
J. Chem. Phys. 151, 134707 (2019); https://doi.org/10.1063/1.5120810 151, 134707

© 2019 Author(s).

Free energy of adhesion of lipid bilayers on
titania surfaces
Cite as: J. Chem. Phys. 151, 134707 (2019); https://doi.org/10.1063/1.5120810
Submitted: 21 July 2019 . Accepted: 09 September 2019 . Published Online: 03 October 2019

M. Schneemilch , and N. Quirke 

ARTICLES YOU MAY BE INTERESTED IN

Highly luminescent double-heterojunction nanorods
The Journal of Chemical Physics 151, 134706 (2019); https://doi.org/10.1063/1.5121159

Surface chemistry and photoelectrochemistry—Case study on tantalum nitride
The Journal of Chemical Physics 151, 130902 (2019); https://doi.org/10.1063/1.5122996

Structural effects of cap, crack, and intrinsic curvature on the microtubule catastrophe
kinetics
The Journal of Chemical Physics 151, 135101 (2019); https://doi.org/10.1063/1.5122304

https://images.scitation.org/redirect.spark?MID=176720&plid=1007006&uid=@UID@&setID=378408&channelID=0&CID=326229&banID=519757266&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=99567e5f12033a8bf9bd112d025b3f33ba246177&location=
https://doi.org/10.1063/1.5120810
https://doi.org/10.1063/1.5120810
https://aip.scitation.org/author/Schneemilch%2C+M
http://orcid.org/0000-0002-2871-051X
https://aip.scitation.org/author/Quirke%2C+N
http://orcid.org/0000-0002-2528-7111
https://doi.org/10.1063/1.5120810
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5120810
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5120810&domain=aip.scitation.org&date_stamp=2019-10-03
https://aip.scitation.org/doi/10.1063/1.5121159
https://doi.org/10.1063/1.5121159
https://aip.scitation.org/doi/10.1063/1.5122996
https://doi.org/10.1063/1.5122996
https://aip.scitation.org/doi/10.1063/1.5122304
https://aip.scitation.org/doi/10.1063/1.5122304
https://doi.org/10.1063/1.5122304


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Free energy of adhesion of lipid bilayers
on titania surfaces

Cite as: J. Chem. Phys. 151, 134707 (2019); doi: 10.1063/1.5120810
Submitted: 21 July 2019 • Accepted: 9 September 2019 •
Published Online: 3 October 2019

M. Schneemilch and N. Quirkea)

AFFILIATIONS
Department of Chemistry, Imperial College London, London SW7 2AY, United Kingdom

a)Author to whom correspondence should be addressed: n.quirke@ic.ac.uk

ABSTRACT
The adhesion strength between a flexible membrane and a solid substrate (formally the free energy of adhesion per unit area) is difficult to
determine experimentally, yet is a key parameter in determining the extent of the wrapping of a particle by the membrane. Here, we present
molecular dynamics simulations designed to estimate this quantity between dimyristoylphosphatidylcholine (DMPC) bilayers and a range
of low-energy titanium dioxide cleavage planes for both anatase and rutile polymorphs. The average adhesion strength across the cleavage
planes for rutile and anatase is relatively weak ∼−2.0 ± 0.4 mN m−1. However, rutile has two surfaces (100 and 101) displaying relatively
strong adhesion (−4 mN m−1), while anatase has only one (110). This suggests a slightly greater tendency for bilayers to wrap rutile particles
compared to anatase particles but both would wrap less than amorphous silica. We also estimate the adsorption free energies of isolated
DMPC lipids and find that only the rutile 101 surface shows significant adsorption. In addition, we estimate the adhesion enthalpies and infer
that the entropic contribution to the adhesion free energy drives adhesion on the rutile surfaces and opposes adhesion on the anatase surfaces.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5120810., s

I. INTRODUCTION

The interaction of inorganic surfaces with biological tissue is
of interest in medicine and in toxicology. In particular, the effects
of exposure to finely divided inorganic materials in the form of
nanoparticles are of great concern1–5 as their toxicological proper-
ties are uncertain, even for naturally occurring minerals such as silica
and titania. There has been a rapid increase in the number and vari-
ety of engineered nanoparticles in the environment,6 for example,
those arising from the use of batteries, catalysts, chemical coatings
and paints, packaging, electronic devices, implants, biomedicines,
food additives, and cosmetics.7 Nanoparticles may be encountered
in humans through inhalation, digestion, and injection or through
direct contact with the skin. Our research8,9 is focused on the inter-
action of nanoparticles with cytoplasmic membranes with a view
to assessing the likely damage due to nanoparticles at the cellu-
lar level.10 To help identify the essential features of such interac-
tions, we first study much simpler “model” membranes such as lipid
vesicles.11,12

A key measure of the degree of interaction between nanoparti-
cles and membranes is the extent to which the nanoparticle adheres

to or is wrapped by the membrane. According to the Helfrich mem-
brane model13 applied by Deserno and Gelbart14 to the wrapping
of spherical particles by membranes, this is determined by whether
the adhesion strength is sufficient to overcome the bending energy
associated with membrane deformation during particle wrapping.
Particles smaller than a critical size will not adhere to the mem-
brane. Larger particles will adhere and undergo wrapping; the extent
to which wrapping occurs is determined by the membrane tension.
With low tension and/or strong adhesion, particles will be com-
pletely engulfed, following which the particle detaches from the
membrane leaving a membrane pore through which cytosol leak-
age can occur. The adhesion strength drives the particle wrapping
process, and therefore, any assessment of the potential nanotoxic-
ity of a material must include an estimate of its adhesion strength
for a given membrane which may be approximated by the adhesion
strength with respect to the membrane lipids. Adhesion strength
data can then be used to develop models of passive nanoparticle
uptake by human cells as well as pulmonary surfactant disruption
due to the presence of nanoparticles in the alveolar spaces of lungs.
A major obstacle to progress is the almost complete lack of quan-
titative experimental data for nanoparticle/lipid bilayer adsorption
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enthalpies and free energies (adsorption strength).15 One solution
is to calculate such data using molecular simulation, and indeed, in
previous work, we have calculated adhesion strengths for dimyris-
toylphosphatidylcholine (DMPC) bilayers on planar surfaces of both
gold16 and silica.17

We found that silanols on a range of different silica surfaces
formed hydrogen bonds with water molecules and that the water
immersion enthalpy for all surfaces varied linearly with the surface
density of these hydrogen bonds. The adhesion strength of DMPC
bilayers was found to be a linear function of the surface density of
hydrogen bonds formed between silanols and the lipid molecules on
crystalline surfaces. Approximately 20% of isolated silanols formed
such bonds, but more than 99% of mutually interacting geminal
silanols did not. On amorphous silica, the bilayer displayed much
stronger adhesion than expected from the crystalline surface data,
consistent with toxicity data for silica.

In the present paper, we expand our study to consider titanium
dioxide, or titania, surfaces. Titania is a major additive for paints,
sunscreens, cosmetics, toothpastes, pharmaceuticals, paper, and
food, adding whiteness, brightness, UV protection, and resistance
to discoloration. Millions of tons of titanium dioxide are produced
globally each year, 70% of which is used for paints. Although consid-
ered to be a safe material in conventional form, at the nanoscale, its
toxicity is unknown. A significant fraction of nano-sized titania has
been identified in food and personal care products.18

Titania nanoparticles have been reported to produce toxic
effects in experimental animals,5,19 including DNA damage as well as
genotoxicity, lung inflammation,20 oxidative stress,21 and endothe-
lial cell leakiness22 which we might expect to be reflected in strong
adhesion of lipid bilayers on titania and vesicle rupture. However,
experimental studies23 have shown that POPC vesicles are adsorbed
on, but not ruptured by, titania surfaces. Similarly, when exposed
to titania nanoparticles (20 nm and 50 nm), PC liposomes do
not fuse onto the TiO2 surface24 due to strong water adsorption
at the titania surface (see later). A study25 of the cytotoxicity of
fourth period metal oxide nanoparticles including TiO2 on non-
transformed human lung cells (BEAS-2B) and human bronchoalve-
olar carcinoma-derived cells (A549) concluded that the response
to NP exposure based on particle mass dosimetry could be catego-
rized into three toxicity groups: none to minimal (TiO2, Cr2O3, and
Fe2O3), moderate dose dependent (Mn2O3 and NiO), and strong
and steep (CuO and ZnO). On the other hand, 10 nm diameter
anatase nanotubes (lengths of hundreds of nanometers) have been
reported to interact strongly with lipid vesicles (mainly DOPC) and
live lung epithelial cell layer (LA-4 cells) sequestering lipids and pro-
teins, disrupting the integrity of the membrane.26 Finally, we note
that toxicity studies do not always differentiate between the dif-
ferent forms of titania. Experiments measuring the disruption of
DMPC monolayers supported on mercury electrodes have shown
a greater membranolytic activity for anatase particles compared to
rutile.27 Yu et al.28 found that anatase and rutile TiO2 nanopar-
ticles of similar size and zeta potential have different toxicity for
organelles in macrophages, arising from their different affinity to
proteins and phospholipids. Anatase nanoparticles had a high affin-
ity for proteins, whereas rutile nanoparticles had a high affinity
for the phospholipid and PE (phosphatidylethanolamine) and tar-
geted the plasma and lysosome membranes, causing reactive oxygen
species (ROS)-independent necrotic cell death.

In the absence of quantitative experimental data for lipid
bilayer adsorption on titania, molecular dynamics simulation offers
an alternative route to increasing our understanding which may be
of use in resolving a confusing situation. In what follows, we sim-
ulate DMPC lipid bilayers on a range of anatase and rutile titania
surfaces. We use a force field for titania29 developed on the basis of
density functional theory (DFT) simulations.30 It is able to repro-
duce the empirically determined structural properties and the water
adsorption enthalpy. In addition, it accurately reproduces the sur-
face water density profile generated from DFT simulation. Using this
force field, we model bilayer adhesion on four rutile surfaces, with
Miller indexes 110, 100, 101, and 001 and four anatase surfaces with
indexes 101, 100, 001, and 110. These represent low energy surfaces
of two common polymorphs of titania.31

II. METHODOLOGY
The DMPC lipids were modeled using the fully atomistic 118

site Slipids force field which was developed for use in conjunction
with TIP3P water.32–34 This system was shown to reproduce many
experimentally observed properties of bilayers including the lipid
specific area and volume, bilayer thickness, isothermal area com-
pressibility, and nuclear magnetic resonance (NMR) order param-
eters and scattering form factors.

The titania force field was developed by the Lyubartsev group
in Stockholm. The force field was derived from the electron den-
sities generated by DFT simulation30 and was able to reproduce
the DFT surface water density profiles and empirically determined
water adsorption enthalpies. These simulations also showed that
no hydroxyls were formed on the titania surfaces, with the excep-
tion of the rutile 001 and anatase 001 surfaces. The configurations
used to simulate these two surfaces were taken from the DFT sim-
ulations and consequently have some OH groups bonded on the
surface. Larger slabs were generated from the DFT configurations
by tiling. All the other surfaces were constructed by cleaving the
bulk crystal and have only physisorbed water. Interaction potentials
between lipids and titania were generated with Lorentz-Berthelot
mixing rules.

All simulations were performed using GROMACS 2016.4 soft-
ware with a 2 fs time step. Temperatures were maintained at 310 K
using the Nose-Hoover thermostat with 5 ps time constant. Pressure
was maintained at 1 atm using an anisotropic Parrinello-Rahman
barostat with 10 ps time constant. Electrostatic interactions were
calculated with a Particle Mesh Ewald (PME) summation. Lennard-
Jones and real space electrostatic interaction potentials were trun-
cated at 1.4 nm. Error estimates were obtained by block averaging
unless stated otherwise. Where no errors are recorded, the uncer-
tainty was smaller than the last significant figure in the reported
value.

A. Heat of immersion
The change in enthalpy upon immersion was estimated by con-

ducting simulations of three systems: the surface in contact with
water, the surface in vacuum, and a simulation of bulk water con-
taining an identical number of water molecules as the first sys-
tem. The immersion enthalpy, ΔHimm, was then calculated using the
following equation:
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ΔHimm = 1
2A
(Hsurface−water −Hsurface−vacuum −Hwater), (1)

where H is the enthalpy of the system and A is the area of the inter-
face. All systems were simulated for 400 ns with 10 ns equilibration.

B. Single lipid adsorption free energy
The adsorption free energy was calculated from potential of

mean force simulations. A single DMPC molecule was placed into
the water channel, roughly 12 nm wide, formed between periodic
images of the TiO2 slab. Harmonic constraints were applied between
the slab surface and the center of mass of the lipid with a force con-
stant of 1000 kJ mol−1 nm−2. There were 27 umbrella windows with
a grid spacing of 0.1 nm, and each window was simulated for 50 ns.
The potential of mean force was calculated using the weighted
histogram method.35

C. Adhesion strength
Surface slabs were constructed with surface dimensions of

approximately 30 × 4 nm. Equilibrated bilayer ribbons were then
brought into contact with the titania surfaces. The edges of the rib-
bon were then maintained at a distance of 8 nm from the titania
surface using the GROMACS pull code with a harmonic constraint
with force constant of 10 kJ mol−1. A total of 18 lipids comprised the
pull group at each edge of the ribbon. The distribution of lipids in
the ribbon was maintained at equilibrium by periodically updating
the lipids in the pull group, as described in our previous paper.16 The
constraint force, F, required to keep the end of the ribbon at a dis-
tance h above the surface was monitored during the simulation. The
constraint force is related to the adhesion strength kw by

kw = F dh
dA

, (2)

where dA is the increase in the area of the adsorbed bilayer resulting
from a reduction in the restraint of height by dh. The ratio dh/dA is
the product of twice the inverse of the area per lipid in the supported
lipid bilayer and the inverse of dn/dh, where n is the number of lipids
in the free section of the bilayer. The ratio dn/dh is estimated from
the one dimensional lipid number density profile perpendicular to
the surface at the point where the magnitude of the gradient is at
the minimum. Note that the adhesion strength can be expected to be
independent of the restraint height as long as the length of the rib-
bon is sufficient to ensure that at least some portion of the adhering
ribbon is representative of the “bulk” adhesion density, i.e., is not
affected by proximity to the edges.

III. RESULTS
A. Titania-water interface

Estimated properties of the rutile-water interfaces are reported
in Table I and properties of the anatase-water interfaces in Table II.
All titania surfaces exhibited a large degree of hydrophilicity as
reflected in the uniformly exothermic heats of immersion, which
were an order of magnitude greater than the silica surfaces stud-
ied previously. A far greater range in heat of immersion was
observed on the anatase surfaces which varied from 392 mN
m−1 on the anatase 001 surface to 1176 mN m−1 on the anatase
100 surface. In contrast, the heat of immersion on the rutile
surfaces varied over a much smaller range, from 847 mN m−1

on the rutile 101 surface to 1102 mN m−1 on the rutile 001
surface.

The time averaged water-titania hydrogen bond density was
also estimated using the GROMACS tool gmx hbond. The hydro-
gen bond density ranged from 5.85 nm−2 to 10.87 nm−2 on the rutile
110 and rutile 100 surfaces, respectively. These values are similar to
those observed on the silica surfaces. The difference here though

TABLE I. Properties of the rutile-water interfaces.

Polymorph Rutile Rutile Rutile Rutile

Miller index 110 100 101 001
OH surface density (nm−2) . . . . . . . . . 3.42
Solvent accessible area ratio 1.16 1.11 1.03 1.27
Heat of immersion (mN m−1) 1024 ± 1 1009 ± 1 847 ± 1 1102 ± 1
Hydrogen bond density (nm−2) 5.85 10.87 9.53 10.33
Single lipid adsorption energy (kJ mol−1) −1.8 −3.4 −13.8 −0.4

TABLE II. Properties of the anatase-water interfaces.

Polymorph Anatase Anatase Anatase Anatase

Miller index 101 100 001 110
OH surface density (nm−2) . . . . . . 4.30 . . .
Solvent accessible area ratio 1.20 1.01 1.41 1.07
Heat of immersion (mN m−1) 774 ± 1 1176 ± 1 392 ± 1 1006 ± 1
Hydrogen bond density (nm−2) 6.33 8.66 7.47 8.37
Single lipid adsorption energy (kJ mol−1) −1.7 −0.2 −0.1 −1.9
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FIG. 1. The adsorption free energy of a
single lipid DMPC molecule in aqueous
solution on each titania surface.

is that there is no strong correlation between the hydrogen bond
density and the heat of immersion. The anatase 001 surface is curi-
ous since it has a relatively high OH surface density coupled with
a relatively large solvent accessible area ratio yet a meager heat of
immersion.

In general, the substrates attract a tightly bound surface water
layer and a more loosely bound secondary water layer. The majority
of hydrogen bonds are formed between oxygen atoms in the titania
surface and water molecules in the second water layer. The excep-
tion is the rutile 100 surface, which has a layer of water tightly bound
to the substrate with a surface density of 7.1 nm−2. All the water in
this layer is hydrogen bonded to the surface, representing the major-
ity of such bonds, with the remaining titania-water hydrogen bonds
formed with water in the second layer.

In addition, we measured the free energy of adsorption of single
lipids on the titania surfaces. The potentials of mean force (PMFs)
for each surface are displayed in Fig. 1, and the free energies of
adsorption, corresponding to the minima of each PMF, are recorded
in Tables I and II. On the majority of the surfaces, the free energy
minimum was less than the available thermal energy, indicating that
lipids do not spontaneously adsorb on these surfaces. The only sur-
face to display strong adsorption was the rutile 101 surface with a
minimum of −13.8 kJ mol−1. Here, the position of the minimum
is significantly closer to the surface compared to the other cleavage
planes.

In Fig. 2, an isolated lipid molecule is shown adsorbed on
the rutile 101 surface. Also shown, with oxygen atoms in blue,
are the physisorbed water molecules. The residence time of these
physisorbed molecules is on the nanosecond time scale. The lipid
tails adsorb flat to the surface, and the head group protrudes into
the bulk water phase. None of the physisorbed water molecules are
displaced by the adsorbed lipid, and the negatively charged carbonyl
and phosphate groups can engage in favorable short range coulomb
interactions with the exposed titanium atoms. However, the single
lipid configuration is markedly different to a lipid in an adsorbed

bilayer, where only the head group region of the bilayer is in prox-
imity to the surface. For this reason, as shall be seen, the relatively
strong adsorption of single lipids on this particular surface is not
reflected in the bilayer adhesion strength.

FIG. 2. Top and side views of an isolated DMPC molecule adsorbed on the rutile
101 surface. Physisorbed water molecules are shown with oxygen atoms in blue.
All other oxygen atoms are red. Nonphysisorbed water molecules are omitted for
clarity.
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TABLE III. Properties of the rutile-bilayer interfaces.

Polymorph Rutile Rutile Rutile Rutile

Miller index 110 100 101 001
ApL (nm−2) 0.62 0.65 0.66 0.62
Separation (nm) 1.18 0.89 0.85 0.96
Thickness (nm) 3.20 3.03 3.04 3.16
Adhesion strength (mN m−1) −1.8 ± 0.2 −3.6 ± 0.5 −4.0 ± 0.5 −0.3 ± 0.1
Adhesion enthalpy (mN m−1) 1.6 ± 1.0 2.6 ± 1.1 1.4 ± 1.4 1.9 ± 1.3
Entropic contribution (mN m−1) 3.5 ± 1.2 6.1 ± 1.6 5.4 ± 2.0 2.2 ± 1.5
Hydrogen bond density (nm−2) 5.87 10.11 ± 0.02 9.11 ± 0.01 9.87 ± 0.03

TABLE IV. Properties of the anatase-bilayer interfaces.

Polymorph Anatase Anatase Anatase Anatase

Miller index 101 100 001 110
ApL (nm−2) 0.64 0.63 0.64 0.64
Separation (nm) 1.00 1.53 1.10 0.81
Thickness (nm) 3.08 3.22 3.14 3.12
Adhesion strength (mN m−1) −1.0 ± 0.4 −1.1 ± 0.7 −0.6 ± 0.2 −4.0 ± 0.3
Adhesion enthalpy (mN m−1) −6.5 ± 1.4 −3.7 ± 1.2 −1.7 ± 1.5 −13.8 ± 2.3
Entropic contribution (mN m−1) −5.5 ± 1.8 −2.6 ± 1.8 −1.2 ± 1.6 −9.8 ± 2.5
Hydrogen bond density (nm−2) 6.28 ± 0.01 8.65 7.41 ± 0.03 8.15 ± 0.01

B. Titania-bilayer interface
The adsorbed bilayers are characterized by various properties

listed in Tables III and IV. Although the bilayers spontaneously
adhered to all the surfaces, evidenced by the negative values of the
bilayer adhesion strength, there was a marked amount of variation
in the magnitude of the adhesion strength. The adhesion was par-
ticularly strong on the rutile 101 and anatase 110 surfaces at −4.0
± 0.5 mN m−1 and −4.0 ± 0.3 mN m−1, respectively. The rutile
001 and anatase 001 surfaces, on the other hand, exhibited rela-
tively weak adhesion with values of only −0.3 ± 0.1 mN m−1 and
−0.6 ± 0.2 mN m−1.

Additional properties are measured through the central section
of the adhering bilayer (see Fig. 3). The width of this region was
determined by observation of the lipid surface density, expressed
as the projected area per lipid (ApL), as a function of distance
from the ribbon edge. The region over which this property was
constant was inferred to be a representative of a macroscale sup-
ported lipid bilayer. Free bilayers are observed33 to have an ApL of
0.62 nm2, and this represents the lower limit of the time averaged
ApL measured on the various surfaces in this study. The greatest
deviation from this value was 0.66 nm2, measured on the rutile 101
surface.

Partial number density profiles, measured through the central
section of the adhering membrane, are shown in Figs. 4 and 5. The
profiles are divided into contributions from the lipid head, lipid tails,
and the water phase, excluding all hydrogen atoms. The lipid head
atoms include atoms in the choline, phosphate, and glycerol moieties

as well as atoms in the carboxyl group of the palmitic acid tail. All the
remaining carbon atoms in the lipid molecule contribute to the lipid
tail profile.

Additional parameters characterizing the supported lipid
bilayer (SLB) are the separation and the thickness. The former is
measured along the surface normal between the surface, located at
the mean position of the superficial titanium atoms, and the time
averaged mean position of the atoms constituting the previously
defined head group adjacent to the surface. Similarly, the thick-
ness is measured between the time averaged mean positions of the
head group in each leaflet. Note that this definition for the thickness
does not allow for direct comparison with empirically determined

FIG. 3. Top and side views of a lipid ribbon adsorbed on the rutile 100 surface.
Water is omitted for clarity.
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FIG. 4. Number density profiles across the central section of the adsorbed bilayer
on the rutile surfaces. The origin on the abscissa corresponds to the average posi-
tion of the superficial titanium atoms. The right-hand side shows density profiles
near the nonadsorbing surface. Black: lipid head group atoms. Red: lipid tail group
atoms. Blue: water molecules. From top: 110, 100, 101, and 001.

values of bilayer thickness based on small-angle neutron scattering
and will give a value of approximately 3.2 nm for the thickness of
a free bilayer.36 The separations range from 0.81 nm on the anatase
110 surface to 1.53 nm on the anatase 100 surface. This range is gen-
erally greater than the separations observed on the silica surfaces,
which ranged from 0.52 nm to 0.76 nm (the exception being the
dehydroxylated, and consequentially hydrophobic, Q4 surface with
1.01 nm separation). This comparison is borne out by observation
of the partial density profiles in Figs. 4 and 5, which show that in

FIG. 5. Number density profiles across the central section of the adsorbed bilayer
on the anatase surfaces. The origin on the abscissa corresponds to the average
position of the superficial titanium atoms. The right-hand side shows density pro-
files near the nonadsorbing surface. Black: lipid head group atoms. Red: lipid tail
group atoms. Blue: water molecules. From top: 101, 100, 001, and 110.

general the first two layers of water remain intact when the bilayer
adheres to the titania surfaces. In contrast, adhering bilayers on silica
surfaces penetrate the surface water layer to directly contact the silica
surface. The thickness of the SLB ranges from 3.03 nm on the rutile
100 surface to 3.22 nm on the anatase 100 surface, the latter being
comparable to the thickness of a free bilayer. Note that in general,
surfaces with strong adhesion tend to exhibit adhering bilayers with
greater ApL, smaller separation, and smaller thickness. This is in
agreement with the general relationship between these SLB charac-
teristics and adhesion strength observed in the silica and gold studies
although the correlation is not as strong across all the surfaces in this
study.

Bilayer adhesion enthalpies per unit area on each surface are
also included in Tables III and IV. Estimations were obtained from
fully periodic simulations of each surface with a bilayer. In this
geometry, the ApL of the bilayer and the amount of water inter-
vening between the surface and bilayer are determined from the
initial configuration; these properties are constrained by the peri-
odic boundary conditions. For each surface, two simulations were
performed. The first was with a bilayer in contact with the surface
such that the ApL and the intervening water match as closely as
possible the values observed in the ribbon simulations as recorded
in the relevant tables. The second simulation had exactly the same
amount of water and lipids, but the bilayer was located in the middle
of the water channel separating periodic images of the surface. The
difference in the total enthalpy between the two simulations divided
by the projected surface area determines the adhesion enthalpy per
unit area.

The adhesion enthalpy data indicate that adhesion on the rutile
surfaces appears to be endothermic, while on the anatase surfaces,
the process is exothermic. Application of the Gibbs free energy equa-
tion allows the inference of the entropic contributions to the free
energy of adhesion, TΔS, for each surface. They indicate that entropy
is driving adhesion on the rutile surfaces and opposing adhesion on
the anatase surfaces although it is impossible to definitively conclude
that the entropic contribution on the anatase 001 surface is nega-
tive as the uncertainty encompasses both positive and negative val-
ues. Unfortunately, we have been unable to construct a convincing
molecular level explanation for this curious phenomenon.

Finally, we calculated the time averaged number of hydrogen
bonds, per unit area, between the titania and the intervening water
in the presence of the adhering bilayer. Note that the hydrogen bond
density was effectively constant across the simulation time span, so
as a consequence, no errors are reported. There are four surfaces
where there was a small but significant decrease in the hydrogen
bond surface density when the bilayer adheres: rutile 100, rutile
101, rutile 001, and anatase 110. These represent the surfaces with
the greatest hydrogen bond density and least separation between
the surface and bilayer. Additionally, the density profiles show that
there is significant penetration of the second water layer adjacent
to the surface, suggesting that the bilayer is disrupting the forma-
tion of hydrogen bonds between the titania and the secondary water
layer.

IV. CONCLUSIONS
In this paper, we detail computational estimates of the adhe-

sion strength of DMPC bilayers on a variety of titania surfaces,
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representing four low-energy cleavage planes of each polymorph.
The average adhesion strength across the cleavage planes for rutile
and anatase is relatively weak at ∼−2.0 ± 0.4 mN m−1. However,
rutile has two (100 and 101) high energy surfaces (−4 mN m−1),
while anatase has only one (110). Since particle surfaces are expected
to comprise a range of low energy cleavage planes, this observa-
tion suggests a slightly greater tendency for bilayers to wrap rutile
particles compared to anatase particles, but both forms wrap less
than amorphous silica. The adhesion mechanism between the poly-
morphs also appears to differ—the entropic contribution to the
adhesion free energy appears to drive adhesion on the rutile surfaces
and oppose adhesion on the anatase surfaces.

Computational bilayer adhesion studies have now been con-
ducted on three materials, gold, silica, and titania, which collectively
exhibit a spectrum of adhesion characteristics. We have attempted
to correlate the adhesion strength with other properties—such as
immersion enthalpy and single lipid adsorption free energy—that
are easier to measure. However, the only generally reliable predic-
tor of adhesion strength appears to be the equilibrium separation
between the bilayer and surface. Gold displays very strong adhe-
sion, characterized by a separation of 0.33 nm between the sub-
strate and bilayer head group, with a strength of −40 mN m−1.
Silica has a maximum adhesion strength of −7.5 mN m−1 at a
separation of 0.52 nm17 on the amorphous Q3a surface, and tita-
nia has a maximum strength of −4.0 mN m−1 at a separation of
0.85 nm on the rutile 101 surface and 0.81 nm on the anatase
110 surface. Bilayers adhere to other low surface energy cleavage
planes of these metal oxides less strongly. The relative adhesion
strengths of these materials are consistent with reports of low tox-
icity for titania.25 Yu et al.28 reported markedly stronger adsorp-
tion of PE on rutile than on anatase, especially at low concen-
trations; our simulations predict that only rutile 101 will adsorb
DMPC significantly at low concentrations. It remains to be seen
if there is a significant difference between the adsorption of PC
and PE.

SUPPLEMENTARY MATERIAL

See the supplementary material for all input files and analy-
sis scripts necessary to run simulations with GROMACS which are
included in a gzip archive. Configuration files in gro format are taken
from the end of our simulation trajectories.
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