
Atherosclerotic Oxidized Lipids Affect Formation and Biophysical
Properties of Supported Lipid Bilayers and Simulated Membranes
Dane E. Santa,∥ Turner P. Brown,∥ Wonpil Im,* and Nathan J. Wittenberg*

Cite This: J. Phys. Chem. B 2024, 128, 11694−11704 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Oxidized lipids arising from oxidative stress are associated with many serious health conditions, including
cardiovascular diseases. For example, KDdiA-PC and KOdiA-PC are two oxidized phosphatidylcholines (oxPC) directly linked to
atherosclerosis, which precipitate heart failure, stroke, aneurysms, and chronic kidney disease. These oxPCs are well-characterized in
small particles such as low-density lipoprotein, but how their presence affects the biophysical properties of larger bilayer membranes
is unclear. It is also unclear how membrane mediators, such as cholesterol, affect lipid bilayers containing these oxPCs. Here, we
characterize supported lipid bilayers (SLBs) containing POPC, KDdiA-PC, or KOdiA-PC, and cholesterol. We used a quartz crystal
microbalance with dissipation monitoring (QCM-D), fluorescence microscopy, and all-atom molecular dynamics (MD) to examine
the formation process, biophysical properties, and specific lipid conformations in simulated bilayers. Experimentally, we show that
liposomes containing either oxPC form SLBs by rupturing on contact with SiO2 substrates, which differs from the typical adsorption-
rupture pathway observed with nonoxidized liposomes. We also show that increasing the oxPC concentration in SLBs results in
thinner bilayers that contain defects. Simulations reveal that the oxidized sn-2 tails of KDdiA-PC and KOdiA-PC bend out of the
hydrophobic membrane core into the hydrophilic headgroup region and beyond. The altered conformations of these oxPC, which
are affected by cholesterol content and protonation state of the oxidized functional groups, contribute to trends of decreasing
membrane thickness and increasing membrane area with increasing oxPC concentration. This combined approach provides a
comprehensive view of the biophysical properties of membranes containing KDdiA-PC and KOdiA-PC at the molecular level, which
is crucial to understanding the role of lipid oxidation in cardiovascular disease and related immune responses.

■ INTRODUCTION
The oxidation of phospholipids that comprise cell membranes is
a major consequence of oxidative stress. Small amounts of
oxidized phospholipids (oxPL) are critical for normal cell
function and serve as immunomodulatory signals for both pro-
and anti-inflammatory pathways in response to pathogenic
replication and tissue damage.1 However, an overabundance of
oxPLs caused by oxidative stress and chronic inflammation also
leads to the damage of critical cellular components and
ultimately necrotic and apoptotic cell death.2−4 Phospholipids
that contain polyunsaturated fatty acid (PUFA) tails are highly
susceptible to oxidation. Two such examples are 1-palmitoyl-2-
linoleoyl-sn-glycero-3-phosphocholine (PLPC) and 1-palmito-
yl-2-arachidonoyl-sn-glycero-3-phosphocholine (PAPC), both
of which possess multiple sites of unsaturation in their sn-2

chains that can be oxidized, forming numerous oxidized
phosphatidylcholine (oxPC) products implicated in disease.
For example, oxPC in neuronal membranes and myelin sheaths
mediate neurodegeneration in disorders like multiple sclerosis,
spinal cord injury, and frontotemporal lobe dementia.5 In cancer
cells, oxPC promotes tumor metastasis by inducing autophagy-
mediated endothelial-mesenchymal transition.6 Importantly,
oxPC in cell membranes and oxidized low-density lipoprotein
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(oxLDL) particles are recognized by immune cell scavenger
receptors, inducing lipid uptake, promoting foam cell formation,
and activating inflammatory pathways associated with athero-
sclerosis, a key underlying factor for cardiovascular diseases that
have been the foremost cause of global mortality for the last
century.7 A core reason for the interrelation is that the
biophysical properties of oxPC-containing membranes differ
from those of nonoxidized membranes.
Changes in biophysical properties of oxPC-containing

membranes result from differing conformations between oxPC
and their nonoxidized counterparts. Oxidation reactions in
unsaturated lipid acyl tails produce, among other toxic
products,8 truncated acyl chains with polar functional groups.9

This causes normally hydrophobic sn-2 tails to bend into the
membrane interfacial region and beyond like tiny “whiskers”.10

The overall effects of these conformational changes are thinner,
less densely packed membranes that also exhibit increased
permeability, although the effects vary for different oxPCs.11−15

The effects of several oxPC species on membrane biophysical
properties have been studied, but many more oxPC related to
disease and subsequent immune responses have yet to be
characterized.
Two oxPC involved in cardiovascular disease and inflamma-

tory immune response are 1-palmitoyl-2-(9-oxo-11-carboxy-
10E-undecenoyl)-sn-glycero-3-phosphocholine (KDdiA-PC)
and 1-palmitoyl-2-(5-oxo-7-carboxy-6E-heptanoyl)-sn-glycero-
3-phosphocholine (KOdiA-PC) as shown in Figure 1. These

molecules belong to two families of oxPC derived from PAPC
and PLPC, respectively.16 Structurally, the sn-3 head groups
(phosphatidylcholine) and sn-1 tail (palmitic acid) of KDdiA-
PC and KOdiA-PC are identical to those of POPC. The sn-2 tails
of KDdiA-PC and KOdiA-PC are both truncated (KDdiA-PC
has 12 carbons, KOdiA-PC has 8 carbons) and include a γ-oxo-
α,β-unsaturated carboxylic acid. Combined, the sn-2 chains of
KDdiA-PC and KOdiA-PC render them as high-affinity ligands
for class B scavenger receptors like CD36, which is involved in
selective uptake of oxidized forms of LDL (oxLDL) by
macrophages as well as macrophage transition to foam cells
and atherosclerotic lesion development.17 Studies including
KDdiA-PC and KOdiA-PC focus on oxLDL particles and
comparable membrane models,18,19 but how these oxPCs affect
the biophysical properties of bilayer membranes has yet to be
investigated in full.
Both experimental and computational methods have been

used to study the effects of oxPC on the biophysical properties of

the oxidized membranes. Experimentally, surface-sensitive
analytical techniques like atomic force microscopy, surface
plasmon resonance, optical microscopy, and quartz crystal
microbalance with dissipation monitoring (QCM-D) have been
used to reveal information about oxidized supported lipid bilayer
(SLB) formation via liposome rupture as well as the biophysical
characteristics of the SLBs.20−23 These methods have also been
used to show how modulating factors like cholesterol affect
membrane biophysical properties.24,25 Computational studies
have also shown the effects of oxPC on bilayer membranes. In
general, simulated bilayers that include oxPC are thinner and
less densely packed than nonoxidized bilayers.26−28 These
molecular dynamics (MD) simulations also predict the
orientation of oxPCmolecules in bilayers and provide additional
insight into the individual effects of chemically diverse oxPC on
lipid bilayers.
This study reports the specific effects of KDdiA-PC and

KOdiA-PC on SLB formation and membrane biophysical
properties. Experimentally, we use QCM-D and fluorescence
microscopy to show that liposomes containing these oxPCs
rupture more readily on SiO2. We also show that oxidized SLBs
that contain biologically relevant concentrations of cholesterol
are thicker than those that do not contain cholesterol. These
results are supported by all-atom MD simulations, which show
trends of increasing area per lipid (APL) with increasing oxPC
concentration. Overall, this combined experimental and
computational approach provides comprehensive insight into
what is occurring in oxPC-containing membranes down to the
molecular level.

■ METHODS
Liposome Preparation. KDdiA-PC and KOdiA-PC were

purchased from Cayman Chemical. POPC, cholesterol, and
nitrobenzoxadiazole (NBD)-labeled PC were purchased from
Avanti Polar Lipids. Lipids dissolved in chloroform were
combined in desired molar ratios in amber glass vials and
desiccated under vacuum for >2 h to evaporate the chloroform.
Small unilamellar vesicles were then formed at total lipid
concentrations of 1 mg/mL by rehydrating the lipid films in 1
mL of Tris buffer (10 mM Tris base, 250 mM NaCl, 2.2 mM
CaCl2, pH 7.0), vortexing to suspend lipids, and sonicating the
suspensions in a bath sonicator (Branson) for 10 min at room
temperature. Suspended liposomes were then extruded 23
passes through a 50 nm-pore size polycarbonate membrane filter
(Cytiva) using an Avanti mini-extruder. KDdiA-PC or KOdiA-
PC mole fractions in liposomes were 10, 20, or 30 mol %,
respectively. Liposomes with all concentrations of oxPC were
prepared with and without 30 mol % cholesterol.

Supported Lipid Bilayer Formation. A QSense Explorer
E1 QCM-D instrument (Biolin Scientific) was used to monitor
SLB formation. QCM-D sensor chips (Biolin Scientific) were
AT-cut SiO2-coated quartz crystals with a 5 MHz fundamental
frequency. Sensors were cleaned by first soaking in 2% SDS for at
least 30 min and then rinsing 5 times with ultrapure water. The
sensors were then dried under a stream of N2 gas and placed in a
UV-Ozone chamber for 10 min before immediately transferring
to the QCM-D flow cell. The instrument allowed for the internal
temperature of the flow cell to be held constant at 23.0 °C.
Liposomes were diluted to a total lipid concentration of 0.1 mg/
mL in Tris buffer (10mMTris base, 250 mMNaCl, and 2.2 mM
CaCl2, pH 7.0) and flowed through the QCM-D flow cell at a
constant rate of 100 μL/min using a peristaltic pump. Upon SLB
formation, which was determined by signal stabilization, sensors

Figure 1. Chemical structures of lipids used in this study: 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-(9-oxo-
11-carboxy-10E-undecenoyl)-sn-glycero-3-phosphocholine (KDdiA-
PC), 1-palmitoyl-2-(5-oxo-7-carboxy-6E-heptanoyl)-sn-glycero-3-
phosphocholine (KOdiA-PC), and cholesterol.
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were washed with Tris buffer (10 mM Tris base, 250 mMNaCl,
pH 7.0) at a flow rate of 100 μL/min. In cases where the signals
did not stabilize, the flow cell was washed after 10 min of
liposome exposure. For each trial, frequency and dissipation
were monitored at the first, third, fifth, seventh, ninth, 11th, and
13th overtones. The third overtone was used to model all data
reported in this study and to estimate bilayer mass using the
modified Sauerbrey equation.29

Fluorescence Microscopy. Images of SLB formation were
collected in homemade poly(dimethylsiloxane) (PDMS) micro
wells bonded to glass coverslips. Coverslips were soaked in 2%
(w/v) SDS solution for at least 30 min, rinsed with ultrapure
H2O, and dried with a stream of N2 gas.Micro wells were formed
in PDMS slabs using a 5 mm diameter biopsy punch, which
produced wells with a total volume of approximately 100 μL.
Both coverslips and PDMS were then treated with air plasma
(Harrick Plasma) for 90 s at 280 mTorr and immediately filled
with approximately 100 μL of Tris buffer (10 mMTris base, 250
mMNaCl, and 2.2 mM CaCl2, pH 7.0) after being brought into
contact. The wells were then mounted for imaging using total
internal reflection fluorescence microscopy (TIRFM; Nikon
Eclipse Ti, 100× objective, 1.49 N.A.). Liposomes were diluted
to a total lipid concentration of 0.1 mg/mL in Tris (10 mM Tris
base, 250 mM NaCl, and 2.2 mM CaCl2, pH 7.0) and added to
the wells, while TIRFM images of liposome adhesion and
rupture were recorded. Images of SLB formation were acquired
at 5 s intervals until stabilization of fluorescence intensity (>10
min). NBD fluorescence was excited using a 488 nm diode laser
and a FITC filter set (Chroma). Images were captured with a
2048 × 2048 pixel sCMOS camera (Orca Flash 4.0 v2,
Hamamatsu). After SLB formation, wells were washed out
with at least 3 mL of Tris (10 mM Tris base, 250 mMNaCl, pH
7.0) and remounted to record fluorescence recovery after
photobleaching (FRAP) using epifluorescence. Samples were
bleached using a 405 nm laser (50 mW) pulse for 2 s, and
fluorescence recovery was recorded at 1 s intervals for 2 min. For
FRAP (fluorescence recovery after photobleaching) imaging,
NBD fluorescence was excited using an LED light engine (Aura
II, Lumencor). Diffusion coefficients of fluorescent lipids were
calculated using the Hankel transform and MATLAB script
detailed by Jönsson et al.30 All image analysis was performed
using Nikon Elements and ImageJ software.
Computational System Setup. Our all-atom MD

simulation systemswere built using CHARMM-GUIMembrane
Builder.31−33 Twenty-six compositionally distinct bilayers were
built, varying in oxPL concentration, chain length, protonation
state, and presence of cholesterol. System details are
summarized in Table S1. Two of these twenty-six bilayers are
the control systems: 100% POPC bilayer and 70/30% POPC/
cholesterol bilayers. Three replicas of each systemweremade for
a total of 78 simulations. For convenience, these systems were
named based on the oxPL type, protonation state, concen-
tration, and the presence of 30% cholesterol. For example, the
system with 20 mol % deprotonated KOdiA-PC and cholesterol
is named dp-KO-20-chol. The CHARMM36m force field was
used for all lipids34 together with the TIP3P water model.35 A
force-switching function36 was applied to van der Waals
interactions over 10−12 Å, and the electrostatic interactions
were calculated using the particle-mesh Ewald method.37 A
semi-isotropic Monte Carlo barostat and Langevin Dynamics
friction coefficient of 1 ps−1 were used to maintain pressure (1
bar) and temperature (310 K), respectively. Reutilizing the
input scripts generated by Membrane Builder,38 including the

six-step Membrane Builder equilibration process,33 we used
OpenMM software39 to perform all simulations with a 4 fs time-
step utilizing the hydrogen mass repartitioning technique40 and
the SHAKE algorithm.41

Simulation Analysis Methods. Membrane thickness was
defined as the average distance along the Z-axis between
phosphorus atoms in the upper and lower leaflets and was
calculated every 0.1 ns for the duration of the production.
Density profiles were calculated for various atom types and
molecules. POPC headgroup density was defined as the average
position of the phosphorus atoms in the head groups. Water
density was defined as the average position of the oxygen atoms.
Cholesterol density was defined as the average position of the
O3 atom. Area per lipid was calculated by first choosing
representative atoms from each lipid. For oxidized lipids and
POPC, the representative atoms were C21 (first carbon on the
sn-2 acyl chain), C2 (central carbon in the glycerol backbone),
and C31 (first carbon on the sn-1 acyl chain). For cholesterol,
the representative atom was atoms O3. Each lipid’s
representative atoms were treated as Voronoi centers. Next,
Voronoi tessellation was performed on each frame of the
simulation from 0.5 to 1 μs to obtain Voronoi cells. Finally, the
average Voronoi cell area (i.e., area per lipid) for each lipid type
was calculated. Order parameters were calculated for the carbon
atoms of the sn-1 chains of each lipid type according to the
following equation: SCD = |1/2⟨3 cos2 θ − 1⟩|, where θ is the
angle between the direction of the C−H bond and the bilayer
normal. Order parameters were averaged over the last 100 ns of
each simulation. Lateral diffusion coefficients of POPC were
estimated using the method described by Klauda et al.42 First,
the mean-squared displacement (MSD) was obtained by
unwrapping the simulation trajectories from the last 100 ns of
production. This was done to prevent large displacement values
for lipids that move across the periodic boundary. Then, the
lateral MSD was calculated for phosphorus atoms of POPC.
Finally, for every 10 ns, the lateral diffusion coefficients were
estimated by the Einstein Relation: D = 1/4 × MSD/t.

■ RESULTS AND DISCUSSION
oxPCs Alter SLB Formation and Biophysical Proper-

ties. We used QCM-D to monitor SLB formation by the
adsorption and rupture of POPC liposomes containing
increasing concentrations of KDdiA-PC or KOdiA-PC on
SiO2. This technique utilizes an oscillating quartz sensor to
measure shifts in resonant frequency (ΔF), which is propor-
tional to mass adsorbed to the sensor, and dissipation (ΔD),
which is a measure of the viscoelasticity of the adsorbed mass.
Figure 2 shows ΔF and ΔD traces over time for liposomes
containing increasing concentrations (10−30mol %) of KDdiA-
PC (Figure 2a,c) and KOdiA-PC (Figure 2b,d). Liposomes
composed solely of POPC (Figure 2a−d, black traces) exhibited
a classical two-step SLB formation process. Initially, the ΔF
decreased and the ΔD increased as intact liposomes adsorbed to
the sensor until a critical point of surface coverage was achieved.
At the critical point, ΔF and ΔD shifted back toward baseline as
the liposomes ruptured and released their aqueous contents.
The signals then stabilized at values (ΔF = −26.5 ± 0.9 Hz, ΔD
= 0.4 ± 0.3 × 10−6) that agree with literature values (ΔF = −28
Hz, ΔD = 0.6 × 10−6) for a SLB composed of POPC.43

Increasing the mole fraction of KDdiA-PC in the liposomes
(Figure 2a,c) transformed the SLB formation to a one-step
process, where liposomes rupture immediately upon adsorption.
The evidence for this is a diminished critical point for
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suspensions containing 10 mol % KDdiA-PC vs POPC alone
and a direct shift from baseline to stable SLB values at 20 and
30% oxPC concentrations. Similar transitions from two-step to
one-step bilayer formation have been observed usingQCM-D to
monitor the rupture of POPC liposomes containing increasing
concentrations of other oxidized PCs, such as PAze-PC and
poxno-PC on SiO2.

14,44 Liposomes containing 30mol %KOdiA-
PC (Figure 2b,d) also showed diminished critical point ΔF and
ΔD values; although at lower concentrations, the criticalΔF and
ΔD values were larger than for POPC alone and they did not
stabilize for liposomes containing 10 mol % KOdiA-PC. We
attribute the increasing trend of excessive signals with lower
KOdiA-PC concentration to intact liposomes adsorbing on the
SLB formed on the QCM-D sensors. We surmise that the
liposomes containing 20 mol % KOdiA-PC (more so at 10 mol
% KOdiA-PC) retain some character of nonoxidized POPC.
This makes them stable enough not to rupture on contact but
“sticky” due to protruding oxidized sn-2 chains, which are free to
interact with the SLB. Regardless, the observed one-step SLB
formation indicates that the KDdiA-PC liposomes rupture on
contact with the sensor instead of remaining intact until a critical
surface coverage is reached.44 Ruptured liposomes form
“patches” of incomplete SLB. The exposed hydrophobic edges
of these patches catalyze further liposomal rupture to form a
complete SLB, which is more energetically favorable.45

The rupture of liposomes containing zwitterionic lipids such
as POPC is predominantly driven by adhesion and deformation
forces between liposomes and the SiO2 substrate overtaking the
cohesive intermolecular forces that maintain liposomal
structures. It is likely that the lipid conformational differences
in liposomes with KDdiA-PC disrupt lipid packing order, which
weakens the cohesive forces in liposomes and results in
spontaneous rupture upon surface contact. Shifts in ΔF can be
used to obtain measurements for areal mass adsorbed to the
sensor surface, which is a product of the lipid density and
thickness of an SLB; however, oxPCs can induce membrane
defects, making direct thickness measurements with QCM-D
challenging. For this reason and the excess signal observed for
SLBs containing KOdiA-PC, we used MD simulations to
calculate the thickness of lipid bilayers containing deprotonated
oxPCs. The membrane thickness was measured as the mean
distance between the phosphate groups across the membrane
bilayer. For SLBs containing either KDdiA-PC (Figure 2e) or
KOdiA-PC (Figure 2f), there is a trend of decreasing bilayer
thickness with increasing oxPC concentration, which agrees
with previous studies of oxPC in bilayer simulations.27,28,46

Furthermore, KDdiA-PC has amore pronounced thinning effect
than KOdiA-PC. We attribute this enhanced membrane
thinning to differences in oxidized chain length between the
oxPCs, which has been previously shown to greatly affect
membrane thickness. The 4 additional carbons in the sn-2 chain
of KDdiA-PC presumably disrupt lipid packing more than
KOdiA-PC, resulting in thinner membranes with increasing
oxPC concentration.

Cholesterol Modulates the Effects of oxPC on SLB
Formation. We also used QCM-D to explore the modulatory
effect of cholesterol in SLBs containing KDdiA-PC or KOdiA-
PC. Cholesterol constitutes a large fraction of total lipids in
mammalian cell membranes and plays a key role in maintaining
membrane biophysical characteristics, including fluidity and
permeability. Figure 3 showsΔF andΔD traces over time (a−d)
for POPC liposomes containing 30 mol % cholesterol and 10−
30 mol % KDdiA-PC (a,c) or KOdiA-PC (b,d). Again,
increasing KDdiA-PC (Figure 3a,c) in liposomes shifted bilayer
formation from a two-step to a one-step process, evidenced by
the direct shift in ΔF andΔD from baseline to stable SLB values.
One-step bilayer formation was also observed for liposomes
containing cholesterol and 30 mol % KOdiA-PC. At lower
concentrations (10, 20 mol %) of KOdiA-PC, the magnitude of
ΔF and ΔD increased indefinitely when flowing liposomes over
the sensor, and the signals remained stable upon switching to the
washing buffer. MD simulations again show a trend of
decreasing bilayer thickness with increasing KDdiA-PC (Figure
3e) and KOdiA-PC (Figure 3f) concentration. Additionally,
bilayers containing cholesterol are 14.7−15.9% thicker than the
corresponding cholesterol-free bilayers at each oxPC concen-
tration (Figure 2e,f).
The increased membrane thickness observed in systems

containing cholesterol can be explained by cholesterol’s ability
to modulate membrane biophysical characteristics through
hydrogen bonding interactions between the 3β−OH of
cholesterol and oxygens in surrounding lipids.47,48 The oxidized
moieties of KDdiA-PC and KOdiA-PC cause the sn-2 chains to
bend into the hydrophilic headgroup region of the membrane
and further into the aqueous surroundings. These conforma-
tional changes typically result in reduced lipid density (in the
hydrophobic membrane core) and membrane thinning as the
oxidized lipids have a greater lateral footprint and cannot pack

Figure 2. Increasing the oxPC concentration in liposomes affects
bilayer formation and alters biophysical properties of formed
membrane models. Shifts in resonant frequency (ΔF) and dissipation
(ΔD) are shown for the rupture of POPC liposomes with and without
KDdiA-PC (a, c) and KOdiA-PC (b, d) over time. Thickness
measurements from the simulations of POPC bilayers containing
increasing concentrations of KDdiA-PC (e) and KOdiA-PC (f) with
deprotonated (dp) carboxylic acids on the sn-2 tails. KD represents
KDdiA-PC and KO represents KOdiA-PC. The numbers represent the
mole fractions of the oxPCs in the simulated compositions. Error bars
represent the standard errors of triplicate measurements.
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together as tightly as nonoxidized lipids alone. In the presence of
cholesterol, the polar oxidized chains are available to hydrogen
bond with cholesterol 3β−OH groups. This has been seen
previously in simulated models containing POPC, PGPC (sn-2
tail contains 5 carbons and a terminal carboxylic acid), and
cholesterol. In these systems, the oxidized tail of PGPC pokes
out into the headgroup region. The hydroxyl groups of
cholesterol preferentially hydrogen bind with the terminal
carboxylic acids of PGPC and fill the corresponding vacancy in
the hydrophobic core.49 In our systems, these interactions tether
the oxidized lipids in place and allow them to pack more tightly
in the membrane, resulting in increased membrane thickness.
Fluorescence Imaging of SLB Formation.We used TIRF

microscopy to further examine the formation of SLBs from
liposomes containing KOdiA-PC or KDdiA-PC. Figure 4 shows
examples of liposome rupture over the course of 10 min for
samples with increasing oxPC concentrations and a fluorescent
reporter (NBD-PC). Full time-lapse movies of fluorescent
micrographs are supplied in Movies S1−S4. Micrographs of
nonoxidized liposomes (Figure 4 and Movie S1) show
individual punctules of light accumulating on the coverslip
before the point of critical coverage and after which a large
majority of the punctules are replaced by a field of uniform
fluorescence intensity. This confirms the two-step SLB

formation process previously shown by other groups.43,50 In
contrast, micrographs of liposomes containing KDdiA-PC
(Figure 4 and Movie S2) rapidly form a nonuniform field of
fluorescent patches with distinct defects that fuse over time.
One-step SLB formation via oxidized liposome rupture has not
been observed fluorescently although the formation of SLBs
with numerous defects agrees with the tendency of oxPC to
induce and stabilize membrane defects.14,15,51 The normalized
fluorescence intensity of Movies S1 and S2 over time, shown in
Figure S1, further illustrates the difference between one- and
two-step SLB formations. For POPC liposomes (black trace),
adsorption of the liposomes begins with an increase in
fluorescence intensity followed by a distinct decrease at
approximately 320 s. This decrease corresponds to the rupture
cascade visualized in Movie S1 and is similar to the results
reported by Fygenson and co-workers.45 The fluorescence
intensity decline is absent for liposomes containing 30 mol %
KDdiA-PC (light blue trace) and supports a mechanism by
which liposomes rupture upon contact with the substrate.
Interestingly, liposomes that contain KOdiA-PC (Figure 4

and Movie S3) rupture to form fluorescent fields with distinct
punctules in the foreground, and the effect is enhanced for
liposomes including additional cholesterol (Figure 4 and Movie
S4). This confirms that the ΔF and ΔD traces observed in
Figures 2 and 3 are the result of intact liposomes binding to a
formed SLB containing KOdiA-PC. Although more studies are
needed to discern why liposomes containing KOdiA-PC and not
KDdiA-PC bind to formed SLBs, this is possibly due to the
structural differences in their oxidized sn-2 chains contributing
to competing hydrophobic and hydrophilic forces in the
membrane. How an oxPC behaves in membrane model systems
is characteristic of individual species and is a function of their

Figure 3. Cholesterol modulates the bilayer formation and biophysical
properties of membrane models containing increasing oxPC concen-
trations. Shifts in resonant frequency (ΔF) and dissipation (ΔD) are
shown for POPC liposomes containing 30 mol % cholesterol as well as
KDdiA-PC (a, c) and KOdiA-PC (b, d) over time. Thickness
measurements from the simulations of POPC bilayers containing 30
mol % cholesterol and increasing concentrations of KDdiA-PC (e) and
KOdiA-PC (f) with deprotonated (dp) carboxylic acids on their sn-2
tails. KD represents KDdiA-PC and KO represents KOdiA-PC. The
numbers represent the mole fractions of the oxPCs in the simulated
compositions. Error bars represent the standard errors of triplicate
measurements.

Figure 4. Increasing the oxPC concentration alters SLB formation.
Fluorescent micrographs of liposome adsorption and rupture on glass
coverslips for samples containing (top to bottom) POPC/NBD-PC
(98:2), POPC/KDdiA-PC/NBD-PC (68:30:2), POPC/KOdiA-PC/
NBD-PC (88:10:2), and POPC/KOdiA-PC/Cholesterol/NBD-PC
(58:10:30:2). Images are 512 × 512-pixel sections taken from
micrographs contained in Supporting Movies S1−S4. See the
Supporting Information for imaging details.
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chain length and oxidized moiety.52 The two oxPCs in this study
are structurally identical, aside from the length of their sn-2 acyl
chains. For this reason, we propose that the 4 additional carbons
of KDdiA-PC strengthen hydrophobic interactions with the acyl
core and therefore anchor the sn-2 chain in the membrane. The
sn-2 chain of KOdiA-PC, which is 4 carbons shorter, is less
anchored and therefore more able to extend into the hydrophilic
headgroup region and further into the aqueous medium.
Effects of oxPC Concentration on Lipid Lateral

Diffusion in Bilayers. To probe the effects of the oxPC
concentration on the lateral diffusivity of fluorescent reporters in
SLBs, we conducted fluorescence recovery after photobleaching
(FRAP). Figure 5 shows average diffusion coefficients for SLBs

containing NBD-PC with increasing concentrations of KDdiA-
PC (a) or KOdiA-PC (b) both without and with 30 mol %
cholesterol. There are no significant trends in diffusivity for SLBs
containing KDdiA-PC or KOdiA-PC alone (circles), but the
addition of cholesterol (diamonds) results in a lower diffusion
coefficient for every SLB composition. In cholesterol-containing
systems, there is also a trend of increasing diffusion coefficient
with increasing oxPC concentration. Studies that report the
effects of oxPC on lateral diffusion in membrane models vary;
the effects of oxPC on lateral diffusion in membranes are largely
unique to different oxPC species.53 To this point, Beranova et al.
show increased rates of diffusion in large unilamellar vesicles
incorporating POPC and 10 mol % oxPC with truncated sn-2
chains (POV−PC and PGPC),26 but Paez−Perez and
colleagues report decreasing diffusion coefficients in MD
simulations with increasing amounts of full-chain peroxidated
POPC.54 Similarly, enzymatically oxidized SLBs display lower

lipid diffusion coefficients.55 Also, the correlation between
decreasing diffusion coefficients and increasing cholesterol
concentration is well established in models containing non-
oxidized PC only56 as well as oxPC.57

We attribute the experimentally observed trends of increasing
diffusion coefficients with increasing oxPC concentrations in
cholesterol-containing SLBs to competing lipid−lipid inter-
actions affecting the area per lipid (APL) in the SLBs. Larger
APL values are correlated with faster lipid lateral diffusion
because individual lipids have more space to move, albeit lateral
diffusion in membranes is a complex process affected by many
factors (molecular structure, overall lipid composition, model
system used, solvent viscosity and ionic strength, temperature,
etc.).58 Figure S2 shows the average APL from the simulations
containing increasing KDdiA-PC (a) and KOdiA-PC (b)
concentrations with (diamonds) and without cholesterol
(circles). Our simulations reveal two phenomena. First,
incorporating oxPC in simulations results in a larger average
APL, which has been observed elsewhere.28,46 Second, adding
cholesterol to each lipid composition in simulations results in a
smaller average APL, which has also been established in
literature.59 Taken together, the increases in average APL
caused by oxPC conformational changes outweigh the decreases
in average APL caused by hydrogen bonding between
cholesterol and lipid head groups (and polar tails in the case
of oxPC) as the oxPC concentration increases. Furthermore, the
previously mentioned structural differences between the oxPC
explain why this effect is more pronounced with KDdiA-PC
versus KOdiA-PC. It is important to note that diffusion
coefficients calculated from simulations shown in Figures S3
and S4 are not in strict alignment with experimental values but
show similar trends. We attribute this difference to a lack of
lipid−substrate interactions in our computational models in
comparison to the experimental SLBs and the tendency for
simulations to overestimate diffusion values;60,61 however,
further experimentation is required to discern why the
disagreement is occurring.

Molecular Dynamics Simulations of Bilayers with
oxPCs. QCM-D and FRAP are important experiments for
elucidating the bilayer formation mechanisms of oxPC-
containing bilayers. However, some bilayer properties, such as
the membrane thickness or the positions of specific atoms, are
challenging to measure using traditional experimental techni-
ques. MD simulations were performed to determine these
properties and investigate the bilayers on smaller time scales.
Simulated bilayers mimicking the experimental SLB composi-
tions were made with CHARMM-GUI Membrane Builder52

(see Methods section). In addition, systems with oxPCs that
possess either protonated or deprotonated terminal carboxylic
acids were simulated. In total, 78 systems were simulated (Table
S1). Our naming scheme for simulated systems indicates the
protonation state of the carboxylic acid on the sn-2 chain of the
oxPC (protonated = p; deprotonated = dp), the identity of the
oxPC (KDdiA-PC = KD; KOdiA-PC = KO), the mole fraction
of the oxPC, and whether 30 mol % cholesterol is present in the
system. For example, the system with 20 mol % deprotonated
KDdiA-PC and cholesterol is named dp-KD-20-chol. Figure 6
shows snapshots of the four systems at 2 μs. The simulated
bilayers reached dynamic equilibrium soon after equilibration
and remained stable for the duration of production (Figure S5).

Effects of Increased oxPC on Simulated Bilayers.
System size, membrane thickness, POPC APL, lipid-order
parameter, and lateral diffusivity were calculated for all simulated

Figure 5. Increasing the oxPC concentration affects lipid lateral
diffusion in SLBs. Experimentally measured diffusion coefficients for
SLBs containing KDdiA-PC (a) and KOdiA-PC (b) on glass coverslips.
Values for POPC/oxPC bilayers are shown as solid colors, and values
for those containing 30 mol % cholesterol are shown with black stripes.
Error bars represent the standard deviation of triplicate measurements.
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bilayers to compare modulations of biophysical properties by
oxPC. As seen in the experimentally examined SLBs, these
properties depend on the concentration and specific chemistry
of oxPC, as well as the presence of cholesterol. APL calculations
were performed to quantify how much bilayer expansion occurs
at increasing oxPC concentration (Figure S2). In most cases,

oxPCs have larger membrane areas (i.e., X = Y membrane area
with the membrane normal along the Z-axis) than POPC
molecules (Figure S5). The one exception is deprotonated
KOdiA-PC, which has about the same XY area as POPC.
Generally, increasing oxPC concentration increases the system
size along the X-axis, decreases thickness, and decreases the sn-1

Figure 6. Snapshots from the end of simulations with water and ions omitted for clarity. System names: (a) dp-KO-20-chol, (b) p-KO-20, (c) p-KD-
20-chol, and (d) dp-KD-20. Red spheres are carboxyl groups on oxPCs. Green spheres are POPC. Magenta spheres are KOdiA-PC. Cyan spheres are
KDdiA-PC. Gray lines are cholesterol.

Figure 7.Density profiles along the Z-axis (i.e., the membrane normal with the membrane center at Z = 0) with 30% oxPC: (a) dp-KO-30 and p-KO-
30, (b) dp-KD-30 and p-KD-30, (c) dp-KO-30-chol and p-KO-30-chol, and (d) dp-KD-30-chol and p-KD-30-chol.
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chain order parameter (Figures S5−S8). However, a more
complex effect emerges when considering the oxPC chain
length. For instance, increasing 12-carbon oxPC (KDdiA-PC)
concentration in cholesterol-containing bilayers has a smaller
effect on the bilayer thickness compared to cholesterol-free
systems (Figure 3e,f). Additionally, lipid-order parameters
decrease less dramatically upon addition of KOdiA-PC when
compared to KDdiA-PC addition (Figures S6−S7). The
presence of oxPC did not have a significant effect on the lateral
diffusion of POPC (Figure S4). Overall, the oxidized
membranes are wider and thinner than pure POPCmembranes,
suggesting that phospholipid oxidation induces membrane
instability.
To characterize the influence of the protonation state on lipid

chain positioning, we compared the Z-position of various lipid
groups between protonated oxPC and deprotonated oxPC
systems. As shown in Figure 7a,b, protonated carboxyl groups on
KOdiA-PC and KDdiA-PC settle just inside of POPC head
groups, whereas deprotonated carboxyl groups settle outside of
the POPC head groups (see also Figure 6). Despite being four
methylene units shorter, deprotonated KOdiA-PC’s truncated
chain reaches just as far into the aqueous space as KDdiA-PC’s
longer truncated chain. Reversal of the oxPCs sn-2 chains pushes
adjacent lipids apart and creates more space in the hydrophobic
region of the membrane, causing a lower order of the lipids. This
is confirmed by a consistent decrease in order parameter with
respect to oxPC concentration (Figures S6 and S7). As these
truncated chains extend into the aqueous space, hydrophobic
forces act on the nonpolar acyl chains, pulling them back toward
the water-membrane interface. This phenomenon has been
observed in previous studies and is known as the “lipid whisker”
model of oxidized membranes.10,59 This, coupled with the APL
analysis, suggests that oxPCs adopt a conical shape within the
bilayer. As the concentration of oxPC increases, more lipid tails
are positioned near the water-bilayer interface, causing lateral
expansion and thinning of the bilayer. Extension of deproto-
nated tails into the aqueous space suggests that bilayers with
oxidized lipids may easily attract scavenger proteins, which can
bind to the “lipid whiskers”.
Effects of Cholesterol on Simulated Bilayers. To

investigate the effects of cholesterol on themembrane properties
of bilayers containing various oxPCs, bilayers with 30 mol %
cholesterol were simulated for 2 μs. As shown in Figures S3 and
S4, addition of cholesterol condenses the pure POPC bilayer,
inducing tighter lipid packing and lower membrane area. The
current hypothesis is that cholesterol is able to settle into the
space left by oxPC chain reversal, reducing lateral pressure and
inducing tighter lipid packing.62 As shown in Figure 6, our
simulations confirm this behavior. Cholesterol molecules,
colored gray, sit in pockets created by the reversal of oxidized
lipid chains. To corroborate with the snapshots, as shown in
Figure 7, the Z-positions of cholesterol are just inside those of
POPC. Average membrane thickness and system size for
cholesterol-containing bilayers are listed in Table S2. The
presence of cholesterol significantly decreases membrane
thickness, while increasing lipid-order parameter compared to
cholesterol-free bilayers (Figures S6 and S7). Additionally,
cholesterol induces lower APL and lower lipid diffusivity in all
bilayers (Figures S2−S6). These results indicate a complex
condensing effect by cholesterol, which may help stabilize the
bilayer in response to lipid oxidation. Taken together, the bilayer
simulations of various oxPC species, concentrations, and

cholesterol-containing membranes yield a finely detailed profile
of the modulation of bilayers by oxidized lipids.

■ CONCLUSIONS
In summary, the results from our experiments and simulations
indicate that increasing the concentration of atherosclerotic
oxidized lipids affects the bilayer formation and biophysical
properties of membrane model systems. Increasing KDdiA-PC
or KOdiA-PC concentration in liposomes shifts the bilayer
formation process from a two-step accumulation rupture to a
one-step rupture-on-contact pathway, and formed SLBs
containing either oxPC are thinner and less densely packed
than those containing POPC. Simulations of POPC bilayers
containing KDdiA-PC or KOdiA-PC show trends of decreasing
bilayer thickness, increasingmembrane area, and increasing APL
with increasing oxPC concentration. We also report discrete
differences in sn-2 tail conformation caused by the protonation
state of the contained oxidized moiety. Additionally, incorporat-
ing biologically relevant concentrations of cholesterol in both
SLBs and simulated bilayers mitigates the effects of an increased
oxPC concentration. Overall, combining experimental and
computational methods provides a comprehensive view down
to the molecular level of what is occurring in bilayer membranes
containing oxidized lipids associated with cardiovascular disease.
It is important to note that SLBs and simulations differ from

biological membranes in several ways. Most notably, our models
are highly simplified in comparison to actual cell membranes
that contain vast numbers of different molecules, which may
alter the interactions and perturb measurements reported in this
study. Additionally, the silica on which our SLBs were formed is
much harder than both the extracellular matrix and the cytosol
that surround plasma membranes, and our models are not
tethered to cytoskeletal filaments. These differences in support
structure result in different bilayer-substrate interactions, which
can affect both the molecular distribution and overall lateral
diffusion. When the reliability of MD simulations is considered,
multiple limitations must be noted. First, the accuracy of a
simulation relies heavily on the quality of the force field. Despite
significant efforts in fine-tuning the parameters of various
molecular force fields over decades, no classical force field
parameters can perfectly reflect in vivo observations. However,
with proper system preparation, force fields (energy functions),
and statistical mechanics, the simulation can be used to calculate
various experimental observables for direct comparison,
validating the simulation. Additionally, the computational
resources needed to perform all-atom simulations strongly
limit the size and time scale of the study. For instance, our
simulated bilayers were about 90 to 100 Å wide, so bilayer
properties that require a large lateral area, such as curvature, are
difficult to estimate. Finally, because the simulations are
ensembles of bilayer conformations at discrete time points,
any bilayer properties calculated will be estimations. To alleviate
this, we report averages over many time points for all of the
estimated properties.
Despite these limitations, our findings have broader

implications for biological systems and lay the foundation for
future studies of the effects of oxPC in lipid bilayer membranes.
Here, we show that increasing concentrations of these oxPC
affect bilayer thickness and overall lipid density, which may
affect other properties, including membrane permeability and
leaflet asymmetry. We also show that cholesterol mitigates the
influence of oxPC on the bilayer integrity. If more cholesterol
allows for stable membranes with higher oxPC content in vivo,
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any downstream effects controlled by oxPC concentration (e.g.,
inflammation and foam cell formation) may be modulated by
both the cholesterol and oxPC content. Our studies pave the
way for future investigations on how membrane cholesterol
could potentially influence scavenger-receptor-mediated cellular
responses to oxPCs such as KOdiA-PC and KDdiA-PC.
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