be more rigid in the presence
of divalent cations compared to 25/75 mol% DOCP/DOPC lipid vesicles
and 12.5/87.5 mol% DOCP/DOPC lipid vesicles but bridging-related
aggregation appears to be the dominant factor driving fusogenicity in
line with the DLS results.

3.3. Vesicle adsorption kinetics

We next studied the effects of divalent cations on DOCP lipid vesicle
adsorption onto TiO2 and SiO; surfaces by performing QCM-D experi-
ments. The QCM-D technique tracks the kinetics of vesicle adsorption by
measuring changes in resonance frequency (Af) and energy dissipation
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Fig. 2. DLS measurements of vesicle stability in presence of divalent cations. The mean diameter of vesicles was measured as a function of incubation time for (A)
100 mol% DOCP vesicles, (B) 25/75 mol% DOCP/DOPC vesicles, and (C) 12.5/87.5 mol% DOCP/DOPC vesicles. Stock vesicles prepared and diluted in buffer
without divalent cations were used for the control measurements (black lines with squares). The stock vesicles were then diluted in the appropriate buffer and the
vesicle size was measured periodically over the incubation period of 120 min. t = 0 min indicates the time point when vesicles were diluted. The mean =+ standard

deviation are reported from five technical replicates.

(AD) as a function of time. The mass of the adsorbed lipid layer is related
to the Af shift and its viscoelastic properties are reflected in the AD shift
(relative to a buffer baseline, Af = ~—25 Hz and AD < 1 x 1076 are
typical for a complete SLB) [37]. In all experiments, a baseline signal
was first established in the appropriate buffer without vesicles. The
buffer used in the control experiments had no divalent cations. Next, 0.1
mg/mL vesicles in an identical buffer were added at t = 5 min until
reaching stable responses. Then, a buffer washing step was performed
for 10 min to remove weakly adsorbed lipids. The final Af and AD after

A 100 mol% DOCP TiOz
0-
__-10-
£ -204 «={J=Control
= =O=MgCl,
5 -30- ={=CaCl,
-40 4
— 4- I I
g 5
a 2
< 4]
o- 1 ) 1
0 10 20 30 40
Time (min)
C 100 mol% DOCP
25] < gAarTio,
7‘/ gAsio,
E-zo- %
2 -15- %
c
o /
3 -10- %
o
< s % 7] 1
= / %
7 ook

Control MgCl, CaCl,

buffer washing are reported below.

3.3.1. Vesicles containing 100 mol% DOCP lipid

Figs. 3A and 3B show the adsorption kinetics of 100 mol% DOCP
vesicles on TiOy and SiO, surfaces, respectively. The final Af and AD
shifts are also summarized in Figs. 3C and 3D, respectively. On TiO,, SLB
formation occurred in the control case (no divalent cations) and the
corresponding Af and AD shifts were around —25 Hz and 0.2 x 1076,
respectively. In the Mg?* case, nearly negligible vesicle adsorption
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Fig. 3. QCM-D measurements tracking 100 mol% DOCP lipid vesicle adsorption onto TiO, and SiO, surfaces and divalent cation effects. Frequency (Af) and energy
dissipation (AD) shifts were tracked as a function of time on (A) TiO, and (B) SiO, surfaces. The baseline was established in appropriate buffer and vesicles were
added at t = 5 min. The control experiment was conducted in buffer without divalent cations. Summary of final (C) Af and (D) AD shift values for vesicle adsorption
in different buffer conditions. The mean =+ standard deviation are reported from three independent measurements.
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occurred and the final Af and AD shifts were about —6 Hz and 0.2 x
1075, respectively. There was even lower vesicle adsorption in the
presence of Ca?* and the resulting Af and AD shifts were around —2 Hz
and 0.5 x 107°, respectively. In the presence of both divalent cation
types, vesicle-vesicle interactions in the bulk solution are heightened as
shown above, leading to greater aggregation that likely impeded the
interaction of individual vesicles with the oxide surfaces and thus
negated SLB formation through typical adsorption pathways.

Likewise, on SiO3, 100 mol% DOCP lipid vesicles did not adsorb in
the absence of divalent cations, as indicated by Af and AD shifts around
—0.3Hz and 0.3 x 107°, respectively, for the control case. This result is
expected since the interaction between DOCP lipid vesicles and SiOg is
repulsive [3,14]. In the presence of Mg?*, vesicles adsorbed weakly,
with final Af and AD shifts around —5 Hz and 2.1 x 107, respectively.
As in the TiO4 case, even weaker adsorption occurred in the presence of
Ca?" and the final Af and AD shifts were around —2 Hz and 1.0 x 10°°,
respectively. Interestingly, compared to the control case on SiO,, diva-
lent cations slightly aided DOCP lipid attachment to the SiO, surface but
the effect was still minor.

Across both surfaces, it is also interesting that Mg?* ions tended to
cause larger Af and AD shifts than Ca®" ions. The effect was most
evident in the AD shift response, suggesting that the attached lipid
molecules were in a loosely packed configuration since rigid adlayers
such as a complete SLB typically result in AD shifts below 1 x 107%[37].
Nevertheless, divalent cations impeded 100 mol% DOCP lipid vesicle
adsorption on both surfaces, supporting that it is preferable to form
DOCP SLBs on TiO; in the absence of divalent cations and suggesting
that other ways be developed to improve DOCP lipid attachment on
SiO,.

To rationalize the lack of vesicle adsorption observed in the presence

A 0-25mol% DOCP _u_ncno:t:,:’
0 1I0 T|meZI(()m|n) 3I0 40
C 25 mol% DOCP :
754 e,
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of divalent cations, there are two possible contributing factors in terms
of vesicle-surface interactions and bulk vesicle diffusion. First, it should
be emphasized that the adsorption of negatively charged lipid vesicles
must overcome electrostatic and steric-hydration repulsive forces with
oxide surfaces, even in cases where the primary binding mode of
eventual lipid attachment is covalent [14]. In the case of 100 mol%
DOCP lipid vesicles, divalent cations directly bind to the exposed
phosphate headgroups, which causes vesicle aggregation and potentially
charge neutralization or even conferral of positive charge to the
lipid-cation fused aggregates. On the other hand, divalent cations also
bind to the oxide surface [38] and render it more positively charged,
which could potentially lead to electrostatic repulsion between the
lipid-cation aggregates and oxide surface. In addition, the significant
increase in the size of vesicle aggregates caused by divalent cations and
corresponding decrease in the number of diffusing species may hinder
appreciable lipid attachment to the surface within the experimental time
scale.

3.3.2. Vesicles containing 25 mol% DOCP lipid

Fig. 4 presents the adsorption kinetics of 25/75 mol% DOCP/DOPC
lipid vesicles on TiO2 and SiO surfaces along with summarized final Af
and AD shift values. Vesicles adsorbed onto TiOo, leading to final Af and
AD values around —63 Hz and 7 x 107, respectively, in the control case
(Fig. 4A). A slight inflection point in the adsorption kinetics indicates
incomplete rupture of adsorbed vesicles and occurs due to release of
hydrodynamically coupled solvent from vesicle interiors upon rupture
[39]. In the Mg2+ case, vesicle adsorption also occurred and caused final
Af and AD shifts around —41 Hz and 3 x 1075, respectively. The in-
flection point was more pronounced, indicating more extensive vesicle
rupture upon reaching a critical coverage of adsorbed vesicles on the
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Fig. 4. QCM-D measurements tracking 25 mol% DOCP lipid vesicle adsorption onto TiO, and SiO, surfaces and divalent cation effects. The lipid composition of the

vesicles was 25/75 mol% DOCP/DOPC and the panels are depicted as in Fig. 3.
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surface. Interestingly, in the Ca?* case, an SLB was formed with a clearly
demarcated inflection point indicative of two-step kinetics, i.e., vesicles
adsorbed until reaching a critical surface coverage followed by sponta-
neous rupture. The final Af and AD values were around —26 Hz and 0.5
x 107, respectively, which indicate SLB formation [37]. Together,
these results indicate a transition in adsorption pathway across the three
cases from weak vesicle rupture in the control case to more appreciable
vesicle rupture in the Mg?* case to complete vesicle rupture and SLB
formation in the Ca®" case.

Of note, a lower critical surface coverage of adsorbed vesicles was
needed to trigger 25 mol% DOCP lipid vesicle rupture on TiO» in the
presence of Ca®" ions since the inflection point occurred at Af ~ —54 Hz
and AD ~ 4 x 107° for that case. By contrast, the inflection point
occurred at Af ~ —64 Hz and AD ~ 5 x 107% in the presence of Mg?*
ions, which indicate a higher necessary surface coverage. This finding is
consistent with past reports discussing how Ca* ions improve vesicle-
surface interactions to a greater extent than Mg2+ ions for zwitterionic
DOPC lipid vesicles on TiO» and SiO» surfaces [20].

On SiO,, one-step adsorption kinetics with final Af and AD shift
values around —24 Hz and 1.5 x 107°, respectively, were observed in
the control case (Fig. 4B). The large AD shift indicated lipid adsorption
occurred, albeit without complete SLB formation. That is, the corre-
sponding QCM-D adsorption kinetics indicate that at least some adsor-
bed lipid vesicles remain unruptured as complete SLB formation
typically results in final AD shifts less than 1 x 10~® [37]. In marked
contrast, there was a clear transition to two-step adsorption kinetics in
the presence of divalent cations. In those cases, vesicles adsorbed onto
the surface until reaching a critical surface coverage, as denoted by in-
flection points in the QCM-D signals. The Af and AD shift values at the
critical coverage in the Mg?* case were around —36 Hz and 2.5 x 1075,
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respectively, and in the Ca®* case were around —33 Hz and 2 x 1075,
respectively. The smaller critical coverage values in the Ca®" case points
to a greater extent of vesicle deformation due to stronger vesicle-surface
interactions [40]. In both divalent cation cases, the final Af and AD shift
values indicated SLB formation (Af ~ —25 Hz and AD ~ 0.2 x 10~%).

These results show that divalent cations increased the vesicle-surface
interaction strength on both surfaces and led to successful SLB formation
on TiO, with Ca?* and on SiO, with both Mg?* and Ca?* (Figs. 4C,D).
The distinct effects of Mg+ and Ca" ions in promoting SLB formation in
a surface-selective manner support that lipid-ion-surface bridging in-
teractions play an important role in driving vesicle-surface interactions
in an ion type-specific manner. Furthermore, compared to 100 mol%
DOCP lipid vesicles, 25 mol% DOCP lipid vesicles are stable in the
presence of divalent cations according to the DLS data, which indicates
that aggregation mediated by vesicle-vesicle interactions in the bulk
solution are negligible in this system.

3.3.3. Vesicles containing 12.5 mol% DOCP lipid

Fig. 5 presents the adsorption kinetics of 12.5/87.5 mol% DOCP/
DOPC lipid vesicles on TiO5 and SiO» surfaces along with summarized
final Af and AD shift values. On TiO5, one-step adsorption kinetics with a
monotonic decrease in the Af signal and corresponding increase in the
AD signal were observed until saturation was reached (Fig. 5A). The
final Af and AD shifts in the control case were around —131 Hz and 9 x
1075, respectively, whereas they were around —141 Hz and 9 x 107°,
respectively, in the Mg2+ case. The adsorption kinetics and response
magnitudes are consistent with intact vesicle adlayer formation
[41-43]. Similar results were obtained in the Ca2* case with one key
caveat. While the responses in the Mg>" case were larger than in the
control case, the responses were smaller than the control case in the

Fig. 5. QCM-D measurements tracking 12.5 mol% DOCP lipid vesicle adsorption onto TiO, and SiO, surfaces and divalent cation effects. The lipid composition of the
vesicles was 12.5/87.5 mol% DOCP/DOPC and the panels are depicted as in Fig. 3.
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Ca?" case. The corresponding Af and AD shifts were around —109 Hz
and 7 x 10_6, respectively, and indicate that Ca®* caused more exten-
sive deformation of adsorbed vesicles on TiO; due to stronger
vesicle-surface interactions. Of note, while there are DOCP-TiO,
bonding interactions in this case, the tether-like bond density is not
sufficiently large to trigger vesicle rupture and divalent cations do not
appear to enhance this effect appreciably.

On SiO,, SLB formation with two-step kinetics was observed in all
cases, with typical final Af and AD values around —26 Hz and 0.5 x
1075, respectively (Fig. 5B). At the inflection point denoting the critical
coverage, the Af and AD shifts in the control case were around —58 Hz
and 5 x 1075, respectively. Smaller critical coverage values occurred in
the presence of Mg2+ (Af ~ —44 Hz and AD ~ 4 x 10~%) and Ca?* (Af ~
—40 Hz and AD ~ 3 x 10_6) ions, indicating that both divalent cation
types caused more extensive vesicle deformation on SiO, and also
accelerated the SLB formation process. In summary, the 12.5 mol%
DOCP lipid vesicles form intact vesicle adlayers on TiO, and SLBs on
SiO9, with divalent cations modulating the extent of vesicle-surface in-
teractions and corresponding kinetic processes (Figs. 5C,D).

Together, the QCM-D data support that divalent cations impede 100
mol% DOCP lipid vesicle adsorption on both surfaces, whereas they
enable SLB formation for 25 mol% DOCP lipid vesicles on both surfaces
except in the case of MgZ" on TiO, (Fig. 6). On the other hand, 12.5 mol
% DOCP lipid vesicles adsorb and remain intact on TiO; while divalent
cations have only slight effect in that case. Additionally, divalent cations
accelerate SLB formation on SiO5 for 12.5 mol% DOCP lipid vesicles.

3.4. Lipid attachment

We also measured the extent of lipid adlayer remaining on the oxide
surfaces after ethanol washing, which removes weakly adsorbed lipid
molecules except for those firmly attached by covalent or other strong
noncovalent forces. The amount of remaining lipid was judged by QCM-
D measurements whereby ethanol washing was performed after vesicle
adsorption in buffer, followed by exchange back to buffer solution at the
end. The resulting Af shift values were compared relative to the original
buffer baseline. In the case of DOCP SLBs on TiO, surfaces, the ethanol
washing step removes the upper leaflet while the lower leaflet (mono-
layer) remains attached on the sensor surface, for example [14]. In cases
where negligible vesicle adsorption occurred, the final Af shifts were
directly reported from the adsorption data.

Fig. 7 presents the final Af shifts of adsorbed lipid layers on TiO, and
SiO, surfaces. As a guiding reference, for a typical self-assembled
monolayer, the final Af shift ranges from around —10 to —15 Hz
(roughly in the range of —13 Hz depending on chain properties) [39].
Based on this criterion, there was monolayer formation on TiO3 with 100
mol% DOCP vesicles in the control case and the final Af shift after
ethanol washing was around —13 Hz (Fig. 7A). By contrast, in the Mg?"
and Ca®" cases, there was negligible lipid attachment, which stems from
the lack of vesicle adsorption in the corresponding buffer solutions in
those cases. For 25/75 mol% and 12.5/87.5 mol% DOCP/DOPC lipid
vesicles, the final Af shifts fell within the monolayer range in all cases,
indicating strong lipid-surface attachment. Although SLB formation did
not occur in the control and Mg?* cases for 25/75 mol% DOCP/DOPC
lipid vesicles and in all cases for 12.5/87.5 mol% DOCP/DOPC vesicles,
the final Af shifts after ethanol rinsing were similar to cases where SLB
formation occurred and are consistent with monolayer formation. This
finding supports that strong lipid attachment is still possible on TiO5 in
spite of insufficiently strong vesicle-surface interactions that are neces-
sary to trigger complete vesicle rupture.

Fig. 7B presents the corresponding results for lipid attachment on
SiO; after ethanol washing. Interestingly, the final Af shifts for the 25/
75 mol% and 12.5/87.5 mol% DOCP/DOPC lipid vesicle cases indicated
that the remaining attached lipids had values within the range of
monolayers, supporting that the lipids are firmly attached to the SiOy
surface. While DOCP lipids do not form covalent bonds with SiOy
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Fig. 6. Schematic summary. Self-assembly outcomes for DOCP lipid-containing
vesicles on TiO, and SiO, surfaces in the absence and presence of diva-
lent cations.

surfaces [3], the outward presentation of the phosphate group plays a
key role in the strong attachment whereas typical, zwitterionic DOPC
lipids are fully washed away from the SiO; interface upon ethanol
rinsing. Specifically, the outward-facing phosphate group of DOCP lipids
likely forms a strong hydrogen-bonding interaction with the SiOz sur-
face (~14 kcal/mol per hydrogen bond) [44].

We were intrigued by strong DOCP lipid attachment on SiO surfaces
and further investigated that system, focusing on the 25/75 mol%
DOCP/DOPC lipid vesicle case since the vesicle-surface interaction was
sufficient to trigger vesicle rupture and SLB formation in both divalent
cation cases. After SLB formation in the presence of Mg?* or Ca®*, an
equivalent buffer containing 5 mM ethylenediaminetetraacetic acid
(EDTA), which is known to chelate Mg2+ and Ca?" ions, was injected to
remove divalent cations, followed by another exchange step to equiva-
lent buffer without EDTA and then the ethanol washing step, followed
by final buffer exchange.

Fig. 8 presents QCM-D

and fluorescence recovery after
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SiO, after ethanol wash and subsequent buffer wash. The shifts are reported relative to baseline measurements in equivalent buffer prior to vesicle addition, and the
Af shifts correspond to the lipid layer that remains bound on the surface. The shaded region represents the typical range of Af shifts for a lipid monolayer. The mean
+ standard deviation are reported from three independent measurements.
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Fig. 8. Effect of divalent cation removal on adlayer properties of DOCP/DOPC supported lipid bilayers. Supported lipid bilayers (SLBs) were fabricated on SiOy
surfaces by utilizing 25/75 mol% DOCP/DOPC lipid vesicles. In the QCM-D experiments, the baseline signal was established in buffer without divalent cations. The
buffer was then switched to buffer with divalent cations (5 mM MgCl; or CaCl,) and vesicles were added in equivalent buffer to form the SLB, followed by washing
with the same buffer (without vesicles). Afterwards, for the “With EDTA” group (blue color), the following steps were performed: (i) injection of buffer containing 5
mM EDTA, (ii) injection of buffer without divalent cations, (iii) ethanol wash, and (iv) injection of buffer without divalent cations. The final frequency (Af) shifts
corresponding to (A) SLB formation [prior to step (i)] and (B) the remaining lipid adlayer after ethanol washing [after step (iv)]. For the “Without EDTA” group (red
color), similar experiments were performed without step (i). The mean + standard deviation are reported from three measurements. (C) FRAP images of fluorescently
doped SLB before and after EDTA treatment (blue and red colors, respectively). After SLB fabrication, the FRAP experiment was first performed in the same buffer
containing divalent cations and again performed after EDTA treatment and exchange to equivalent buffer solution without divalent cations. The scale bars are 20 pm.
(D) Corresponding diffusion coefficients of lateral lipid mobility for the SLBs presented in panel (C). The mean + standard deviation are reported from five
measurements.
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photobleaching (FRAP) characterization data of the fabricated SLBs and
resulting lipid adlayers (due to ethanol washing) without or with EDTA
treatment. The QCM-D data indicated that EDTA treatment and resulting
divalent cation removal did not appreciably affect the measured Af shifts
corresponding to the SLB properties (Fig. 8A). Similarly, the removal of
divalent cations did not have a strong effect on the remaining lipid
adlayer properties after ethanol washing (Fig. 8B). In the Ca* case, the
Af shifts tended to decrease from approximately —14 Hz to —11 Hz but
no effect was observed in the Mg+ case. Interestingly, the final Af shifts
in the Mg2*case in this experimental series were slightly higher than the
typical monolayer range and may relate to Mg?" enhancing DOCP-SiO5
interactions by acting as a bridging ligand.

To further characterize the SLB formed on SiO5 formed from 25/75
mol% DOCP/DOPC lipid vesicles, FRAP experiments were also per-
formed. Fig. 8C presents time-lapse snapshots of fluorescently labeled
SLBs formed from vesicles in the Mg?*- or Ca?"-containing buffers,
either in that buffer directly after SLB formation and buffer washing
(“Before EDTA”) or after subsequent EDTA treatment and exchange to
equivalent buffer without divalent cations (“After EDTA”). The bleached
spots recovered fluorescence intensity over a 2-min period, which is
evidence of lateral lipid mobility. The diffusion coefficients in each case
were also quantified (Fig. 8D). The SLB mobility values on SiO; in the
presence of Mg?" and Ca?* were 2.28 + 0.02 ym?/sec and 2.13 + 0.03
um?/sec, respectively, which are consistent with literature values for
fluid-phase SLBs [45,46]. After EDTA treatment, the respective mobility
values were 2.44 + 0.03 pm?/sec in the Mg?" case and 2.64 + 0.02
pm?/sec in the Ca?* case, which equated to mobility increases of ~7 %
and ~24 %. Thus, a modest increase in the diffusion coefficients
occurred upon removal of divalent cations while the effect was modest
and supports that divalent cations enhance DOCP-SiO; interactions but
do not impede SLB fluidity.

Regarding the ability to control SLB fabrication on TiO3 and SiOs
surfaces by using divalent cations, we would like to further emphasize
that nanomechanical stability is another important design factor in
addition to forming the SLB coating itself [47,48]. In particular, it has
been discussed how chemical and topographical modulation of the un-
derlying substrate can influence the thermal and osmotic stability of
hybrid SLBs composed of zwitterionic phospholipids due to variations in
how the lower leaflet [ie., the self-assembled monolayer (SAM)] is
organized [49]. Extending such studies to phosphate-functionalized
SAM molecules, including DOCP and single-chain analogues, on flat
surfaces and more topographically complex ones is warranted to further
unravel how hybrid SLB stability is influenced in general and by the
presence of divalent cations in particular.

Conclusion

Recent progress in the nanobioscience field has demonstrated that
CP lipid coatings have attractive merits such as facilitating versatile
chemical functionalization options and durable attachment to certain
materials. However, a key limitation of CP lipids is that they only form
SLB coatings on a limited range of materials whereas they do not attach
to other commonly used materials like SiO,. Controlling the molecular
self-assembly of CP lipids on inorganic material interfaces has been the
focus of ongoing research and an interplay of covalent and noncovalent
forces is known to drive the vesicle adsorption process and dictates the
self-assembly outcome. In the present study, we have identified that a
third factor — ionic bridging interactions between vesicles and surfaces
that are mediated by divalent cations — can play a crucial role in
transforming the self-assembly pathway. For example, divalent cations
prevent vesicle adsorption in cases where SLBs would form otherwise,
and they can also enable SLB formation on both TiO; and SiO; surfaces
under the same conditions whereas CP lipids typically have repulsive
interactions with SiO,. While the fabricated SLBs demonstrated high
lateral fluidity values, the ability to easily remove the divalent cations
post-fabrication can further enhance fluidity and enables tunable
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control over the lipid membrane platform design and environmental
conditions.
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