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ABSTRACT

Inverse-phosphocholine lipids such as DOCP are intriguing biomolecules for surface functionalization
because they can form supported lipid bilayers (SLBs) on titania surfaces but adsorb weakly on silica sur-
faces. Interestingly, these trends are nearly opposite to those of conventional phosphocholine lipids,
motivating deeper investigation of how environmental parameters affect DOCP lipid vesicle adsorption
phenomena. Herein, we systematically investigated how solution pH (4, 6, 8, 10) and ionic strength
(50, 150, 250 mM Nacl) influence DOCP lipid vesicle adsorption behavior on titania and silica surfaces.
On titania, DOCP lipid vesicles either adsorbed and ruptured to form a covalently attached SLB (acidic
pH), adsorbed but did not rupture (basic pH with high salt), or did not adsorb (basic pH with low salt).
Conversely, on silica, a narrow range of acidic pH, high-salt conditions triggered DOCP lipid vesicle
adsorption and rupture to form a noncovalently attached SLB whereas negligible adsorption occurred
in other conditions. The corresponding energetics of the vesicle-surface interaction and lipid attachment
properties were analyzed and clarify how the interplay of solution pH and ionic strength modulates DOCP
lipid vesicle adsorption behavior. Based on these insights, we identified suitable strategies to fabricate
covalently and noncovalently stabilized inverse-phosphocholine lipid bilayers on oxide surfaces.

© 2023 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Supported lipid bilayers (SLBs) are two-dimensional lipid
bilayer interfaces that form on oxide surfaces and are widely used
for biomimetic surface functionalization of bulk surfaces and
nanoparticles, both in terms of preventing biofouling and improv-
ing surface modification possibilities in an orthogonal manner [1-
4]. SLB coatings composed of zwitterionic phosphatidylcholine (PC)
lipids are the most popular type because they can prevent non-
specific protein adsorption [5] and cell attachment [6]. Typically,
the SLB formation process depends on the adsorption and sponta-
neous rupture of PC lipid vesicles on hydrophilic, silica-based
materials like silica and mica [7-9]. The rupture process is princi-
pally driven by a sufficiently strong vesicle-substrate interaction
that causes deformation of adsorbed vesicles to induce rupture
via one or more self-assembly pathways [10-12]. However, PC
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lipid vesicles adsorb but do not rupture on a wide range of metal
oxide surfaces, implying that the vesicle-substrate interaction is
weaker in those cases [13,14]. One prominent example is titania
[15-17], which has broad relevance for medical applications such
as implant coatings [18]. To facilitate SLB formation on titania,
numerous approaches have been devised to promote vesicle rup-
ture, either through peptide-induced membrane destabilization
[19] or by increasing vesicle-substrate interaction strength [20].
The latter approach can be achieved by changing the solution pH
[21], adding divalent cations [22], or incorporating charged lipids
into the vesicle composition [23-25]. In all these cases, however,
the range of suitable lipid compositions is limited and the SLB plat-
forms are weakly attached on account of being stabilized by non-
covalent forces alone.

To address these shortcomings, the design of functionalized
lipids that enable covalent anchoring of SLBs on titania is an
emerging SLB fabrication strategy [26]. Perttu et al. reported the
synthesis of zwitterionic, inverse-phosphocholine (CP) lipids that
- compared to conventional PC lipids - have a reverse charge ori-
entation with the phosphate group pointed outward [27]. This free
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phosphate group can covalently attach to various metal oxide
nanoparticle surfaces [28,29]. Wang et al. first demonstrated the
practical utility of coating metal oxide nanoparticles with 2-((2,3
-bis(oleoyloxy)propyl)dimethylammonio)ethyl hydrogen phos-
phate (DOCP) lipids in this class [30]. While DOCP lipids attach
to titania surfaces via covalent bond formation, these lipids display
only weak attachment to silica surfaces [30]. Interestingly, DOCP
SLBs can form on a wide range of other types of metal oxide
nanoparticles [31] as well as on planar titania surfaces [32-34].
Recent evidence also points to the interplay of covalent and nonco-
valent forces in dictating the outcome of DOCP lipid vesicle-
substrate interactions on titania, i.e., intact vesicle adsorption or
SLB formation, while corresponding interactions on silica were
generally unfavorable [32].

Motivated by these findings, it is important to determine how
environmental factors like solution pH and ionic strength affect
DOCP lipid vesicle-substrate interactions and whether modulating
such factors might overcome apparent surface specificities and
enable DOCP SLB formation on silica surfaces as well. Indeed, in
addition to serving as durable coatings for biosensing and medical
implant applications [33], CP lipid-based coatings are receiving
industrial attention as biocompatible drug delivery vehicles and
coatings amenable to surface modification [35-38] and click chem-
istry in vivo [39], as well as surface coatings for organic and inor-
ganic theragnostic and imaging probes [31,40]. As silica is an
important material for biomedical applications, demonstrating
the feasibility to fabricate CP-based SLBs on silica surfaces would
establish an important proof-of-principle while further laying the
groundwork to expand the usage of DOCP lipid bilayer coatings
in different application settings.

The aim of the present study was to systematically investigate
how solution pH and ionic strength influence DOCP lipid vesicle
adsorption onto titania and silica surfaces. Quartz crystal
microbalance-dissipation (QCM-D) measurements were conducted
to measure vesicle adsorption kinetics and to characterize the mass
and viscoelastic properties of DOCP lipid assemblies. The QCM-D
experiments were complemented by analytical modeling based
on extended-DLVO (E-DLVO) theory to further analyze the contri-
bution of noncovalent lipid-substrate interactions in mediating
the initial adsorption step. This interfacial science approach led
us to identify suitable conditions to form covalently and noncova-
lently attached DOCP SLBs on titania and silica surfaces, respec-
tively, and we also discuss the corresponding role of noncovalent
interactions in driving spontaneous vesicle rupture along with dif-
ferent lipid attachment mechanisms.

Materials and methods
Sample preparation

2-((2,3-bis(oleoyloxy)propyl)dimethylammonio)ethyl  hydro-
gen  phosphate  (DOCP) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) lipid stocks in chloroform were obtained
from Avanti Polar Lipids, Inc. (Alabaster, AL) and stored at
—20 °C. DOCP and DOPC lipid vesicles were prepared by the extru-
sion method [41]. Briefly, a dried lipid film of specified composition
was prepared and then hydrated in an aqueous buffer (10 mM Tris,
pH 7.5 with specified NaCl concentration) to a 5 mg/mL lipid con-
centration, followed by vortexing for 3 min. Vesicles were then
extruded with a Mini-Extruder (Avanti Polar Lipids) through a
polycarbonate membrane with 50 nm-diameter pores. Before
experiment, the stock vesicles were diluted to 0.1 mg/mL lipid con-
centration in the appropriate buffer solution. All buffer solutions
were prepared with 10 mM Tris using Milli-Q-treated water (>18
MQ-cm) (Millipore, Billerica, MA) and had 50, 150, or 250 mM NaCl
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salt concentrations as specified. Solution pH adjustment was done
by adding NaOH or HCl as applicable and verified by potentiomet-
ric pH measurement (Lab 845, SI Analytics, Washington, DC) dur-
ing preparation and again immediately before experiment.

Vesicle characterization

The size distribution of DOCP lipid vesicles was measured by
the dynamic light scattering (DLS) technique using a 90Plus parti-
cle size analyzer (Brookhaven Instruments Corporation, Holtsville,
NY), as previously described [42], and the intensity-weighted size
distributions are reported. To assess vesicle stability, vesicle size
was measured as a function of incubation time and ¢ = 0 min indi-
cates the time when the vesicles were diluted initially in applicable
cases. The zeta potential values of DOCP lipid vesicles were also
measured in different buffer solutions by using an ELSZ-2000
instrument (Otsuka Electronics Co., Ltd, Osaka, Japan). Each mea-
surement set included 2 readout cycles with 10 accumulated read-
ings per cycle at a sampling rate of 400 ps/reading. For
experiments, the vesicle samples were diluted to 0.1 mg/mL lipid
concentration in the appropriate buffer solution.

Quartz crystal microbalance-dissipation (QCM-D)

QCM-D measurements were performed with a Q-Sense E4
instrument (Biolin Scientific AB, Gothenburg, Sweden) to monitor
vesicle adsorption kinetics onto titania and silica surfaces, as previ-
ously described [32]. Sputter-coated, 5 MHz crystals with 50-nm-
thick silica or titania layers (QSX no. 303 and 310, Biolin Scientific
AB) were used for all measurements. It has been previously
reported that the silica coating is amorphous while the titania
coating is mainly in the anatase phase [43]. Atomic force micro-
scopy (AFM) experiments have shown that the root-mean-square
roughness of both sensor surfaces is ~0.5 nm (see Refs. [15,44]).
Before experiment, the surfaces were rinsed with water and etha-
nol, dried with nitrogen gas, and treated with oxygen plasma by
using an Expanded Plasma Cleaner (PDC-002, Harrick Plasma,
Ithaca, NY). Liquid samples were injected into the measurement
chambers at a 50 pL/min rate by a peristaltic pump (Reglo Digital,
Ismatec, Glattbrugg, Switzerland). The temperature in the mea-
surement chambers was maintained at 25 °C throughout the
experiments. The temporal changes in QCM-D resonance fre-
quency (Af) and energy dissipation (AD) signal were tracked at
odd overtones and the normalized data at the 5th overtone are pre-
sented. In applicable cases where SLB formation occurred, the
adlayer thickness was further estimated by applying the Sauerbrey
equation [7] and taking into account the DOCP lipid molecular
weight (772 Da) along with estimated headgroup area (0.68 nm?)
and length (1.85 nm) [45].

Results and discussion
Vesicle adsorption kinetics

The surface-sensitive QCM-D technique was selected for track-
ing lipid vesicle adsorption onto the different oxide surfaces
because it is label-free, has sufficiently fast time resolution, and
is highly sensitive to the amount and structural configuration of
adsorbed lipid molecules and hydrodynamically coupled solvent
molecules [46]. This sensitivity is particularly noteworthy when
compared to other options such as the refractometric-based sur-
face plasmon resonance (SPR) and localized surface plasmon reso-
nance (LSPR) techniques that are sensitive to the mass of adsorbed
lipid molecules only and do not detect hydrodynamically coupled
solvent [47]. In past works, the QCM-D technique has demon-



T.N. Sut, S. Meker, D.J. Koo et al.

strated versatility to detect different pathways of lipid vesicle
adsorption onto surfaces, such as one- and two-step SLB formation,
irreversible and reversible intact vesicle adsorption, and negligible
adsorption [12,48].

To monitor DOCP lipid vesicle adsorption in different pH and
ionic strength conditions, QCM-D experiments were performed
on titania- and silica-coated sensor surfaces, and changes in reso-
nance frequency (Af) and energy dissipation (AD) signals due to
vesicle adsorption processes were temporally tracked [49]. Af is
related to the acoustic mass of adsorbed lipids while AD is sensi-
tive to the adsorbate’s viscoelastic properties [50]. Operationally,
a baseline signal was first established in aqueous buffer solution
for 5 min before adding 0.1 mg/mL, ~70-nm diameter DOCP lipid
vesicles in equivalent buffer solution. After the adsorption behav-
ior stabilized, a buffer washing step (without vesicles) was per-
formed. The final Af and AD shifts after buffer washing are
reported below.

In general, complete SLB formation was determined by Af and
AD shift values in the range of —25 Hz and < 1 x 1076, respectively,
relative to the buffer baseline values [50]. These values correspond
to a complete, rigid (non-viscoelastic) SLB coating, which makes it
possible to extract the areal mass density according to the Sauer-
brey model (~440 ng/cm?) and agrees well with theoretical esti-
mates of a lipid bilayer packing with ~ 100% surface coverage
that take into account lipid headgroup area and molecular weight,
as previously discussed [7]. One-step SLB formation kinetics fur-
ther indicate particularly strong vesicle-surface interactions where
individual vesicles can rupture upon adsorption, whereas two-step
SLB formation kinetics indicate that vesicle rupture only com-
menced after a critical surface coverage of adsorbed vesicles was
reached and that a combination of vesicle-surface and vesicle-
vesicle interactions was needed to trigger rupture [13]. Both one-
step and two-step formation kinetics lead to SLBs of equivalent
quality; the main difference lies in the vesicle-surface interaction
strength needed to trigger vesicle rupture. On the other hand,
intact vesicle adsorption was determined by Af and AD shift values
in excess of —60 Hz and > 3 x 1075, respectively, relative to the buf-
fer baseline values. The high energy dissipation in this case corre-
sponds to a viscoelastic adlayer, which is characteristic of intact
vesicle adlayers with coupled solvent inside the vesicle interiors
and in between the vesicles [51]. Also, the vesicle adsorption kinet-
ics showed monotonic behavior. In addition, negligible vesicle
adsorption was determined by Af and AD shift values of less than
—2 Hzand ~ 0.5 x 10°°, respectively, relative to the buffer baseline
values.

Before the QCM-D experiments, we also characterized the size
and charge properties of the extruded DOCP lipid vesicles in bulk
solution. Dynamic light scattering (DLS) measurements indicated
that the vesicles had ~ 70-nm diameter and zeta potential mea-
surements confirmed the expected negative charge, the magnitude
of which varied depending on the test condition. The correspond-
ing values were around -22 to —44 mV, —27 to —43 mV, -28 to
—46 mV, and —42 to —58 mV at pH 4, 6, 8, and 10, respectively
as the ionic strength increased from 50 to 250 mM NaCl
(Fig. S1). The specific charge of the titania and silica surfaces also
depended on the solution pH as discussed below.

pH 4

We first investigated DOCP lipid vesicle adsorption onto titania
surfaces in pH 4 conditions. At 50 mM Nacl, one-step adsorption
kinetics were observed (Fig. 1A). The final Af and AD shifts were
consistently around -23.2 + 2.3 Hz and 0.3 + 0.4 x 10°°, respec-
tively, and indicate successful SLB formation (~4.0 nm thickness)
[50]. The one-step kinetics support that individual vesicles rupture
spontaneously upon adsorption. This observation fits with the net-
positive charge of titania surfaces below its isoelectric point
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[52,53] and is also consistent with past reports of strong DOCP lipid
binding to titania nanoparticles in this pH regime [30].

Interestingly, at 150 mM Nacl, two different adsorption profiles
were observed variably (Fig. 1B). In one case, the measurement
responses pointed to SLB formation with one-step adsorption
kinetics, as demonstrated by final Af and AD shifts around —26.0

+ 1.7 Hz and 02 * 0.3 x 107 respectively, corresponding

to ~4.5 nm thickness (Fig. 1B, solid line). In the other case, the
adsorption kinetics showed more complex behavior, indicating
greater lipid adsorption with final Af and AD shifts around —54.1
+5.4 Hz and 8.0 + 1.8 x 107°, respectively (Fig. 1B, dashed line).
Both kinetic profiles were repeatedly observed, and this variable
interaction behavior was attributed to aggregation of solution-
phase vesicles, as indicated by DLS experiments (Fig. S2 and Sup-
plementary Discussion). Since hydronium ions can form strong,
long-lived hydrogen bonds with multiple phosphate groups [54]
and hence act like a bridging ligand, it is plausible that the unique
molecular features of the DOCP lipid headgroup (i.e., phosphate
group pointed outwards from the vesicle surface) contribute to
hydronium ion-induced vesicle aggregation. Notably, the extent
of vesicle aggregation occurs in an ionic strength-dependent man-
ner, whereby a higher bulk NaCl salt concentration translates into
more sodium ions competitively binding in a monovalent manner
to the phosphate groups [55] of the DOCP lipid vesicle surface and
hence less vesicle aggregation occurs. In addition to the aforemen-
tioned cases, at 250 mM NacCl, one-step adsorption kinetics were
consistently observed and final Af and AD shifts of —26.2 + 0.9 H
z and 0.2 x 105, respectively, indicate SLB formation (~4.6 nm
thickness) (Fig. 1C). Altogether, the results support that SLB forma-
tion occurs on titania at pH 4 largely independently of ionic
strength, and it is preferable to use relatively low (50 mM NacCl)
or high (250 mM NaCl) salt concentrations for reproducibility.

Conversely, on silica, we observed that DOCP lipid vesicle
adsorption was negligible at 50 mM NaCl, with final Af and AD
shifts of —1.8 + 0.6 Hz and 0.6 + 0.5 x 107°, respectively (Fig. 1D).
Since silica has an isoelectric point around pH 2 (ref. [56]), it has
a negative surface charge at pH 4, which contributes to electro-
static repulsion with negatively charged DOCP lipid vesicles. With
increasing salt concentration, greater charge-shielding can occur
and vesicle adsorption was observed at 150 mM NaCl (Fig. 1E).
As with the titania case, multiple adsorption profiles were
observed at this ionic strength condition due to vesicle instability,
including two-step vesicle adsorption and spontaneous rupture. In
that case, the final Af and AD shifts were —28.0 + 0.0 Hz and 0.4
+ 0.0 x 10, respectively, which are generally consistent with
SLB formation (~4.9 nm thickness) (Fig. 1E, solid line) [50,57]. In
the other two cases, intact vesicle adsorption or incomplete rup-
ture of adsorbed vesicles occurred, and the typical ranges of Af
and AD shifts in those cases were around —85.2 + 14.9 Hz and
20.3 + 4.4 x 105, respectively (Fig. 1E, dashed and dotted lines).

At 250 mM Na(l, SLB formation was observed consistently with
two-step adsorption kinetics yielding final Af and AD shifts of —25.
0+0.1 Hz and 0.1 £ 0.1 x 105, respectively (Fig. 1F). These values
are within the optimal range for fabricated SLBs [50], likely due to
more favorable vesicle-substrate interactions in this condition that
facilitate efficient vesicle rupture. As such, the results show that it
is possible to form DOCP SLBs on silica under acidic conditions and
the efficiency of vesicle adsorption and spontaneous rupture, and
consequently SLB formation, improves at higher ionic strengths
due to more favorable vesicle-substrate interactions.

pH 6

At pH 6, SLB formation with one-step adsorption Kkinetics
occurred on titania in all tested ionic strength conditions (Fig. 2-
A-C). At 50 mM Nadl, the final Af and AD shifts were about -23.
9 + 1.4 Hz and 0.1 £ 0.1 x 10, respectively, corresponding



T.N. Sut, S. Meker, D.J. Koo et al.

A 0+ 50 mM NacCl B
10 TiO,
N N
£ 20] ]
‘S -30 5
_40- 1 1 n 1 1
3
‘s 21 ©
o hat
a 14 a
2 rovage - . ™ oy Pl

0 5 10 15 20 25 30

Time (min)
D 4 50 mM NgCI E

2] 2

0 5 10 15 20 25 30
Time (min)

Journal of Industrial and Engineering Chemistry xxx (xXxx) xxXx

150 mM NaCl C

0+ S Na 0 250 mM NaCl
15 N\~ < 19, 0] Tio,
-30 Sy T -20]
-45 TN S -30-
-60- " n 1 " .40- 1 1 1 1 1
124 34
9] P
=7 | o 2
6 .~ -~
] S a 1
3 o < L X
0 - = - q 0 / “ A W
0 10 20 30 40 0 5 10 15 20 25 30
Time (min) Time (min)
150 mM NaCl F 0 250 mM NaCl
sio, P sio,
e e T -30]
..... ) 'S -454
1 -60- i 1 1 1 1
8
PP TR & 64
® =)
- T 4
2 2
1 1 1 1 o 1 1 1 1 1
0 10 20 30 40 50 0 5 10 15 20 25 30
Time (min) Time (min)

Fig. 1. QCM-D tracking of DOCP lipid vesicle adsorption at pH 4. Frequency, Af, (blue line) and energy dissipation, AD, (red line) shifts were monitored as a function of time
in the presence of the following NaCl salt concentrations: (A) 50 mM NacCl, (B) 150 mM Nacl, and (C) 250 mM Nacl on titania, and (D) 50 mM Nacl, (E) 150 mM Nacl, and (F)
250 mM Nacl on silica. Vesicles were added starting at t = 5 min and the baseline values were recorded in equivalent buffer solution without vesicles. The last 10-min
duration of the presented time scale in each graph corresponds to a buffer washing step. For panels B and E (150 mM NacCl case), multiple adsorption profiles were observed
and each one is plotted with a different line style (solid, dashed, dotted).
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Fig. 2. QCM-D monitoring of DOCP lipid vesicle adsorption at pH 6. The panels are depicted as in Fig. 1.

to ~4.2 nm SLB thickness. Similar values were obtained at higher
ionic strengths as well. The final Af and AD shifts were —25.4 + 0.
2 Hz and 0.1 + 0.1 x 10, respectively, at 150 mM NaCl, corre-
sponding to ~4.4 nm SLB thickness, and —25.6 + 0.8 Hz and 0.2 +
0.1 x 10, respectively, at 250 mM NaCl, corresponding
to ~4.4 nm SLB thickness. The results indicate that vesicle-
substrate interactions at pH 6 are sufficiently strong to promote

DOCP lipid vesicle rupture on titania and this pH condition is
highly efficient for fabricating DOCP SLBs. This observation is also
consistent with the near-neutral charge of the titania surface since
pH 6 is around its isoelectric point [52,53].

On the other hand, at 50 mM Nacl, there was negligible DOCP
lipid vesicle adsorption onto silica surfaces with final Af and AD
shifts of —0.9 + 0.2 Hz and 0.1 + 0.1 x 107%, respectively (Fig. 2D).
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At 150 mM NaCl, there was moderate, though still low, adsorption
with final Af and AD shifts of —8.6 + 2.4 Hz and 0.7 + 0.4 x 107,
respectively (Fig. 2E). Interestingly, at 250 mM NaCl, there was
vesicle adsorption and spontaneous rupture after reaching a criti-
cal surface coverage of adsorbed vesicles (Fig. 2F). The final Af
and AD shifts were —25.2 + 0.5 Hz and 0.1 + 0.2 x 10, respec-
tively, which indicate successful SLB formation (~4.4 nm thick-
ness). Altogether, the results show that DOCP lipid vesicle
adsorption onto silica at pH 6 is strongly dependent on the ionic
strength condition, and SLB formation is possible only at high ionic
strength conditions (e.g,, 250 mM NacCl). Considering the wide
spectrum of interaction types observed on silica at pH 6 (no
adsorption, weak vesicle adsorption, SLB formation), the data sup-
port that charge-shielding plays an important role in modulating
the vesicle-substrate interaction strength and corresponding self-
assembly behavior of DOCP lipid assemblies on silica.

pH 8

On titania, we discovered that DOCP lipid vesicle adsorption at
pH 8 is particularly sensitive to the ionic strength condition, which
likely relates to a greater negative charge of the titania surface and
corresponding charge-shielding effects. At 50 mM Nacl, there was
no vesicle adsorption on titania, as indicated by Af and AD shifts of
—0.2 £ 0.2 Hz and 0.0 x 1078, respectively (Fig. 3A). On the other
hand, at 150 mM NaCl, DOCP lipid vesicle adsorption and sponta-
neous rupture occurred after reaching a critical coverage, and SLB
formation occurred with final Af and AD shifts of —26.9 + 1.6 Hz
and 0.2 £ 0.1 x 107, respectively, corresponding to ~4.7 nm thick-
ness (Fig. 3B). Likewise, at 250 mM NacCl, SLB formation also
occurred with final Af and AD shifts of —27.0 £+ 0.7 Hz and 0.2 £ 0.
3 x 10, respectively, corresponding to ~4.7 nm thickness
(Fig. 3C). Of note, the SLB formation kinetics were more complex
in the latter case and exhibited a broader Af and a multi-step AD
response. Hence, DOCP SLBs can be formed on titania at pH 8 in rel-
atively high ionic strength concentrations, whereas essentially no
adsorption occurs at lower ionic strength conditions. These find-
ings expand on past titania nanoparticle experiments that noted
weak DOCP lipid attachment in the pH > 7 regime [30] and rein-
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force the importance of modulating the electrostatic force
magnitude.

By contrast, on silica, DOCP lipid vesicle adsorption at pH 8 was
negligible across all tested ionic strength conditions (Fig. 3D-F).
The corresponding Af and AD shifts were around —0.1 to —0.3 + 0.
5 Hz and 0.0 x 10°%, respectively. This finding is consistent with
past silica nanoparticle studies conducted at pH 7.5 (ref. [30])
and likely relates to strong electrostatic repulsion between the
negatively charged DOCP lipid vesicles and silica surface.

pH 10

At pH 10, there was negligible DOCP lipid vesicle adsorption on
titania in 50 mM NacCl, as indicated by final Af and AD shifts of —1.
0+1.2Hzand 0.2 £ 0.2 x 10°%, respectively (Fig. 4A). With increas-
ing ionic strength, there was greater vesicle adsorption but still no
rupture. At 150 mM NaCl, vesicle adsorption occurred and the final
Af and AD shifts were —61.3 + 3.6 Hz and 3.6 + 0.4 x 10°°, respec-
tively (Fig. 4B). At 250 mM NaCl, even greater vesicle adsorption
occurred, as indicated by higher Af and AD shifts of —113.4 + 1.8
Hz and 7.5 + 0.3 x 1075, respectively (Fig. 4C). Time-independent
plots of the Af and AD shifts indicated that deformation of
adsorbed vesicles is greater in the pH 10, 150 mM NaCl condition
than in the pH 10, 250 mM NacCl condition, which is consistent
with less vesicle adsorption (due to more spreading per vesicle)
and fits with the overall trend in pH- and ionic strength-
dependent effects (Fig. S3). Taken together, the results demon-
strate that pH 10 is not suitable for forming DOCP SLBs on titania
although it is possible to form intact vesicle adlayers in this regime
at higher ionic strength conditions. These findings also support
that the titania surface has a high negative charge at pH 10 and
hence charge-shielding helps to attenuate the degree of electro-
static repulsion but SLB formation is still impeded. Of note, vesicle
adsorption occurred until reaching saturation so the surface cover-
age is likely at most in the range of ~54%, which is around the jam-
ming limit [58], but such coatings are not useful for surface
functionalization on account of low stability (weak vesicle-
surface interaction) and inferior coverage (in contrast to the fabri-
cated SLBs, which have ~100% surface coverage based on the
Sauerbrey modeling analysis).
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Fig. 3. QCM-D monitoring of DOCP lipid vesicle adsorption at pH 8. The panels are depicted as in Fig. 1.
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Fig. 4. QCM-D monitoring of DOCP lipid vesicle adsorption at pH 10. The panels are depicted as in Fig. 1.
On the other hand, at pH 10, DOCP lipid vesicle adsorption onto
silica was negligible across all tested ionic strength conditions and
consistent with the data obtained at pH 8 (Fig. 4D-F). The final Af A Attraction Repulsion
and AD shifts were around —0.1 to —0.8 + 0.7 Hz and 0.0 to 0.1 + 0. / 5 3
1 x 1075, respectively. Hence, DOCP lipid adsorption does not occur E &
onto silica at pH 10 under the tested ionic strength conditions. H 5
Taken together, these findings support that SLB formation can é \/ 3
generally occur on titania at pH 4 and 6 and only in higher ionic £ £
strength conditions at pH 8, whereas there is only intact vesicle B Separation Distance Separation Distance
adsorption in high ionic strength conditions at pH 10 (see also
Table S1). Conversely, SLB formation on silica can also occur in S o 8 50 mM NaCl
. . . 28 _ & 150 mM NaCl
high strength conditions at pH 4 and 6, but no adsorption occurs S EE 250 mM NaCl
at pH 8 or 10. These results indicate that DOCP SLB formation is gBE ¢
possible on titania and silica surfaces under specific conditions, s b
which led us to investigate the energetic basis for the initial = g
vesicle-surface interaction and post-fabrication stability of 2 =
attached DOCP lipid molecules. 8 & .
p g s i TiO,|
£ uw ]
Vesicle-surface interaction energy analysis N ]
C pH4 pHé pH8 pH10
The interaction of negatively charged DOCP lipid vesicles with £ o 8- 50 mM NaCl
titania and silica surfaces was further analyzed by considering SEE 9 ;:g R nact
the interplay of different noncovalent forces that mediate the ini- g % £ 4
tial adsorption step, namely the van der Waals, double-layer elec- S a 21
trostatic, and steric-hydration forces according to extended-DLVO c 0
(E-DLVO) theory [15,57,59,60]. Specifically, the vesicle-substrate 8 > 4
contact region was modeled as two planar sheets and the total R L\E, -81 Sio
vesicle-surface interaction energy was calculated as a function of 85 = 121 10,
the separation distance between the bilayer and oxide surface in = -16+ : ] ] .
different pH and ionic strength conditions, as previously described pH4 pH6 pH8 pH10

[32] (Fig. 5A). Across this pH range, the titania surface tended to
shift from positive to negative surface charge while silica was
always negative [15,59] and the magnitude of the surface potential
also varied according to the ionic strength due to charge shielding
(Table S2). Following this approach, we plotted the total interac-
tion energy as a function of separation distance in order to identify
the minimum interaction energy, i.e., the most stable configura-
tion, corresponding to the equilibrium separation distance in each
case.

Fig. 5. Interfacial force modeling of DOCP lipid vesicle-surface interaction
energy. (A) Schematic illustration of vesicle-surface contact region and represen-
tative plots of vesicle-surface interaction energy as a function of separation distance
based on E-DLVO theory. Attractive lipid interactions relate to an energy minimum
that corresponds to an equilibrium separation distance, whereas there is no energy
minimum in cases of repulsive lipid interactions. Calculated values of the
equilibrium separation distance and interaction energy in all tested pH and ionic
strength conditions for contacting DOCP lipid vesicles on (B) titania and (C) silica
surfaces. The shaded regions correspond to the conditions in which SLBs form based
on the QCM-D data.
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On titania, the minimum interaction energy for contacting
DOCP lipid vesicles at pH 4 was around —-657, —228, and
—112 pJ/m? in 50, 150, and 250 mM NaCl conditions, respectively
(Fig. 5B). The corresponding equilibrium separation distances were
around 1.3-1.5 nm. The smaller interaction energy at higher ionic
strength relates to the positive charge of titania, whereby charge
shielding decreases electrostatic attraction. Likewise, the mini-
mum interaction energy at pH 6 was around —-117, —61, and
—49 pJ/m? in 50, 150, and 250 mM NaCl conditions, respectively,
and the corresponding equilibrium separation distances were
around 1.6-1.8 nm. According to the QCM-D data, vesicle rupture
with one-step occurred in all of these cases, which supports that
the vesicle-surface interactions are sufficiently strong to facilitate
vesicle rupture.

On the other hand, at pH 8, unstable interactions were pre-
dicted for the 50 mM NacCl condition, which agreed with negligible
vesicle adsorption detected in the QCM-D measurements, while
the minimum interaction energy was around —7 and —17 pJ/m?
in 150 and 250 mM NaCl conditions, respectively. In the latter
two conditions indicating modestly favorable interactions, the
QCM-D experimental results were in good agreement and vesicle
rupture with two-step kinetics was observed. In addition, the pre-
dicted equilibrium separation distances were around 4.4 and
2.5 nm in 150 and 250 mM Nacl, respectively, indicating that this
range of conditions was around a transition point whereby lipid-
substrate interactions became more favorable at higher ionic
strength. A similar trend occurred at pH 10, in which case unstable
interactions were predicted for the 50 mM NacCl condition and no
adsorption was observed experimentally as well. In this case, the
minimum interaction energy was around —6 and —13 pJ/m? in
150 and 250 mM NacCl conditions, respectively, with corresponding
equilibrium separation distances around 4.9 and 3.0 nm, and intact
vesicle adsorption without rupture occurred in the QCM-D exper-
iments. Together, these data support that one-step vesicle rupture
occurred when the minimum interaction energy was around at
least —50 pJ/m? indicating that sufficiently strong vesicle-
substrate interactions in this range can promote spontaneous vesi-
cle rupture. On the other hand, when vesicle-substrate interactions
were still favorable but to a lesser extent, two-step vesicle rupture
or intact vesicle adsorption without rupture occurred in a pH-
dependent manner.

Conversely, on silica, vesicle rupture occurred in only a narrow
range of pH and ionic strength conditions (Fig. 5C). At pH 4, unsta-
ble interactions were predicted for 50 mM NacCl, in which case no
adsorption occurred experimentally. By contrast, the minimum
interaction energy was around —3 and —9 pJ/m? in 150 and
250 mM NacCl conditions, respectively, and the corresponding equi-
librium distances were around 2.5 and 2 nm. These values suggest
favorable interactions that are consistent with two-step vesicle
rupture observed in the QCM-D experiments. At pH 6, an unstable
interaction was predicted in 50 mM NacCl, which corresponded to
the experimentally observed lack of vesicle adsorption. On the
other hand, slightly favorable interactions were predicted in 150
and 250 mM NaCl conditions with corresponding minimum inter-
action energy values around —1 and —2 pJ/m?, and the equilibrium
separation distances were around 5.9 and 4 nm, respectively.
Experimentally, moderate vesicle adsorption and two-step vesicle
rupture occurred in 150 and 250 mM NaCl conditions, respectively,
which fit the predicted trend in vesicle-surface interaction energy.

Meanwhile, at pH 8, unstable interactions were predicted in
50 mM NacCl, which agrees well with the observation of no vesicle
adsorption in the QCM-D experiments, whereas slightly more
favorable, but still very weak, interactions were predicted with
minimum interaction energy values of around —1 and —2 pJj/m?
in 150 and 250 mM NaCl conditions, respectively. However, the
corresponding separation distances in those cases were around
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6.7 and 4.5 nm, which are larger than those at pH 4 and pH 6,
and indicative of greater electrostatic repulsion and match trend-
wise with the experimentally observed lack of vesicle adsorption
in both conditions. A similar trend was expected for pH 10 since
the calculated values of minimum interaction energy and equilib-
rium separation distance in all NaCl conditions were almost the
same with those at pH 8, which agrees with the lack of adsorption
observed in the corresponding QCM-D experiments as well. Alto-
gether, these data show that a minimum interaction energy around
—2 to —3 pJ/m? is required for two-step vesicle rupture on silica
surfaces.

Due to distinct surface hydration properties of the two oxide
surfaces as discussed below, it is preferable to analyze the quanti-
tative estimates captured in the interfacial force modeling calcula-
tions for each oxide surface independently. In terms of qualitative
trends that can be generalized across the two surfaces, the calcula-
tion results support that an attractive vesicle-surface interaction
energy is needed for DOCP lipid vesicle adsorption and/or rupture
to form an SLB while negligible adsorption will occur otherwise.
While DOCP SLB formation on titania surfaces is understood to
involve covalent bond formation, these findings support that non-
covalent interfacial forces are still critical determinants of the ini-
tial vesicle-surface interaction on titania and silica surfaces.

Evaluation of lipid anchoring

We also investigated the physical stability of DOCP lipid assem-
blies by performing an ethanol rinse after vesicle adsorption (ex-
cept in cases where vesicle adsorption did not occur) was
completed to remove noncovalently attached lipid molecules. If a
covalently attached monolayer remains, then the final Af shift is
expected to be around —10 to —15 Hz (an ideal monolayer for
octadecylmercaptan on gold is approximately —13 Hz) and the
AD shift should be less than ~1 x 10 due to the adsorbate’s
non-viscoelastic, rigid character [7]. As shown in Fig. 6A, the final
Af shifts for DOCP lipid assemblies on titania were almost always
within this range, indicating strong lipid-surface attachment. Inter-
estingly, even when DOCP lipid vesicles adsorbed but did not rup-
ture at pH 10, the final Af shifts were similar to the SLB cases,
suggesting that there was still strong attachment but the vesicle-
surface interaction strength was insufficient to promote vesicle
rupture.

On the other hand, there was no monolayer formation on silica
and the final Af shifts after ethanol washing were appreciably
smaller in most cases (Fig. 6B). In cases where DOCP lipid adsorp-
tion occurred, the final Af shifts were —8 Hz or smaller except for
the anomalous case at pH 4, 150 mM NaCl as described above.
Taken together, the experimental data support that the mode of
DOCP lipid anchoring and hence SLB stabilization varies on titania
versus silica surfaces.

While the protein- and cell-related antifouling properties of
DOCP-anchored lipid bilayer coatings have been previously dis-
cussed in the context of titania surfaces [32,34], we further inves-
tigated whether the fabricated DOCP SLBs on titania and silica
surfaces could also inhibit biological nanoparticle-related fouling
in the present context (Fig. S4). Accordingly, DOCP SLBs were fab-
ricated on titania and silica surfaces under suitable fabrication con-
ditions (pH 4, 250 mM NaCl for both cases), followed by solvent-
exchange to pH 7.5, 150 mM NaCl. Zwitterionic, ~70-nm DOPC
lipid vesicles generally representative of the size of membrane-
enveloped biological nanoparticles like viruses and exosomes were
then added to the DOCP SLB-coated surfaces, along with bare sur-
faces as controls. It was determined that the DOCP SLB coatings
fully prevented nonspecific DOPC lipid vesicle attachment, indicat-
ing high surface coverage and antifouling properties (final Af and
AD shifts around ~ 0 Hz and ~ 0 x 107, respectively) whereas
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Fig. 6. QCM-D measurement responses for adsorbed DOCP lipid layers after ethanol washing. The frequency, Af, shifts are reported after adsorbed DOCP lipid layers on
(A) titania and (B) silica were washed with ethanol and then washed again with equivalent buffer solution. The reported Af shifts are relative to baseline measurements in the
appropriate buffer solution before vesicles were added, and correspond to remaining bound lipid. The shaded region of frequency shifts corresponds to the typical range that
is expected for a lipid monolayer. The mean and standard deviation are reported from at least three independent experiments.

prodigious adsorption and fusion was observed on the bare sur-
faces. These findings support that covalently attached DOCP SLBs
on titania and noncovalently attached DOCP SLBs on silica both
confer antifouling properties while the relative stability of covalent
versus noncovalent attachment chemistries could be particularly
advantageous depending on the application need.

Discussion

From these experimental observations, some insights into the
mechanism of DOCP lipid binding to titania and silica surfaces
are proposed. Schematic illustrations of possible covalent and non-
covalent binding modes are shown in Fig. 7. First, the experimental
evidence supports that DOCP lipids strongly attach to the titania
surface across all tested pH conditions, as indicated by the general
observation that a DOCP lipid monolayer remained attached after
ethanol washing. This finding points to covalent attachment
(“chemisorption”) of DOCP lipids on the titania surface. The only
cases where there was negligible DOCP lipid attachment occurred
when the ionic strength was low, and therefore repulsive electro-
static interactions between the negatively charged DOCP lipid vesi-
cles and titania surface precluded vesicle adsorption. At pH 6 and
below, the phosphate group on the DOCP lipid is singly deproto-
nated and reacts with the titania surface to likely form a bidentate
attachment consisting of two P-O-Ti bonds [61]. Other monoden-
tate and tridentate attachment schemes are possible but the pop-
ular consensus of experimental [61,62] and computational [63]
studies is that bidentate attachment is energetically preferable in
terms of stability and sterics. The bidentate attachment mode is
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Fig. 7. Covalent and noncovalent binding modes of DOCP lipid to titania and silica
surfaces. R denotes generic alkyl chains, in this case CH3(CH,);CHCH(CH,)s.

further supported by X-ray photoelectron spectroscopy (XPS)
experiments that showed similar phosphate-functionalized
amphiphiles also bind to titania-coated QCM-D sensor chips with
a bidentate arrangement via formation of two P-O-Ti bonds [64].
In this acidic pH regime, the reaction occurs more quickly because
the DOCP lipid vesicles and titania surface have relatively low neg-
ative zeta potentials [65] and hence there is less electrostatic
repulsion and more favorable vesicle adsorption. At higher pH val-
ues, the covalent reaction still proceeds but it likely occurs more
slowly because there is greater electrostatic repulsion hindering
initial adsorption; the phosphate group on the DOCP lipid is doubly
deprotonated and both the vesicles and titania surface have larger
negative zeta potential values. Indeed, Holt et al. reported that
alkylphosphate attachment on titania surfaces is slower at pH 7
than pH 4.5 but the resulting film stability is greater at pH 7
(Ref. [65]).

Hence, DOCP lipid binding to titania depends on both noncova-
lent and covalent forces, demonstrating the importance of taking
into account both the vesicle adsorption step and subsequent
chemical reaction step. The final chemistry of DOCP lipid attach-
ment to the titania surface is thus mediated by covalent bond for-
mation and hence the lower leaflet of the DOCP SLB is immobile
[34]. Indeed, it is remarkable that covalent DOCP lipid attachment
can occur even in basic conditions as it has been reported that the
contact angle on titania-coated QCM-D sensor chips decreases
from > 30° in the pH 4-6 range to < 5° in the pH 8-10 range
[66], which is consistent with an enhanced repulsive steric-
hydration force in basic conditions to partially counteract the
strong van der Waals force [15]. Consequently, in basic conditions,
no adsorption occurs at low ionic strength and intact vesicle
adsorption or slow SLB formation occurs at high ionic strength.

As such, DOCP SLBs on titania surfaces are well-suited to
antifouling applications (as illustrated above) where lateral lipid
mobility is not a prerequisite and also have the advantage of sup-
porting hybrid lipid bilayer formation whereby the upper leaflet
can be exchanged to modify the lipid composition (e.g., in order
to incorporate a ligand-modified lipid headgroup in the upper leaf-
let for binding detection applications [33]). One particular indus-
trial application where DOCP lipid coatings might be useful
would be as corrosion inhibitors for titanium-based medical
implant surfaces (see, e.g., other examples of covalently attached
molecular layers acting as corrosion inhibitors [67]), in which case
the lipid coating would also enhance biomimetic character and
potentially biocompatibility of the material interface.

The experimental results obtained on silica are quite distinct
from the titania case, and indicate that vesicle adsorption strongly
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depends on the solution pH. The low amount of bound DOCP lipid
after ethanol washing further supports that the interactions are
noncovalent and driven by “physisorption”. Interestingly, DOCP
lipid attachment only occurred under acidic conditions where both
the vesicles and silica surface have smaller negative zeta poten-
tials, and hence there is less electrostatic repulsion. It is also possi-
ble that hydronium ions are coordinated at the silica surface and
play a role in the binding process, either through ionic or hydrogen
bonding interactions. On the other hand, vesicle adsorption is neg-
ligible at pH 8 and above due to the increasingly negative zeta
potential of the silica surface as well as the electric field of the
deprotonated surface hydroxyl groups, which is sufficient to align
interfacial water molecules and form an “ice-like” hydration layer
[68-70]. It has also been previously reported that the contact angle
on silica-coated QCM-D sensor chips decreases from ~10° in the
pH 4-6 range to ~6° or lower in the pH 8-10 range [66], which
is consistent with enhanced steric hydration repulsion in basic
conditions. As such, DOCP lipid binding to silica surfaces is driven
by noncovalent forces and occurs preferably at high ionic strength
conditions where charge-repulsion is minimized, agreeing well
with literature findings that charge is more important than chem-
ical coordination on silica [71]. The ability to functionalize silica
surfaces with noncovalently attached DOCP SLBs suggests that
they could be useful as antifouling coatings, especially in combina-
tion with orthogonal biomodification strategies and perhaps exhi-
bit other biomimetic properties as well.

To contextualize these findings, we also wish to draw compar-
ison between the pH-dependent adsorption behavior of DOCP lipid
vesicles versus traditionally studied phosphatidylcholine (PC) lipid
vesicles on silica and titania surfaces. On silica surfaces, zwitteri-
onic PC lipid vesicles of comparable size readily form noncova-
lently attached SLBs at pH 4, 6, and 8 but only adsorb without
rupture to form an intact vesicle layer at pH 10 (refs. [12,21]). In
marked contrast, DOCP lipid vesicles form noncovalently attached
SLBs on silica surfaces in sufficiently high ionic strength conditions
at pH 4 and 6 but otherwise exhibit negligible adsorption in lower
ionic strength conditions at those pH values as well as negligible
adsorption in all tested ionic strength conditions at pH 8 and 10.

On titania surfaces, zwitterionic PC lipid vesicles adsorb with-
out rupture to form intact vesicle layers at pH 6, 8, and 10, and
exhibit incomplete vesicle rupture at pH 4 due to stronger
vesicle-surface interactions (and completely rupture to form an
SLB at pH 2.5) [21]. On the other hand, DOCP lipid vesicles can
readily form covalently attached SLBs on titania surfaces at pH 4
and 6 and in sufficiently high ionic strength conditions at pH 8
(provided vesicle-surface interactions are not too repulsive to pre-
vent initial vesicle contact). This comparative perspective high-
lights the unique adsorption behavior of DOCP lipid vesicles on
silica and titania surfaces, not only in terms of pH dependency
but also due to the effects of ionic strength and it is the interplay
of solution pH and ionic strength that influences the self-
assembly fabrication outcome.

In the latter scope, it is important to note how these findings
advance molecular-level understanding of DOCP lipid vesicle inter-
actions with silica and titania surfaces and lead to new fabrication
possibilities. In addition to modulating DOCP lipid vesicle adsorp-
tion behavior on titania surfaces, a key novelty of the present work
lies in the demonstrated ability to fabricate DOCP SLB coatings on
silica surfaces for the first time. Before the present study, the most
relevant results reported in the literature discussed how DOCP
lipid vesicles do not form SLBs on silica nanoparticle surfaces in
100 mM NacCl at pH 3, 7 or 10 [71]. Indeed, the prevailing notion
based on the accumulated experimental evidence to date was that
DOCP lipid vesicles do not form SLBs on silica surfaces [30,32,71]
while our findings in this study demonstrate that careful tuning
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of the solution pH and ionic strength in tandem can enable nonco-
valently attached SLB fabrication on silica surfaces as well.

Conclusion

Our results demonstrate that solution pH and ionic strength
play important roles in driving DOCP lipid vesicle adsorption
behavior on two widely studied oxide surfaces and that modulat-
ing these factors can promote SLB formation when desired. On tita-
nia, it was observed that DOCP lipid vesicles can adsorb with or
without subsequent rupture, or there was minimal adsorption
depending on the specific environmental conditions. Under acidic
pH conditions, SLB formation on titania was favorable, while
higher ionic strengths were required to promote vesicle adsorption
and/or SLB formation under basic pH conditions. In all observed
cases, DOCP lipid attachment to titania was driven by covalent
bonding events, as indicated by the presence of an apparent lipid
monolayer after ethanol washing. On the other hand, a more select
set of environmental conditions was identified in which DOCP lipid
vesicles can adsorb and spontaneously rupture to form an SLB on
silica. In general, higher ionic strength conditions promoted
greater lipid attachment due to charge-shielding. This study
demonstrates a viable method to fabricate DOCP SLBs on silica
while it was also observed that DOCP lipid attachment to silica is
weaker and modulated by noncovalent forces. Taken together,
our findings highlight the vast surface functionalization possibili-
ties for coating oxide surfaces with phosphonic acid-
functionalized lipid monolayers and bilayers, and emphasize the
importance of considering both covalent and noncovalent forces
when designing DOCP lipid platforms.
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