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ABSTRACT: The oxidization of glycerophospholipids in cell
membranes due to aging and environmental stresses may cause
a variety of pathological and physiological consequences. A
variety of oxidized phospholipid products (OxPl) are produced
by the chemical oxidization of unsaturated hydrocarbon chains,
which would significantly change the physicochemical proper-
ties of cell membranes. In this work, we constructed cell
membrane models in the absence and presence of two stable
oxidized lipid products and investigated their impact on physical
properties of supported membranes using quartz crystal
microbalance with dissipation (QCM-D) and high-energy X-
ray reflectivity (XRR). Our experimental findings suggest that
the lipid oxidization up to 20 mol % leads to the rupture of
vesicles right after the adsorption. Our XRR analysis unravels
the membrane thinning and the decrease in the lateral ordering of lipids, which can be explained by the decrease in the lateral
packing of hydrocarbon chains. Further studies on mechanics of membranes incorporating oxidized lipids can be attributed to the
decrease in the bending rigidity and the increase in the permeability.

■ INTRODUCTION

Cell membranes are one of the most important components of
biological systems forming a protective barrier of living cells by
separating the cytoskeleton from the external compartment.
They are involved in several cellular functions and processes,
such as cell protection, signaling, and communication of cells
with each other and with their surrounding environments.1

They consist of phospholipids with various headgroups and
chains. However, the membranes of eukaryotic cells are
composed of large amounts of diacylglycerophospholipids2

with a high occurrence of polyunsaturated fatty acid (PUFA)
chains3 that are subject to oxidative modification. The changes
in the physical properties of biological membranes caused by
the phospholipid oxidization,4 such as decrease in the lateral
packing5 and thinning of the bilayer,6 are expected to cause
several pathological and physiological consequences.7−11

The glycerophospholipids of mammalian cells are composed
of a saturated fatty acyl chain of either 16 or 18 carbons which
is usually linked to the sn-1 position, while the sn-2 position is
usually connected to a mono or polyunsaturated chain.3,12,13

Although polyunsaturated chains are abundant in few
specialized organelles such as mitochondria,14 they can be
also found in lipoprotein particles and cellular membranes
which are considered as the major source for OxPls
generation.11,12,15 Indeed, among the PUFAs, docosahexaenoic
acid (DHA) can be found at concentrations of several mol % in

membranes of most organs;16 however, the concentration
becomes higher in the neural cells and networks such as in
brain frontal cortex, retina, and mammalian synapsis, where the
DHA concentration can reach 15 to 50 mol %.16,17.
Thus, most of the OxPls are modified at the sn-2 position of

the glycerol backbone to different types of truncated oxidized
phospholipids depending on the acyl chain length and its
degree of unsaturation.12,18 The oxidized acyl chains are thus
shorter in length than the parent molecules and bear polar
functional group (aldehydes or carboxylic group) at the chain
terminus.12 Among these oxidized phospholipids, PazePC and
PoxnoPC are two stable lipid oxidization products originated
from POPC oxidization. PazePC and PoxnoPC bear carboxyl
and aldehyde groups at the end of truncated sn-2 chains.
PoxnoPC is one of the key products of ozone mediated
oxidization of lung surfactants and promotes apoptosis and
necrosis.19 PazePC has been detected in LDL particles and has
been implicated in the genesis of atherosclerosis.20 At neutral
pH, the aldehyde and carboxyl groups bear neutral and negative
charges, respectively. In addition, recent molecular dynamics
simulation study6 suggests that a large free-energy penalty to
embed a charged carboxyl group of PazePC in the hydrophobic
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core of a lipid bilayer induces the reorientation of the oxidized
chain into the aqueous phase. Although several studies have
demonstrated the presence of oxidized phospholipids in many
pathological states, previous studies on the effect of oxidization
of acyl chains at the sn-2 position on the structural integrity of
membranes have been mostly performed on vesicle suspensions
and monolayers at the air/water interface using the mixtures of
OxPls and matrix lipids in a molar fraction up to 20 mol %.21−23

To date, the concentration of oxidized phospholipids (OxPls)
in biological membranes has not been quantified. However, it
should be noted that the expression level of OxPls can be very
high in some organelles such as mitochondria, since it is the
main source of ROS as already pointed out by Volinsky et al.23

and Chen et al.24

The primary aim of this work is to investigate the impact of
phospholipid oxidization on the formation process and the fine
structures of supported planar bilayers by incorporating a
defined amount of biologically relevant PazePC and Pox-
noPC.25,26 To achieve this goal, we monitored the kinetics of
formation of planar phospholipid membranes containing
different molar fractions of OxPls on solid substrates by using
quartz crystal microbalance with dissipation monitoring
(QCM-D). Indeed, it has been shown that QCM-D is an
efficient tool to study the formation mechanism of SLBs27,28 by
providing information about the mass of an adsorbed material
and its viscoelastic properties. Moreover, X-ray reflectivity
(XRR) measurements at high energy (17.48 keV) guarantee
sufficiently high transmittance of X-ray beam through bulk
water and thus enable one to study the impact of lipid
oxidization on the membrane fine-structures at the solid/liquid
interface, such as the thickness and density of hydrocarbon
chains and head groups and roughness of each interface in the
presence and absence of OxPls.29,30 Therefore, the combination
of QCM-D and XRR would provide a comprehensive view of
the impact of OxPls on the physicochemical properties of lipid
bilayer.

■ MATERIALS AND METHODS
Chemicals. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-

line (POPC), 1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-3-
phosphocholine (PoxnoPC), and 1-palmitoyl-2-azelaoyl-sn-
glycero-3-phosphocholine (PazePC) were provided from
Avanti Polar Lipids (Alabaster, AL) and were used without
further purification. HEPES buffer and NaCl were purchased
from Sigma-Aldrich (Munich, Germany). In all experiments,
ultrapure water (Millipore, Molsheim, France) with a resistivity
of 18.2 MΩ cm was used.
Vesicles Preparation. The preparation of the Small

Unilamellar Vesicles (SUV) of POPC, POPC-Paze PC, and
POPC-Poxno PC (see Figure 1) was done by the hydration of
the dry lipid film also known by Bangham’s method,31 followed
by the extrusion of vesicles suspensions.32 The desired amount
of phospholipid mixture in chloroform/methanol (9:1 v/v) was
added in a round flask, and the organic solvent was evaporated
under reduced pressure for 3 h. Afterward, the HEPES buffer
(10 mM, pH 7.4, NaCl 50 mM) was added at 40 °C to hydrate
the resulting dry lipid film to get a final lipid concentration of 2
mM.33 The lipid suspension thus obtained was then extruded at
room temperature 15 times through 200 and 50 nm pore
diameter polycarbonate membranes using a LiposoFast
extruder (Avestin, Mannheim, Germany). For QCM-D and
XRR experiments, the liposomes have been diluted just before
measurements in HEPES buffer (10 mM, pH 7.4, NaCl 150

mM) to get a final concentration of lipids of 0.2 mM. A Zeta-
sizer (Nano ZS, Malvern, U.K.) was used to measure the
hydrodynamic diameter and zeta potential (ζ) of the vesicles
after their dilution in deionized water to get a final
concentration of NaCl of 5 mM. This low ionic strength was
used to reduce the high conductivity of vesicle suspension
during zeta potential measurements. All DLS measurements
were carried out at 20 °C. The average hydrodynamic radius of
liposomes was 50 nm for all formulations. It should be noted,
that the dilution of liposome suspension with either deionized
water or Hepes buffer (i.e., under isotonic conditions) did not
induce any significant change in the PDI and size of the
liposomes (Figure S1 of the Supporting Information).

Quartz Crystal with Dissipation Monitoring (QCM-D).
The rupture kinetics of lipid vesicles was studied using a QCM-
D E4 instrument from Q-Sense (Gothenburg, Sweden)
equipped with four independent channels and a peristaltic
pump. The silicon dioxide (SiO2) coated quartz crystals (AT-
cut, f 0 = 5 MHz) were supplied by Q-Sense AB. Prior to their
use, the crystals were soaked in 10 mM sodium dodecyl sulfate
(SDS) solution for 1 h, followed by rinsing with ultrapure
water, dried under a N2 stream, and treated in a UV-ozone
chamber for 20 min.33 SUV suspensions (2 mM in HEPES)
were diluted in HEPES buffer (10 mM, NaCl 150 mM, pH 7.4)
just before the experiment to get a final concentration of lipids
of 0.2 mM and were then flowed on the SiO2-coated quartz
crystals for ∼15 min until Δf and D signals were stable.34

Afterward, the lipid bilayer was rinsed with HEPES buffer for
∼10 min. The flow rate of the peristaltic pump was set to 100
μL/min, and the temperature was stabilized at 25 ± 0.1 °C.

High Energy Specular X-ray Reflectivity (XRR). XRR
curves were measured using a D8 Advance diffractometer
(Bruker, Germany) operating with a sealed X-ray tube emitting
Mo Kα radiation (E = 17.48 keV, λ = 0.0709 nm). The beam
size was defined to 200 μm in the scattering plane after its
collimation by various slits. To avoid the sample radiation
damage, the attenuator was set to automatic. In approximately 3
h, the XRR scans were completed. Before the formation of
supported planar bilayer, the cleaned Si wafers were placed into
a Teflon chamber with Kapton windows. The momentum
transfer normal to the plane of the membrane is given as a
function of the angle of incidence αi, qz = (4π/λ)sin αi.

Figure 1. Chemical structures of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and the two oxidatively modified phospho-
lipids used in the present study: 1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-
glycero-3-phosphocholine (PoxnoPC) and 1-palmitoyl-2-azelaoyl-sn-
glycero-3-phosphocholine (PazePC).
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With the aid of an in-beam monitor, the reflectivity for each
measurement point was corrected for the beam footprint and
for the beam intensity. A genetic minimization algorithm of the
Parratt formalism35 implemented in the Motofit software
package36 was used to fit the experimental data.

■ RESULTS AND DISCUSSION
Membrane Formation Monitored by QCM-D. In order

to investigate the effect of OxPls on the formation of planar
phospholipid membranes, we monitored their kinetics of
formation on solid substrates by using QCM-D (Table 1,

Figure 2). Prior to the deposition onto solid substrates, POPC
vesicles incorporating up to 20 mol % of PazePC or PoxnoPC
were extruded to gain monodispersive, small unilamellar
vesicles with a hydrodynamic radius of ∼50 nm, which was
confirmed by dynamic light scattering (Table 2). Figure 2A
represents the change in Δf and ΔD during the formation of
supported membrane for pure POPC vesicles monitored at 35
MHz (n = 7). Following the injection of POPC vesicles, an
abrupt decrease in the frequency (Δf POPC = −43.2 Hz) and a
simultaneous increase in the dissipation (ΔD = 2.9 × 10−6) was
observed, suggesting the adsorption of intact lipid vesicles.28

Then, a minimum in resonance frequency shift and a maximum
in energy dissipation were obtained, indicating that a critical
density of adsorbed vesicles was reached. At this point, the
rupture of vesicles into planar membranes started and could be
identified by an increase in Δf and a simultaneous decrease in
ΔD due to the release of trapped water from the inner core of
vesicles. Afterward, the saturation levels, Δf 7 = −26.1 Hz and
ΔD = 0.3 × 10−6 for POPC vesicles were reached, indicating
the formation of a stable supported membrane.28

The incorporation of OxPls into POPC alters significantly
the vesicle rupture process. Indeed, when working with POPC/
Paze PC vesicles (at 10 mol %), the maximal change resonance
frequency Δfmax decreased significantly (Δfmax = −30.6 Hz)
compared to pure POPC (Figure 2B, Table 1). This result
indicates that the onset of the bilayer formation occurs at lower
surface coverage with vesicles. When the molar fraction of
PazePC was increased to 20 mol % (Figure 2C), we observed
no distinct minimum in Δf. Nevertheless, it should be noted
that the resonant frequency values after the membrane
formation Δfmem were comparable in the presence and absence
of PazePC Δfmem ∼ − 25 ± 1 Hz). When PoxnoPC was
incorporated into POPC membranes, we observed the same
tendency, but the effect was less pronounced. Δfmax ∼ − 39.2
Hz for the vesicles doped with 10 mol % PoxnoPC (Figure 2D,
Table 1) suggests that the critical coverage for the vesicle
rupture is in between those of pure POPC and POPC doped

with 10 mol % PazePC. Similar to PazePC, the formation of
membranes containing 20 mol % of PoxnoPC did not exhibit a
distinct minimum, where the vesicles ruptured in one step
(Figure 2E). Moreover, the kinetics of membrane formation
were found to be slower than that of PazePC (Figure 2C),
suggesting that vesicles doped with PoxnoPC are more
persistent to the rupture compared to PazePC-containing
vesicles. The fact that vesicles containing high amount of OxPls
(20 mol %) immediately form planar bilayer membranes
suggests that these vesicles rupture upon the contact to solid
surface without reaching to the critical coverage level.
Spontaneous fusion of vesicles upon the contact to solid

substrates has been reported for vesicles of positively charged
phospholipids on SiO2 substrates, which was interpreted in
terms of the attractive electrostatic interactions.37,38 In case of
zwitterionic or negatively charged phospholipids, the sponta-
neous vesicle fusion was demonstrated under high osmotic
pressures or in the presence of divalent ions.38,39 However, our
experimental finding can be attributed to neither the electro-
static attraction nor the ionic bridge via divalent cations: POPC,
PazePC, and PoxnoPC do not carry positive charges, and the
experiments were performed at the same osmotic pressure for
all mixtures and without adding divalent ions into the buffer. In
fact, molecular dynamics (MD) simulation by Khandelia et al.6

as well as the experimental study on monolayers21 suggested
that the oxidized chain of PazePC is reoriented into the
aqueous phase. This hypothesis was also confirmed by our zeta
potential measurements, demonstrating that the zeta potentials
of vesicles become more negative with the increase in PazePC
fractions (Table 2). Regarding Poxno PC containing vesicles,
their zeta potential remains almost unchanged compared to
pure POPC liposomes. Such a result is consistent with the
zwitterionic character of Poxno PC at neutral pH. The
aforementioned result along with differential scanning calorim-
etry (DSC) measurements, showing distinct broadening and
suppression of the main phase transition peaks according to the
increase in the molar fraction of OxPl (Figure S2 of the
Supporting Information). Although it is not possible to
exclusively conclude if all OxPls were incorporated into the
membranes by DSC, this finding provides with supporting
evidence that OxPls were incorporated into matrix lipids as
substitutional impurities that disturb chain ordering.
Thus, the spontaneous fusion of vesicles into planar

membranes could rather be interpreted in terms of the
mechanical instability of vesicles containing large fractions
(20 mol %) of OxPls. Henriksen et al.40 recently proposed the
mechanism of how the partition of detergents, such as
lysolipids, would influence the mechanical properties of
phospholipid vesicles by the combination of isothermal titration
calorimetry (ITC) and the flicker spectroscopy.41,42 It has been
demonstrated that the partition coefficient of detergents is
inversely proportional to the critical micelle concentration,
which depends on the length of hydrocarbon chains. Moreover,
the mechanical perturbation (softening) also strongly depends
on the length mismatch of hydrocarbon chains between
detergents and matrix lipids. In our experimental systems, the
lipid oxidization and thus the reorientation of oxidized carboxyl
groups disturbs the ordering of hydrocarbon chains, leading to
changes in the packing parameters,43 which is defined by P =
(Al/V), where A, l, and V stand for the cross-sectional area of
the headgroup, the axial length, and the volume of the
molecules, respectively. Although the small unilamellar vesicles
used for the vesicles fusion in our study may not significantly

Table 1. Maximal Change in Resonant Frequency, Δfmax, the
Difference in Frequency, Δfmem, and Energy Dissipation,
ΔD, before and after the Membrane Formation Monitored
by QCM-Da

vesicle composition Δfmax (Hz) Δfmem (Hz) ΔDmem (10−6)

POPC −43.2 ± 0.9 −26.1 ± 0.4 0.30 ± 0.27
PazePC 10% −30.6 ± 0.2 −24.8 ± 1.3 0.30 ± 0.15
PazePC 20% − −24.0 ± 1.1 0.11 ± 0.12
PoxnoPC 10% −39.2 ± 6.1 −26.2 ± 0.7 0.36 ± 0.14
PoxnoPC 20% − −24.8 ± 0.7 0.29 ± 0.04

aEach reported value is the average ± standard deviation of at least 3
different measurements.
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depend on the curvature instability due to the penalty of
bending energy by the extrusion, it is plausible that the packing
strain caused by the presence of OxPls beyond a certain
threshold mechanically destabilizes the vesicles, resulting in the
spontaneous rupture upon the contact to substrates.
XRR. To get a better understanding on the effect of the

OxPls on the fine-structures of supported membranes
perpendicular to the global plane of membranes, the specular
X-ray reflectivity (XRR) in the absence and presence of OxPls
was measured at high energy (17.48 keV). Figure 3A shows the
XRR curves of a pure POPC bilayer (black) and with 20 mol %
of PazePC (red). The corresponding electron density profiles

reconstructed from the best fit results (black lines) were
presented in Figure 3B. The reflectivity curves were best fitted
using a 5-slab model, including outer head groups, alkyl chains,
inner head groups, water reservoir, and SiO2. As previously
reported, the reflectivity of pure POPC membranes (black)
exhibit two pronounced minima, confirming POPC forms
layered structures with clear electron density contrasts. The
reflectivity curves (Figure 3A, red) and the reconstructed
electron density profile (Figure 3B, red) suggest that the
incorporation of 20 mol % PazePC leads to a shift in the
positions of the first and second minima toward higher q values,
implying that the lipid oxidization up to a level of 20 mol %
results in a decrease in the total membrane thickness (Δd = 2.8
Å), which can be identified from the layer parameters, such as
thickness d, electron density (ρ), and root-mean-square
roughness (σ) summarized in Table 3. The slight decrease in
the membrane thickness can be attributed to the packing strain
caused by the reorientation of oxidized groups and thus
disturbance to the chain order, which could be characterized by
a slight increase in the electron density in the outer head groups
and hydrocarbon chain regions. The membrane incorporating
20 mol % PoxnoPC qualitatively exhibited the same tendency

Figure 2. Changes in resonant frequency Δf (black) and dissipation ΔD (red) monitored at 35 MHz (n = 7) during formation of planar membranes
on SiO2 substrates in the (a) absence and (b and c) presence of PazePC and (d and e) PoxnoPC. (f) The obtained results suggest that the vesicles
with 20 mol % OxPl are spread upon their contact to solid substrates without waiting for the accumulation of adsorbed vesicles.

Table 2. Hydrodynamic Radius (nm) and Zeta Potential (ζ)
(mV) of Vesicles Suspension

composition R (nm) vesicles zeta potential (ζ) (mV)

POPC 49 −12.5 ± 3.5
PazePC 10% 51 −25.7 ± 1.9
PazePC 20% 46 −31.2 ± 1.4
PoxnoPC 10% 48 −11.7 ± 1.0
PoxnoPC 20% 47 −8.5 ± 1.0
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(Figure 4, blue). However, the decrease in the total thickness
was less pronounced compared to the effect caused by the
incorporation of 20 mol % PazePC.

The reorientation of the oxidized moieties and thus the
disordering of the chain packing could lead to the creation of
free voids where water molecules could permeate into deeper
inside of the membrane core. In fact, previous experimental
studies demonstrated that the illumination with UV light and
sunlight44,45 as well as γ-ray46 results in a clear increase in the
permeability of water and glucose across liposomal membranes.
More recently, Lis et al. combined stopped-flow experiments
and MD simulations and demonstrated that the free-energy
barrier of water was significantly reduced in the presence of
oxidized phospholipids.22 In addition, Volinsky et al.23 have
performed dithionite-based quenching assays, demonstrating
that the addition of dithionite to POPC vesicles with Paze PC
or Poxno PC content ≥20 mol % resulted in an immediate and
complete quenching of the transbilayer NBD fluorophore.23

Nevertheless, our fine-structure analysis clearly indicated that
the presence of OxPls did not cause any remarkable increase in
the interfacial roughness, indicating thus that the overall
integrity of the stratified membrane structure was preserved
even in the presence of 20 mol % of OxPls. Our experimental
results have demonstrated for the first time that the lipid
oxidization to the level of 20 mol % leads to the thinning of
phospholipid membranes and thus the decrease in the packing
order of lipid molecules without destroying their layer-by-layer
structures, which is in good agreement with the change in
electron density profiles predicted by MD simulations.6

Figure 3. (A) XRR curves of a pure POPC supported membranes
(black) and POPC-Paze PC 20 mol % (red). The solid lines represent
the best model fits to the experimental data. The experimental errors
are within the symbol size. (B) The corresponding electron density
profiles of a pure POPC membrane (black) and POPC-Paze PC 20
mol % (red).

Table 3. Best Fit Parameters (χ2 ≤ 0.01) for the XRR Results
for Pure POPC Membrane and Incorporating 20 mol % of
PazePC or PoxnoPC as Presented in Figures A and B

POPC d (Å) ρ (e × Å−3) σ (Å)

outer headgroup 10.0 0.436 5.2
alkyl chains 24.1 0.287 4.7
inner headgroup 8.1 0.454 3.4
water 3.9 0.335 3.2
SiO2 10.5 0.660 3.3
20 mol % Paze PC d (Å) ρ (e × Å−3) σ (Å)

outer headgroup 8.5 0.440 5.0
alkyl chains 22.8 0.301 3.3
inner headgroup 8.1 0.447 3.4
water 4.1 0.335 3.2
SiO2 12.3 0.660 3.2

20 mol % Poxno PC d (Å) ρ (e × Å−3) σ (Å)

outer headgroup 9.9 0.443 5.0
alkyl chains 22.7 0.305 4.6
inner headgroup 8.0 0.454 3.3
water 3.8 0.335 3.2
SiO2 12.8 0.660 3.1

Figure 4. (A) XRR curves of a pure POPC supported membranes
(black) and POPC-Poxno PC 20 mol % (blue). The solid lines
represent the best model fits to the experimental data. The
experimental errors are within the symbol size. (B) The corresponding
electron density profiles of a pure POPC membrane (black) and
POPC-Poxno PC 20 mol % (blue).
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The changes in membrane fine-structures, such as decrease in
the thickness and the disordering of hydrocarbon chains, are
expected to influence the mechanical properties of membranes.
For example, the decrease in the membrane thickness and the
increase in the permeability against solutes would lead to a
decrease in the bending stiffness, which would result in the
energetic barrier for the rupture of vesicles upon the contact to
solid substrates.47

■ SUMMARY AND CONCLUSIONS
We physically modeled the effect of lipid oxidization on the
physicochemical properties of model biomembranes in a
quantitative manner. As defined membrane models, we
fabricated supported membranes in the absence and presence
of two different OxPls, PazePC with a carboxyl group and
PoxnoPC with an aldehyde group. The kinetics of membrane
formation on solid substrates was monitored using QCM-D. It
is noteworthy that pure POPC membranes and membranes
incorporating 10 mol % of OxPls follows the classical pathway,
where the rupture of vesicles occurs after reaching a critical
density of vesicles on substrates. In contrast, once the level of
lipid oxidization reaches 20 mol %, vesicles undergo
simultaneous rupturing upon their contact to substrates,
irrespective of the electrostatic interactions between vesicles
and the underlying substrates. The fine structures of
membranes in the presence and absence of OxPl were analyzed
with high-energy XRR, quantitatively demonstrating that the
incorporation of 20 mol % of PazePC and PoxnoPC induce a
decrease in the membrane thickness accompanied by an
increase in the electron density of hydrocarbon chains,
suggesting an increase in membrane permeability while
sustaining the structural integrity of membranes. The obtained
results suggest that the reorientation of oxidized moieties
should decrease in both the membrane thickness and the lateral
packing of hydrocarbon chains, which may result in the
permeability and in the decrease of the bending rigidity.
Therefore, it has been concluded that the mechanically
destabilized vesicles may undergo the simultaneous rupture
on solid substrates. It has been demonstrated that the
combination of QCM-D and XRR is a powerful tool providing
with the mechanistic insights into the effect of level of lipid
oxidization on the physicochemical properties of cell
membranes.
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