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Abstract

While noncovalent forces typically drive lipid vesicle adsorption and rupture to form supported
lipid bilayer (SLB) coatings on inorganic surfaces, this strategy only works on a few materials
with suitable energetics such as SiO,. The use of coordination chemistry between inverse-
phosphocholine (PC) lipid headgroups and surfaces has emerged as a promising strategy to enable
SLB formation on other materials such as TiO2 based on covalent forces. However, until now, a
cohesive picture of how noncovalent and covalent forces jointly contribute to the latter SLB
formation process has been lacking. Herein, we investigated inverse-PC lipid vesicle adsorption
onto TiO2 and SiO- surfaces and discovered how adsorption pathways can be controlled by tuning
the balance of noncovalent and covalent forces. On TiO,, SLB formation depended on two key
factors: (1) favorable noncovalent forces to facilitate initial vesicle adsorption; and (2) a critical
density of lipid-TiO. coordinate bonds to enable sufficient vesicle deformation triggering fusion
and rupture. In other cases, either no adsorption or intact vesicle adsorption without rupture
occurred even when coordinate bonds were present. Conversely, on SiO2, conditions were
identified to support inverse-PC lipid adsorption whereas vesicles were repelled otherwise. The
experimental results were supported by interfacial force modeling and our findings demonstrate
how a subtle interplay of noncovalent and covalent forces plays a deterministic role in modulating
lipid self-assembly pathways.
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Introduction

Understanding how phospholipid membranes interact with inorganic materials is critical to various
applications such as biosensors and drug delivery tools, and can enable the design of functional
biointerfaces such as ultrathin supported lipid bilayer (SLB) coatings.!® SLBs are usually
composed of naturally occurring, biocompatible phosphatidylcholine (PC) lipids as the main
component and can impart antifouling properties as well as aid selective biofunctionalization.*
Such efforts fit within the nanoarchitectonics concept to control the molecular self-assembly of
phospholipids with a defined nanoscale organization at a solid-liquid interface.% 7 The most
common approach to SLB fabrication involves the noncovalent adsorption and spontaneous
rupture of nanoscopic lipid vesicles at solid-liquid interfaces.®*? Interestingly, this self-assembly
process can only occur on a narrow range of surfaces with favorable material properties and
mechanistic details continue to be unraveled through experimental, simulation, and theoretical
approaches.’**® There is extensive interest in deciphering why lipid vesicles adsorb and rupture
on certain hydrophilic surfaces, but not others, and in translating such chemical insights into the
design of improved SLB biointerfaces with tailored properties and stabilities.

The prevailing notion is that zwitterionic PC lipid vesicles can adsorb and rupture spontaneously
on SiO; surfaces to form an SLB coating while they typically adsorb and remain intact on TiO>
surfaces.'® The distinct self-assembly outcomes are believed to arise from differences in vesicle-
surface interaction strength.1’2° On SiO, adsorbed PC lipid vesicles undergo more extensive
deformation due to stronger vesicle-surface interactions, which makes them more prone to fusion
and rupture.?® Conversely, adsorbed vesicles have weaker interactions with TiO2 surfaces,
resulting in less deformation.?! The different extents of vesicle deformation have been measured
experimentally?? (see also related work on SLB systems?®) and the surface-dependent variation in
vesicle-surface interactions has also been discussed in the context of noncovalent interfacial forces,
including van der Waals, double-layer electrostatic, and steric-hydration forces.?* To fabricate
SLBs on TiO; surfaces, there have been efforts to enhance vesicle-surface interactions by virtue
of changing solution pH?® along with utilizing alternative approaches that bypass the need for
deformation-mediated vesicle rupture.?8: 27

The aforementioned efforts have relied on noncovalent strategies that result in weakly attached
SLBs while there have also been creative strategies to fabricate SLB coatings on TiO; surfaces by
utilizing coordination chemistry—a line of research that not only has practical utility but also sheds
light on the fundamental chemistry of phospholipid membranes on inorganic surfaces.?® These
strategies have been centered around inverse-PC lipids, which are structurally similar to PC lipids
but have a flipped headgroup whereby the quaternary amine is connected to the glycerol backbone
and the anionic phosphate group is presented outward.?® The main example of an inverse-PC lipid
is 2-((2,3-bis(oleoyloxy)propyl)dimethylammonio)ethyl hydrogen phosphate (DOCP) and
negatively charged DOCP lipid vesicles have been reported to fuse with TiO. nanoparticles to
form SLB coatings.®% 3!

Strikingly, DOCP lipid vesicles do not fuse with SiO2 nanoparticles, which is an opposite trend to
that observed with zwitterionic PC lipid vesicles that fuse with SiO», but not TiO,, nanoparticles.*
The distinct interaction behavior of DOCP lipid vesicles has been attributed to coordinate covalent
bond formation between phosphate groups and titanol (Ti-O) groups, which enhances vesicle-
surface interactions on TiO: surfaces, whereas DOCP lipid vesicles are generally repelled from
SiO; surfaces.® It has also been shown that DOCP lipid vesicles can fuse with TiO, nanoparticles



across a wide range of pH conditions, reinforcing the importance of coordinate bond formation
while the inability of DOCP lipid vesicles to fuse with SiO, nanoparticles has been attributed to
charge repulsion.® As such, existing efforts have viewed covalent and noncovalent forces as
discrete factors in driving DOCP lipid vesicle interactions with TiO, and SiO surfaces,
respectively. However, this mechanistic picture is likely incomplete, especially in the TiO; case,
as it is known that noncovalent forces play a universally important role in vesicle-surface adhesion
processes. Hence, there is an outstanding need to unify the mechanistic picture of how noncovalent
interfacial forces and coordination chemistry contribute to DOCP lipid vesicle interactions with
inorganic surfaces.

Towards this goal, herein, we scrutinized the real-time adsorption kinetics of ~75-nm diameter,
DOCP-containing lipid vesicles onto flat, macroscopic TiO2 and SiO> surfaces and unraveled how
the interplay of noncovalent and covalent forces in this system plays a deterministic role in
modulating lipid self-assembly pathways. While coordination chemistry has been viewed as a
critical factor in enabling DOCP-containing lipid vesicles to fuse with and form SLBs on TiO>
surfaces, our findings reveal a more nuanced situation whereby noncovalent forces mediate initial
adsorption and a minimum density of coordinate bonds between vesicles and the surface must form
to enable a sufficiently high degree of vesicle deformation that leads to vesicle fusion and rupture.

Results
Measurement Strategy

We utilized the quartz crystal microbalance-dissipation (QCM-D) technique to characterize the
nanoscale mass and viscoelastic properties of lipid adlayers that formed on the TiO2- and SiO»-
coated sensor surfaces and the corresponding adsorption kinetics could be temporally tracked
based on the simultaneously recorded resonance frequency (Af) and energy dissipation (AD)
measurement signals, respectively.®® This label-free characterization method allowed us to directly
probe DOCP lipid interactions with inorganic surfaces in real-time, complementing past
nanoparticle studies®-32 that mainly focused on measuring fluorescent dye release from within
vesicles and dye attached to phospholipids that indirectly inferred vesicle fusion behavior and lipid
attachment, respectively.

lonic Strength Effects

Using the QCM-D technique, we first measured 100 mol% DOCP lipid vesicle adsorption onto
TiO2 and SiO2 surfaces in 10 mM Tris buffer [pH 7.5] with different NaCl concentrations, which
mainly influenced the degree of electrostatic interactions based on charge screening and hence
modulated the overall degree of noncovalent forces in the system. On TiO> surfaces, the Af and
AD signals indicated that vesicles adsorbed in 100 mM and higher NaCl concentrations with two-
step kinetics, whereas nearly negligible adsorption occurred in 50 mM NaCl (Figure 1A). The
corresponding final Af and AD shifts of the lipid adlayers formed in 100 to 250 mM NaCl
conditions were around -24 to -26 Hz and less than 0.3 x 10, respectively, which indicate SLB
formation® (Figure 1B). Together, these QCM-D measurement responses are consistent with
vesicle adsorption and spontaneous rupture on the TiO2 surface.

In marked contrast, the final Af and AD shifts of the lipid adlayer formed in the 50 mM NaCl
condition were only around -6 Hz and less than 0.3 x 10, respectively, which point to nearly
negligible adsorption. Hence, DOCP lipid vesicle adsorption onto TiO> surfaces led to SLB
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Figure 1. Effect of NaCl concentration on DOCP lipid vesicle adsorption onto TiO2 and SiO>
surfaces. (A) QCM-D frequency (Af) and energy dissipation (AD) signals upon DOCP lipid vesicle
addition to TiO; surface. Labels (1) and (2) refer to vesicle addition and buffer washing,
respectively. (B) Summary of final Af and AD shifts for adsorbed lipid layers on TiO2 surface.
Mean and standard deviation are reported from at least three measurements. Shaded regions in the
graphs indicate typical measurement values for an SLB. (C) Illustration of vesicle adsorption
outcomes on TiO> surface. (D-F) Corresponding data and illustration for DOCP lipid vesicle
addition to SiO> surface.

formation in 100-250 mM NaCl conditions and there was minimal adsorption in the 50 mM NaCl
condition (Figure 1C). While the phosphate moieties of the DOCP lipid headgroups are known to
readily form coordinate covalent bonds with the TiO- surface, the observed dependence on NaCl
concentration supports that noncovalent vesicle-surface interactions play a critical role in
controlling the initial adsorption process. Since the DOCP lipid vesicles and TiO. surface are both
negatively charged at pH 7.5,% 2 these findings further support that salt-mediated charge
screening modulates the degree of electrostatic repulsion between contacting vesicles and the
surface.

On the other hand, on SiO> surfaces, there was negligible DOCP lipid vesicle adsorption at all
tested NaCl conditions (Figure 1D). The corresponding final Af and AD shifts were less than -4
Hz and 0.3 x 10, respectively, which indicate minimal adsorption (Figure 1E). Since the SiO;
surface is also negatively charged at pH 7.5,2° this finding supports that there is a relatively larger
degree of electrostatic repulsion between DOCP lipid vesicles and the SiO2 surface. The lack of
vesicle adsorption on the SiO- surface also agrees well with a past study that showed DOCP lipid
vesicles had low adsorption onto SiO, nanoparticles in the 0-100 mM NaCl concentration range.°
Hence, the results support that DOCP lipid vesicles do not adsorb onto the SiO» surface across the
tested NaCl concentration range (Figure 1F).



To complement the QCM-D experiments, we performed analytical calculations to estimate how
the noncovalent interfacial forces that underpin DOCP lipid vesicle-surface attachment are
influenced by NaCl concentration trendwise. The calculations modeled the vesicle-surface contact
region as a planar lipid bilayer on top of a flat surface and considered the van der Waals, double-
layer electrostatic, and steric-hydration forces according to extended-DLVO (E-DLVO) theory.®*
% The vesicle-surface interaction energy was plotted as a function of the separation distance
between the vesicle and surface in order to identify the minimum interaction energy, which
corresponded to an equilibrium separation distance.® In the TiO2 case, the plots showed that there
were attractive interactions between DOCP lipid vesicles and the TiO2 surface for 100 mM and
higher NaCl concentrations, as indicated by stable energy minima at around 2 nm separation
distance (Figure 2A). On the other hand, the calculations showed that there was only a weak
interaction between the DOCP lipid vesicles and the TiO2 surface in the 50 mM NaCl case, which
agrees well with the experimental result indicating negligible adsorption (cf. Figure 1). Trendwise,
the minimum interaction energy became more favorable and shifted from around -20 to -36 pJ/m?
as the NaCl concentration increased from 100 to 250 mM, whereas the minimum interaction
energy was almost negligible at around -4 pJ/m? in the 50 mM NaCl case (Figure 2B).
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Figure 2. Extended-DLVO model analysis of DOCP lipid vesicle interactions with TiO2 and SiO;
surfaces. (A) Dependence of the total interaction energy on the vesicle-surface separation distance
for different NaCl concentrations. (B) Summary values of equilibrium separation distance and
interaction energy for adsorbed vesicles on a TiO2 surface. Shaded region corresponds to NaCl
concentrations at which a DOCP SLB formed. (C-D) Corresponding data for adsorbed vesicles on
an SiOz surface.



In addition, in the SiO> case, the plots indicated that there were negligible interactions between
DOCP lipid vesicles and the SiO surface across the tested range of NaCl concentrations, which is
consistent with the experimental results (Figure 2C). The interaction energy tended to marginally
increase at higher NaCl concentrations due to charge screening, however, the minimum interaction
energy was always smaller than -4 pJ/m? and hence nearly negligible in all cases (Figure 2D). In
general, the trend in interaction energies obtained from the calculations agreed well with the
experimental results for the TiO, and SiO> cases, supporting that the interplay of noncovalent
interfacial forces captured in the analytical model play an important role in modulating DOCP
lipid vesicle-surface interactions on both surfaces. Hence, while DOCP lipid vesicle interactions
with inorganic surfaces, especially TiO., are typically analyzed in terms of coordinate bond
formation, these findings establish that noncovalent interactions are a critical factor in dictating
vesicle-surface adsorption behavior in this system.

Effect of DOCP Fraction on TiO2 Interactions

Guided by these observations, we proceeded to investigate how the molar fraction of DOCP lipids
within DOCP/DOPC lipid vesicles affects adsorption behavior. Past studies have exclusively
tested 100 mol% DOCP lipid vesicles and we hypothesized that adjusting the DOCP lipid fraction
can modulate self-assembly outcomes by virtue of balancing the interplay of noncovalent and
covalent forces involved in vesicle-surface interactions. In these experiments, the buffer solution
consisted of 10 mM Tris [pH 7.5] with 150 mM NaCl in all cases. On TiO: surfaces, the QCM-D
Af and AD signals showed that DOCP/DOPC lipid vesicles containing 100/0, 75/25, and 50/50
molar fractions adsorbed and exhibited two-step adsorption behavior consistent with spontaneous
rupture and SLB formation (Figures 3A,B). As the DOCP lipid fraction decreased from 100 to 50
mol%, the corresponding Af and AD inflection points had larger magnitudes, supporting that a
greater surface coverage of adsorbed vesicles and hence more vesicle-vesicle interactions were
necessary to induce spontaneous rupture.t 3 This trend implies that vesicle-surface interactions
became weaker at lower DOCP fractions in spite of less charge repulsion, supporting that there
was less coordinate bond formation between vesicles and the surface (Figure S1 and Table S1).
Strikingly, when the DOCP lipid fraction was reduced to 25 mol%, the lipid vesicles adsorbed
monotonically but did not rupture on the TiO2 surface. Control experiments were also performed
with 100 rgol% DOPC lipid vesicles (0 mol% DOCP), which also adsorbed but did not rupture as
expected.!

For lipid vesicles containing 75-100 mol% DOCP, the corresponding final Af and AD shifts after
buffer washing were around -24 to -26 Hz and less than 1 x 108, respectively, which indicate SLB
formation (Figure 3C). Similar results were obtained with lipid vesicles containing 50 mol%
DOCP, however, the final Af and AD shifts were modestly larger in that case due to incomplete
rupture.3 On the other hand, for lipid vesicles containing 25 mol% DOCP, the final Af and AD
shifts after buffer washing were around -100 Hz and 7 x 10, respectively, which are consistent
with intact vesicle adsorption.®” Likewise, for DOPC lipid vesicles, the final Af and AD shifts
were around -150 Hz and 16 x 10, respectively, also indicating intact vesicle adsorption while
the ratios of Af/AD shift values support that 25/75 DOCP/DOPC lipid vesicles underwent greater
adsorption-related deformation than DOPC lipid vesicles®® (Figure S2). Considering that the 25/75
DOCP/DOPC lipid vesicles are more negatively charged than DOPC lipid vesicles, the greater
extent of deformation in the former case supports that covalent DOCP lipid anchoring to the TiO>
surface via coordinate bond formation enhances vesicle-surface interactions compared to



noncovalent interactions alone. Moreover, the observed dependence on DOCP lipid fraction
supports that a critical density of DOCP-TiO2 anchoring sites is needed to trigger vesicle
fusion/rupture and SLB formation.
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Figure 3. Tuning DOCP lipid fraction to modulate vesicle adsorption pathway on TiO> surface.
(A,B) QCM-D frequency (Af) and energy dissipation (AD) signals upon DOCP/DOPC lipid
vesicle addition to TiO> surface. Labels (1) and (2) refer to vesicle addition and buffer washing,
respectively. Summary of final Af and AD shifts after (C) buffer washing and (D) ethanol washing
for adsorbed lipid layers on TiO> surface. All reported shifts were recorded in buffer solution and
are relative to the initial buffer baseline. Mean and standard deviation are reported from at least
three measurements. Shaded regions in the graphs indicate typical measurement values for an SLB
and lipid monolayer in panels (A-C) and (D), respectively. (E) Dependence of the total interaction
energy on the vesicle-surface separation distance according to extended-DLVO model analysis.
(F) Summary values of equilibrium separation distance and interaction energy.



After lipid attachment to the TiO> surface, an ethanol washing step was performed to remove
noncovalently adsorbed lipid molecules and, after subsequently exchanging back to the buffer
solution, the final Af and AD shifts were around -10 to -15 Hz and <1 x 10°®, respectively, for
DOCP-containing lipid vesicles relative to the initial buffer baseline (Figure 3D). This result
supports that covalently attached DOCP lipid molecules remained adhered to the TiO surface and
form a monolayer based on the surface mass density (~220 ng/cm?) according to the Sauerbrey
relationship.®” By contrast, the corresponding Af and AD shifts were only around -2 and <1 x 10°
® respectively, in the case of DOPC lipid vesicles, which is consistent with the removal of
noncovalently adsorbed DOPC lipid molecules from the TiO> surface due to ethanol washing.
Analytical calculations based on the E-DLVO model further showed that, for all tested lipid
compositions, the noncovalent lipid-surface interactions were attractive (at least -25 pJ/m?) and
tended to become more favorable with increasing DOPC lipid fraction due to a lower vesicle
surface charge (Figures 3E,F). Hence, noncovalent interactions played an important role in
modulating initial lipid vesicle adsorption onto the TiO. surface while covalent interactions
involving DOCP lipids were necessary to induce a sufficiently high degree of adsorption-related
vesicle deformation that could trigger fusion/rupture and SLB formation.!! Importantly, a critical
density of DOCP-TiO2 bonding events was necessary to induce SLB formation whereas intact
vesicle adsorption without rupture occurred in other cases.

Effect of DOCP Fraction on SiO2 Interactions

Similar composition-dependent experiments were performed on SiO> surfaces and the QCM-D
results showed that DOCP/DOPC lipid vesicles containing 100/0, 75/25, and 50/50 molar fractions
did not adsorb onto the surface (Figures 4A,B). By contrast, DOCP/DOPC lipid vesicles
containing 25 mol% DOCP underwent monotonic adsorption while DOPC lipid vesicles exhibited
two-step adsorption behavior that indicated SLB formation. For lipid vesicles containing 50-100
mol% DOCP, the corresponding final Af and AD shifts after buffer washing were less than -2 Hz
and 0.5 x 10, respectively, which are consistent with negligible adsorption (Figure 4C). For
25/75 DOCP/DOPC lipid vesicles, there was modest lipid adsorption that did not result in SLB
formation, as indicated by final Af and AD shifts of around -26 Hz and 2 x 10, respectively,
whereas DOPC lipid vesicles fused and ruptured to form an SLB with final Af and AD shifts of
around -26 Hz and 0.2 x 10, respectively.

After ethanol washing, the Af and AD shifts became fully negligible in the case of lipid vesicles
containing 50-100 mol% DOCP (Figure 4D). On the other hand, for 25/75 DOCP/DOPC lipid
vesicles, the final Af and AD shifts were around -15 Hz and 2 x 10, respectively, indicating that
a lipid monolayer remained attached to the surface. Interestingly, this observation supports that
DOCP lipids can interact with SiO> surfaces provided that the DOCP lipid fraction is sufficiently
low so that noncovalent vesicle-surface interactions — arising from reduced charge repulsion and
likely involving strong hydrogen-bonding interactions between phosphate groups and silanol (Si-
0) groups®® 3° —are favorable enough to permit initial vesicle attachment (see also another example
of tight binding of phosphoinositide lipids to SiO surfaces*®). Conversely, for DOPC lipid vesicles,
the final Af and AD shifts were reduced to around -2 Hz and 1 x 10, respectively, which indicate
that ethanol washing removed noncovalently attached DOPC lipids from the surface as expected.
Furthermore, E-DLVO-based analytical calculations verified that the lipid-surface interaction
energy due to noncovalent interactions was very weak for DOCP-containing lipid vesicles on SiO>
surfaces in general and was more favorable for DOPC lipid vesicles (Figures 4E,F). These
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Figure 4. Tuning DOCP lipid fraction to modulate vesicle adsorption pathway on SiO. surface.
As in Figure 3, except that the substrate was SiOx.

findings are consistent with electrostatic repulsion between negatively charged DOCP-containing
lipid vesicles and the SiO> surface, which hinders rupture-induced SLB formation even in cases
where moderate adsorption is possible. Together, the experimental results and analytical
calculations support that DOCP lipid vesicle interactions with TiO2 and SiO; surfaces depend on
a combination of noncovalent and covalent forces in a distinct manner compared to previously
studied vesicle systems where noncovalent forces alone predominate.

Discussion

It has long been recognized that vesicle adsorption behavior on inorganic surfaces such as SiO»
and TiO2 is dictated by noncovalent interfacial forces that influence the vesicle-surface interaction
energy. In general, adsorbed vesicles undergo shape deformation that is influenced by an interplay



of the membrane bending energy, deformation-related osmotic pressure energy, and vesicle-
surface interaction energy.’® 3% When the vesicle-surface interaction is repulsive, vesicle
adsorption will not occur. On the other hand, in cases of attractive but relatively weak vesicle-
surface interactions, vesicles will adsorb but only exhibit modest adsorption-related deformation
and remain intact on the surface. As vesicle-surface interactions become stronger, adsorbed
vesicles will undergo greater deformation that can lead to spontaneous rupture due to a
combination of vesicle-surface and vesicle-vesicle interactions. On TiO; surfaces, it is widely
reported that adsorbed vesicles will remain intact while vesicles typically rupture to form an SLB
on SiO; surfaces. These tendencies are attributed to the balance of interfacial forces underpinning
vesicle-surface interactions and existing efforts to modulate vesicle adsorption behavior have
focused on tuning the magnitudes of these noncovalent forces.

It is thus remarkable that, in spite of a large negative surface charge that imparts significant vesicle-
surface charge repulsion, DOCP lipid vesicles can form SLB coatings on TiO surfaces. By
tracking the corresponding adsorption kinetics with the QCM-D technique, we focused on
investigating the mechanistic details of how DOCP lipid vesicles form SLBs on TiO> surfaces and
identified how a combination of noncovalent and covalent forces is needed to drive the SLB
formation process (Figure 5). First, DOCP-containing lipid vesicles must have sufficiently
favorable noncovalent interactions with TiO2 surfaces to facilitate initial attachment. The
attachment step is a prerequisite to facilitate bond formation between DOCP lipids and the TiO>
surfaces — enabling the reactive moieties to come into sufficiently close contact — and requires
suitable solution conditions, as evidenced by the 50 mM NaCl condition in which DOCP lipid
vesicles did not adsorb. Second, DOCP lipid vesicles must form a sufficient density of coordinate
bonds with the TiO, surface to induce vesicle rupture. Strikingly, the presence of even 25 mol%
DOCRP lipids in a vesicle is insufficient to induce vesicle rupture; in that case, vesicles adsorbed
and deformed to a greater extent than 100% mol DOPC lipid vesicles but did not rupture. In our
experiments, at least 50 mol% DOCP lipid in a vesicle was necessary to induce vesicle rupture and
SLB formation.

We analogize this dependency to multivalent ligand-receptor interactions involving ligand-
modified vesicles and receptor-functionalized surfaces where greater multivalency translates into
more extensive shape deformation** (see also other hybridization-related multivalent systems
involving nucleic-acid-functionalized lipids*?*4). We emphasize that DOCP-containing lipid
vesicles appear to form coordinate bonds — akin to covalent anchoring — with the TiO2 surface in
all applicable cases (as indicated by attached DOCP lipids after ethanol washing), but the variation
in DOCP-TiO2 bond density per vesicle (depending on the DOCP lipid fraction in the vesicles)
determines the extent of vesicle deformation and hence whether attached vesicles remain intact or
rupture to form an SLB. Hence, while DOCP-TiO2 bond formation is necessary for SLB formation
on TiO2 surfaces, there are two additional key factors: (1) favorable conditions to facilitate
noncovalent lipid vesicle adsorption onto the TiO surface, otherwise, coordinate bond formation
cannot occur because lipid headgroups and the TiO2 surface cannot come into sufficiently close
proximity; and (2) a minimum density of DOCP-TiO2 bonds, which function as covalent anchoring
points, in order to drive extensive vesicle deformation that can lead to fusion/rupture triggering
SLB formation. While conventional vesicle fusion strategies involve enhancing noncovalent
interactions to promote greater vesicle deformation, a unique aspect of the present system is that a
combination of noncovalent and covalent forces is needed to drive DOCP-containing lipid vesicle
fusion on TiO surfaces.

10



High DOCP Medium DOCP Low DOCP

: bal.g‘:‘,f:@‘&f;g‘m

Noncovalent Covalent Vesicle-Vesicle Supported
Adsorption Anchoring Fusion & Rupture Lipid Bilayer
eeebbdieg
T e, “"P aabbedds, »“ iy,
s 3 : , -
() w:::mm P A
% "l’.& 7 smpi £ ’ 3

C I 3 k]
i, ”w & }&’ ‘J&uuuasww" 9:”“ prre ‘:?‘““‘v wt 3 :000:080:35: 8855 665-806- 360

Figure 5. Schematic summary of how noncovalent and covalent forces jointly contribute to DOCP
lipid vesicle interactions with TiO2 surfaces. Top: DOCP and DOPC lipid molecules mainly
interact with TiO2 surfaces though coordinate bond formation and noncovalent adhesion,
respectively. Middle: The interaction of DOCP-containing lipid vesicles with TiO2 surfaces is
affected by the DOCP fraction in the vesicles. At high DOCP fractions, supported lipid bilayer
formation can occur due to strong vesicle-surface interactions while the interactions become
progressively weaker at lower DOCP fractions. At intermediate DOCP fractions, vesicles adsorb
and undergo deformation due to moderately strong interactions but do not rupture. At low DOCP
fractions, vesicles adsorb but do not undergo extensive deformation due to relatively weak
interactions. Bottom: Mechanism of how DOCP lipid vesicles interact with TiO> surface to form
a supported lipid bilayer coating, which involves (1) noncovalent adsorption, (2) covalent
anchoring due to DOCP-TiO2 coordinate bond formation whereby greater bond density drives
more extensive vesicle deformation, (3) fusion of deformed vesicles leading to rupture, and (4)
lipid re-assembly to form a supported lipid bilayer.
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Another striking feature is that, even for 100 mol% DOCP lipid vesicles where the highest possible
density of covalent anchoring points can form, the two-step adsorption kinetics observed in the
QCM-D data indicate that vesicle-surface interactions are insufficient to cause rupture of
individually attached vesicles and instead a combination of vesicle-surface and vesicle-vesicle
interactions is needed to trigger the vesicle fusion and rupture process. This finding further
highlights the distinct chemical features of DOCP lipid vesicle interactions on TiO> surfaces
compared to more conventionally studied PC lipid vesicle interactions on SiO; surfaces where
vesicle-surface interactions alone can induce rupture of individually attached vesicles, as dictated
by noncovalent interfacial forces alone (especially electrostatic forces*).

In marked contrast, DOCP-containing lipid vesicles are mainly repelled from SiO> surfaces due to
extensive charge repulsion and, even in the limited cases where modest adsorption occurs, the
extent of vesicle deformation is still insufficient to promote vesicle fusion/rupture. These
observations highlight the importance of both noncovalent and covalent forces in utilizing DOCP
lipid vesicles to form SLB coatings on inorganic surfaces.

Conclusion

In this work, we have demonstrated how balancing the interplay of noncovalent and covalent
forces can tune the self-assembly pathway of DOCP lipid vesicles interacting with TiO surfaces.
Compared to other systems involving lipid vesicle interactions with inorganic surfaces, this system
is unique in several respects. First, the noncovalent interactions between lipid vesicles and TiO>
surfaces are relatively weak overall (likely due to steric-hydration repulsion® 24) and DOCP-TiO:
coordinate bond formation enables covalent anchoring, which effectively serves as a potentiating
force to enhance vesicle-surface interactions. Second, a minimum density of DOCP-TiO;
coordinate bonds — inferred from the DOCP fraction in vesicles — is needed to induce sufficiently
high levels of vesicle deformation that can lead to fusion and rupture. At lower densities, covalent
anchoring can still induce modest deformation of attached vesicles, but they do not fuse and rupture.
Third, even at the highest DOCP fraction, vesicle-surface interactions by themselves are
insufficient to drive rupture of individually attached vesicles on TiO2 surfaces and instead a
combination of vesicle-surface and vesicle-vesicle interactions is needed.

The latter observation demonstrates that the combination of noncovalent and covalent forces that
drives DOCP lipid vesicle adsorption and rupture on TiO2 surfaces is still relatively weak
considering that noncovalent forces alone can induce sufficiently strong vesicle-surface
interactions to rupture individually attached PC lipid vesicles on SiO> surfaces in some cases. As
such, the interfacial chemistry underpinning DOCP lipid vesicle interactions with TiO2 surfaces
involves a subtle interplay of noncovalent and covalent forces and can induce SLB formation in
select conditions. These findings also help to understand the interaction behavior of DOCP lipid
vesicles with SiO; surfaces and more broadly highlight opportunities to modulate lipid self-
assembly at inorganic surfaces by harnessing noncovalent and covalent forces in tandem,
especially in cases involving coordination chemistry.
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